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Chapter 1

Introduction

Thin liquid films with thicknesses in the micrometer range play a vital role in biology
and many technological applications. In the human body, for example, a microscopic
tear film is present on the cornea of the eye and medical problems arise if this film
dries out or ruptures [1,2]. Also the respiratory system is lined with a thin liquid
film [3]. An important technological application of thin liquid films is the deposition
of coatings [4,5], particularly on large-area substrates for applications like corrosion
protection [6–8], solar cells [9] or organic light-emitting diodes (OLED’s) [10]. Roller
bearings are lubricated with a thin film of oil or grease [11,12]. Freely suspended thin
films are the main constituent of foams [13,14]. The rupture of a thin liquid film between
air-bubbles and minerals [15,16] is the main mechanism governing flotation, a technique
used to separate materials in the mining industry and waste water treatment.

The stability of liquid films on solid surfaces depends on the wettability of the
material. Liquid films on fully wetting solid materials spread out, whereas for thin
liquid films on partially wetting and hydrophobic (’water repelling’) surfaces it is
energetically more favorable to form droplets on the surface. Those films therefore
typically contract from the edges and - depending on the film thickness - create new
three-phase (liquid-solid-air) contact lines by film rupture and nucleation of dry-spots.
The growth of these dry spots in the liquid film as well as the contraction of liquid
films on partially wetting or hydrophobic (water repelling) surfaces is called dewetting.

1.1 Thin liquid films in immersion lithography

Another technological application where the rupture and dewetting of thin liquid films
on partially wetting substrates occurs is immersion lithography.

Photolithography is a process, in which a pattern is optically defined on a silicon
wafer for the fabrication of integrated circuits (IC’s or chips). In a commercial pho-
tolithography machine, a pattern on a photomask or reticle is demagnified through
a high performance optical system onto a thin layer of photosensitive material (pho-
toresist). The smallest possible feature size or critical dimension (CD) that can be
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Figure 1.1: (a) Schematic representation the immersion hood [17]. (b) Close-up of the
receding contact line side of the immersion hood. (c). Sketch of water loss and film
rupture in an immersion lithography system. The direction of movement of the wafer
is indicated by an arrow.
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obtained is given by

CD = k
λ

NA
= k

λ

n sinα
. (1.1)

Here k is a process-dependent pre-factor, λ is the wavelength of the light and NA ≡
n sinα is the numerical aperture, defined by the acceptance angle α of the lens and
the refractive index n of the medium between the lens and the photoresist-coated
wafer.

To meet the market requirements for smaller and faster electronics, and thus the
demand for smaller feature sizes, CD need to be decreased. Equation (1.1) provides
several handles to achieve this.

The optimization of k and α was an engineering challenge that has nearly ap-
proached the theoretically possible values. Through development of new powerful
light sources, the wavelength λ of the light was decreased going from Hg-lamps with
λ≈400 nm, through KrF excimer lasers of λ = 248 nm to the current standard ArF
excimer lasers with λ = 193 nm. For smaller wavelengths, the absorption by oxygen
increases steeply. The latest lithography machines use extreme ultraviolet (EUV)
light at a wavelength of λ = 13.5 nm. Because this wavelength is absorbed strongly
by all gases (though slightly less by hydrogen), the system operates in vacuum.

Another way to reduce the feature size in optical lithography is to increase the
numerical aperture by increasing the refractive index n of the medium between the
lens and the wafer [18]. This principle is employed commercially in immersion litho-
graphy [19,20], where the air (n=1) is replaced by water, which has a refractive index
n = 1.44 for the deep ultraviolet (DUV) wavelength of λ = 193 nm. Feature sizes down
to 38 nm have been achieved using immersion lithography, which can be decreased
even further by multiple patterning techniques [21].

In practice, the water is contained between the lens and the wafer by a so-called
immersion hood, sketched in Fig. 1.1(a), while the photoresist-coated silicon wafer
is moved with respect to the lens. As production throughput is important, the scan
speeds in the immersion lithography machine can be as high as 1 m/s. The standard
silicon wafer currently has a diameter of 30 cm, but a transition to 45 cm wafers is in
preparation.

The maximum scan speed is determined by the critical velocity above which water
is entrained on the wafer. This is due to the velocity dependence of the receding con-
tact angle θrec, that approaches θrec = 0 for high speeds [22]. For a receding droplet
of water at high velocity, the meniscus will naturally assume a conical shape with a
cone angle becoming smaller with higher velocity, until droplet release occurs [23–25].
The value of the critical scan speed in the immersion lithography system is deter-
mined by the wetting properties of the photoresist material as well as the design and
operating parameters of the immersion hood, employing an air curtain as well as liq-
uid recirculation to improve the meniscus stability and reduce water loss [26]. This is
schematically represented in the close-up in Fig. 1.1(b), showing the receding edge of
the immersion hood. An air curtain flow is positioned near the receding contact line
and both air and water are removed through the two-phase flow extraction channel.

In the current immersion lithography machines, at scan velocities above the critical
value, a water film with a thickness in the order of 1 µm is entrained on the partially
wetting, photoresist coated wafer. When this film ruptures, dry spots are nucleated
that start to dewet. The liquid collected between the nucleation sites will be left as
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residual droplets on the wafer, typically ordered in a polygonal pattern, resembling a
Voronoi tessellation [27]. This process is sketched in Fig. 1.1(c).

Water loss is an unwanted effect in immersion lithography. Residual water can
cause damage to the photoresist in the form of drying stains or swelling [20]. Cooling
effects during evaporation can cause thermal stress in the wafer and reduce over-
lay accuracy [28]. Finally, water droplets can collide with the moving meniscus and
introduce air-bubbles into the lens bath [29], that can cause imaging defects.

1.2 Literature overview

1.2.1 Thin liquid films

The question of stability and rupture of thin liquid films has occupied researchers for
many decades. The earliest investigations of thin films dealt with soap films.

Experiments of freely suspended liquid films were performed using a device origi-
nally developed by Derjaguin and optimized by Scheludko, that was based on a fully
wetting glass ring [30,31], from which liquid was gradually removed by suction. Film
thickness was measured by microscopy and interferometry. In the technique by My-
sels [14], the glass ring was replaced by a porous ring, allowing for higher capillary
pressures to be stably achieved.

Liquid films on solid substrates are typically investigated by pressing an immersed
air-bubble with known pressure against a solid surface [15,32–38], often in relation to
flotation applications. The experiments showed that the films were thinning most
rapidly at the perimeter, giving rise to a ’dimpled’ film. Similar dimples are being
observed in modern day experiments of air-films trapped underneath a liquid droplet
impacting on a solid surface [39–41].

An important part of the theoretical framework for thin liquid films was formed by
the development of DLVO theory [42,43] by Derjaguin, Landau, Verwey and Overbeek.
This theory offers a quantification of the disjoining pressure, an additional pressure
based on intermolecular interactions, that is particularly strong in nanometric films
and is based e.g. on Van der Waals forces and electrostatic interactions. It was
originally developed to understand the stability of colloidal suspensions.

1.2.2 Film rupture and dewetting

Most experiments of liquid film rupture have been performed using the Scheludko
setup for freely suspended films [30,31,44] and the immersed air-bubble technique for
liquid films on partially wetting substrates [45–50].

The critical thickness, at which rupture occurred was found to lie on a distribution
curve with an average value increasing with the diameter of the film [30,46,51]. Yamin-
sky et al. discovered that the critical rupture thickness of freely suspended water films
depends strongly on the purity of the water as well as the rate of film thinning [31,44].

Padday studied rupture and dewetting in liquid films on partially wetting sub-
strates of larger area [52] and found high values for the critical rupture thickness,
related to the high contact angles as well as the large area. Multiple rupture events
in large area water films were observed in free water films [53] and droplets flattened
by impact [54].
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A quantitative analysis of multiple rupture was performed in ultrathin films of
polymer melts. In the work of Reiter [27,55,56] and subsequently several other inves-
tigators [57–59], the density of dry spots and resulting droplets was measured as a
function of the film thickness and was found to follow reproducible power laws. The
exponent changed and films became more unstable, when the air above the polymer
film was replaced by water [57,60–65]. The resulting droplet patterns had an appear-
ance similar to those resulting from immersion lithography at supercritical scan speeds
[Fig. 1.1(c)].

A distinction is made between spinodal dewetting, where disturbances with a char-
acteristic length scale are amplified until rupture occurs [30,66–68] and heterogeneous
nucleation, e.g. due to dust particles [49] or nanobubbles [48]. The existence of long
range attractive forces is still a topic of debate (see Section 2.2.6).

Indications of the undulations characteristic of spinodal dewetting were observed
experimentally in metal films [69–71] and polymer films [61,72–74]. For ultrathin films,
both mechanisms can occur simultaneously [73,75–77].

After the nucleation of a dry spot in a thin liquid film on a partially wetting
substrate, the dry spots grow. Redon et al. showed experimentally that the dry spots
grow with a constant dewetting speed Vd ∼ θ3, scaling with the third power of contact
angle [78–80]. For polymer films, a slight decrease in dewetting speed was observed,
connected to slippage effects [81–83].

1.3 Research objectives

The research presented here is part of the industrial partnership program(IPP) ’Con-
tact line control during wetting and dewetting’ of the Stichting Fundamenteel Onder-
zoek der Materie (FOM) in collaboration with industrial partners ASML and Océ.

This thesis focuses on the deformation, rupture and dewetting of thin liquid films
on partially wetting substrates and is connected to the application immersion lithog-
raphy, in collaboration with the project partner ASML, the world market leader in
photolithography systems with headquarters in Veldhoven, the Netherlands.

The main objective of the project is to achieve understanding and control of the
dry spot nucleation and dewetting behavior of thin liquid films on partially wetting
surfaces through experiments as well as numerical modeling. The technologically
most relevant question for ASML is whether and to what extent the break-up and
dewetting process can be influenced or steered.

1.4 Scope and outline of this thesis

The first step in the investigation of the rupture and dewetting of metastable liquid
films on partially wetting substrates, is the deposition of a liquid film with an initial
thickness of several micrometers. In this way we avoid spontaneous film rupture that
would end the experiment prematurely. In most parts of this thesis non-volatile liquids
are used with a higher viscosity than water and partially wetting substrates with a
slightly lower receding contact angle than water on typical photoresist materials.
This increases the film rupture timescale and reduces the dewetting speed to allow
systematic experiments without expensive ultra-high speed cameras.
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The destabilization of the liquid films is achieved by controlled application of care-
fully characterized external forces. We specifically investigated thin film deformation
by impinging air-jets, infrared laser irradiation and pre-defined electrostatic surface
charge distributions.

Chapter 2 describes the theoretical framework for the description of thin liquid
films. This chapter starts with the derivation of the lubrication equation, an effi-
cient approximation of the Navier-Stokes equations for the quantitative description
of the evolution of thin liquid films. The disjoining pressure is introduced and a
rough estimate is made for its film thickness dependence for the material system used
throughout this thesis. Finally, Chapter 2 presents stability analyses to show under
which conditions a thin liquid film can be destabilized.

In Chapter 3, we present the materials and methods used in the experiments. The
design of a custom designed optically accessible spin coater enabled in-situ creation
of the liquid films and dynamic experiments on moving substrates. The development
of spectral and dual wavelength interference techniques allowed the measurement of
local film thickness and reconstruction of thin film height profiles.

The deformation and rupture of thin liquid films by impinging air-jets is the topic
of Chapters 4, 5 and 6. In Chapter 4, the liquid film is deformed by a stationary,
laminar, circular impinging air-jet and the time of film rupture is determined exper-
imentally and numerically. The dynamic case of the deformation and rupture of a
liquid film on a substrate moving with respect to the air-jet is discussed in Chapter
5. In Chapter 6 a similar study is performed for a slot jet causing a wider track of
reduced film thickness in the liquid film.

The deformation of liquid films by infrared (IR) laser illumination, described in
Chapter 7 relies on the temperature dependence of surface tension. Gradients in
temperature are created that cause thermocapillary deformation and rupture of the
liquid films. The stationary and dynamic cases are described as well as the feasibility
of using spatially modulated IR light.

In Chapter 8, we investigate how thin films of a dielectric liquid are deformed
under the influence of static charge distributions. We characterize a method for charge
deposition based on mechanically dragging electrified droplets across a surface and
match experiments and simulations to quantify the dielectrophoretic deformations.

Chapter 9 presents the conclusions and gives directions for future research. Fi-
nally, Chapter 10 discusses potential applications and valorisation aspects of this PhD
research.

1.5 The author’s contribution

According to the regulations governing the doctor’s degree at Eindhoven University
of Technology (Chapter V, Art.16), the author takes full responsibility for the con-
tents of this thesis. The materials and methods, experimental setups, theoretical and
numerical models described in this thesis were developed by the author under the su-
pervision and guidance of the promotor prof. dr. Anton A. Darhuber and co-promotor
dr. Jos C.H. Zeegers. Main technical support throughout the project was provided
by the technicians Henny B.M Manders (mechanical design) and Jørgen M. van der
Veen (optics design).
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The measurements of pressure distributions from impinging jets, presented in
Chapter 4 were performed at ASML by ir. Geerit C.F.L. Kruis under the super-
vision of the author, the co-promotor and ir. Michel Riepen (ASML).

The experiments and numerical simulations presented in Chapters 7 and 8 were
performed in close collaboration with H.M.J.M. Wedershoven and C.J. Kuijpers in
the course of their MSc thesis projects. Both projects were conducted under the daily
supervision of the author and weekly supervision of the promotor and co-promotor.

Experimental data of droplet patterns in immersion lithography, presented in
Figs. 6.12 and 9.2, were provided by Rogier Cortie and Jim Overkamp of ASML.
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Chapter 2

Theory of thin liquid films

This chapter introduces the theoretical framework for the evolution and stability of
thin liquid films on solid substrates. In the first section, the lubrication equation is
derived. We will use this equation throughout this thesis to model the deformation
and rupture of the liquid film due to various external forces such as impinging air-jets,
laser heating or electrostatic surface charge distributions.

To describe film rupture and dewetting of liquid films, we introduce the disjoining
pressure Π(h). This additional pressure term becomes important in very thin films
due to intermolecular interactions. The disjoining pressure represents contributions
of several physical effects and interactions, some of which are more quantitatively
understood than others. Section 2.2 provides a short overview of the relevant contri-
butions to Π(h) and presents a phenomenological model for the disjoining pressure
that will be used to model film rupture in future chapters.

With the lubrication equation and the disjoining pressure, we perform a linear
stability analysis in Section 2.3 to show how an infinitesimally small disturbance of
a certain wavelength can be amplified in a thin liquid film. In the final section, we
use numerical simulations to evaluate the sensitivity of liquid films towards larger
disturbances.

2.1 Lubrication approximation

Figure 2.1 shows a schematic sketch of a thin liquid film on a solid substrate. The
thickness profile of the film, h(x, y, t), is in the order of the typical scale H, which is
much smaller than the typical dimension L of the substrate, i.e. the aspect ratio ε ≡
H/L≪ 1. The acceleration of the liquid is slow, so inertial effects can be ignored and
strong slopes are absent, |∂h∂x |, |

∂h
∂y | ≪ 1. The liquid is an incompressible, Newtonian

liquid, such that density ρ and viscosity µ can be considered to be independent of
pressure and shear stress.

Under these conditions, the Navier-stokes equations and the continuity equation
can be simplified to yield an expression for the height evolution of the liquid film. The

13
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lubrication theory was developed by Reynolds [11] for bearings and extended later to
include free surface flows [84,85].

z

x

y h(x,y,t)

solid

liquid

air
n

t
x

t
y

L

H

Figure 2.1: Schematic sketch of a thin liquid film with thickness profile h(x, y, t) on
a solid substrate (not to scale).

For the derivation of the lubrication equation, we start by non-dimensionalizing
the equations of motion, followed by the implementation of the boundary conditions.

2.1.1 Continuity equation and momentum balance

The starting point of our derivation is the Navier-Stokes equation

ρ

(
∂u⃗

∂t
+ u⃗ · ∇u⃗

)
= −∇P + µ∇2u⃗ = −∇p+ ρg⃗ + µ∇2u⃗ , (2.1)

in which P represents the total pressure [86] including body-forces and u⃗ = (ux, uy, uz)
is the velocity vector with its components in the x,y and z directions, respectively.
The Navier-Stokes equation represents conservation of momentum, whereas the conti-
nuity equation ensures mass conservation. For an incompressible fluid, the continuity
equation can be written as

∂ux
∂x

+
∂uy
∂y

+
∂uz
∂z

= 0 . (2.2)

We introduce non-dimensional variables, according to

x̄ ≡ x
L , ȳ ≡ y

L , z̄ ≡ z
H ,

ūx ≡ ux

U∥
, ūy ≡ uy

U∥
, ūz ≡ uz

U⊥
,

t̄ ≡ L
U∥
t,

P̄ ≡ H2

µU∥L
P .

(2.3)

Here, U∥ and U⊥ are typical velocities for the horizontal and vertical directions and the
non-dimensionalization of the pressure P was obtained by equating the terms on the
right hand side of Eq. 2.1 for the case of stationary, unidirectional flow u⃗ = (u(z), 0, 0)
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and substituting with normalized variables. Scaling the continuity equation with these
variables, gives

∂ūx
∂x̄

+
∂ūy
∂ȳ

+
U⊥L

U∥H

∂ūz
∂z̄

= 0 . (2.4)

which shows that the typical vertical velocity U⊥ relates to U∥ through U⊥ = U∥H/L
in order for all terms in Eq. (2.4) to be of equal order. The Navier-Stokes equation
for the x-direction,

ρ
∂ux
∂t

+ ρ

(
ux
∂ux
∂x

+ uy
∂ux
∂y

+ uz
∂ux
∂z

)
= −∂P

∂x
+ µ

(
∂2ux
∂x2

+
∂2ux
∂y2

+
∂2ux
∂z2

)
(2.5)

in terms of the dimensionless variables becomes

ρ
U∂ūx

(L/U∥)∂t̄
+ ρ

(
U∥ūx

U∥∂ūx

L∂x̄
+ U∥ūy

U∂ūx
L∂ȳ

+ U⊥ūz
∂U∥ūx

H∂z̄

)
=

− H2

µU∥L

∂P̄

L∂x̄
+ µ

(
U∥∂

2ūx

L2∂x̄2
+
U∂2ūx
L2∂ȳ2

+
U∥∂

2ūx

H2∂z̄2

)
. (2.6)

Multiplication with H2/µU∥ and introduction of the Reynolds number ReH=ρU∥H/µ
yields

εReH

(
∂ūx
∂t̄

+ ūx
∂ūx
∂x̄

+ ūy
∂ūx
∂ȳ

+ ūz
∂ūx
∂z̄

)
= −∂P̄

∂x̄
+ ε2

(
∂2ūx
∂x̄2

+
∂2ūx
∂ȳ2

)
+
∂2ūx
∂z̄2

.

(2.7)
Since the liquid films are characterized by small ReH and aspect ratio ε ≡ H/L, we
can ignore the terms with ε2 and εReH . A similar procedure can be followed for the y
and z direction, yielding the non-dimensional momentum equations for a thin liquid
film on a solid substrate

−∂P̄
∂x̄

+
∂2ūx
∂z̄2

= 0 (2.8)

−∂P̄
∂ȳ

+
∂2ūy
∂z̄2

= 0 (2.9)

∂P̄

∂z̄
= 0 . (2.10)

The last equation shows that the pressure is independent of z.

2.1.2 Boundary conditions
The next step is the implementation of the boundary conditions. At the solid-liquid
interface, we use no-slip and no-penetration boundary conditions, setting all velocity
components to zero at z = 0.

u⃗(z = 0) = (0, 0, 0) . (2.11)

The boundary condition at the mobile liquid-air interface, z = h(x, y, t), is governed
by the stress balance [86](

S
liq

− S
air

)
· n⃗+∇sγ − γn⃗(∇ · n⃗) = 0 . (2.12)
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Here, S is the stress tensor and the last two terms represent forces due to possible
surface gradients (∇s) of the surface tension γ and the Laplace pressure due to the
curvature κ of the liquid-air interface

∇ · n⃗ =

(
1

R1
+

1

R2

)
≡ 2κ . (2.13)

Here R1 and R2 represent two principal radii of curvature. The stress tensor S in
an incompressible Newtonian fluid can be expressed in terms of pressure and viscous
terms according to

S = −pI+T

= −pI+ µ
[
∇u⃗+ (∇u⃗)T

]
=


−p+ 2µ∂ux

∂x µ
(
∂ux

∂y +
∂uy

∂x

)
µ
(
∂ux

∂z + ∂uz

∂x

)
µ
(
∂ux

∂y +
∂uy

∂x

)
−p+ 2µ

∂uy

∂y µ
(
∂uz

∂y +
∂uy

∂z

)
µ
(
∂ux

∂z + ∂uz

∂x

)
µ
(
∂uz

∂y +
∂uy

∂z

)
−p+ 2µ∂uz

∂z

 .

(2.14)

with I the identity matrix. We define the normal vector n⃗

n⃗ ≡ 1√
1 +

(
∂h
∂x

)2
+
(
∂h
∂y

)2
(
−∂h
∂x
,−∂h

∂y
, 1

)
(2.15)

and construct two orthogonal tangential unit vectors t⃗ along the interface.
The normal stress balance is obtained by taking the inner product of Eq. (2.12)

with the normal vector n⃗.

pgas − p− n⃗ ·T
liq

· n⃗+ γn⃗(∇ · n⃗) · n⃗ = 0 , (2.16)

In the absence of pressure gradients in the gas phase, we can neglect the normal
stress in the air, because the viscosity of air is much lower than most liquids µair ≪
µliq = µ. In the case of an impinging jet, where the gas flow is driving the flow of
the liquid, the pressure of the gas must be included. We combine Eqs. (2.14-2.16),
non-dimensionalize and identify the dominant terms using ε ≪ 1. We obtain the
normal stress boundary condition on the liquid-air interface

p = pgas + padditional − γ

(
∂2h

∂x2
+
∂2h

∂y2

)
= 0 . (2.17)

In a situation without external pressure sources, padditional = 0 and pgas is equal to
the ambient pressure. Other pressure contributions such as hydrostatic pressure ρgh,
disjoining pressure −Π(h) or the pressure profile caused by gradients in electric field
pel, are summarized in padditional.

Analogous to the calculation of the normal stress balance, the tangential stress
balance follows from the inner product of Eq. 2.12 with each tangential unit vector
t⃗i

t⃗i ·
(
T

liq
−T

air

)
· n⃗+ t⃗i · ∇sγ = 0 . (2.18)
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Because of the viscosity contrast, again the contribution of the stress in the air T
air

can be neglected, except when air-flows drive the flow in the liquid [86,87], for example
caused by an impinging air-jet (see Chapter 4). To include such phenomena, we
combine all shear stress contributions, resulting from gradients in surface tension
as well as the shear stress from gas flows, into a single shear stress term for each
direction. Following the same procedure as for the normal component, we find from
the tangential stress balance at the liquid-air interface z = h(x, y, t) consistent with
the lubrication approximation

µ
∂ux,liq
∂z

= τx ≡ µair
∂uz,air
∂x

+
∂γ

∂x
, (2.19)

µ
∂uy,liq
∂z

= τy ≡ µair
∂uz,air
∂y

+
∂γ

∂y
. (2.20)

2.1.3 Lubrication equation

From Eq. (2.10) we know that the pressure P is independent of z. Therefore we can
integrate Eqs. (2.8) and (2.9) twice with respect to z to obtain expressions for ux and
uy. Using Eq. (2.8), we obtain

ux(z) =
1

2µ

∂P

∂x

(
z2 − 2hz

)
+

1

µ
τxz , (2.21)

where we have used the boundary conditions Eqs. (2.11) and (2.19) to determine the
integration constants. Similarly for uy(z) we find

uy(z) =
1

2µ

∂P

∂y

(
z2 − 2hz

)
+

1

µ
τyz . (2.22)

From these expressions for ux and uy, we can find the volume fluxes Qx and Qy by
integration over the film height

Qx ≡
∫ h

0

ux(z)dz = − 1

3µ

∂P

∂x
h3 +

1

2µ
τxh

2 , (2.23)

Qy ≡
∫ h

0

uy(z)dz = − 1

3µ

∂P

∂y
h3 +

1

2µ
τyh

2 . (2.24)

We combine these volume fluxes with the continuity equation by integrating Eq. (2.2)
over the local film thickness∫ h

0

(
∂ux
∂x

+
∂uy
∂y

+
∂uz
∂z

)
dz = 0 . (2.25)

Using the integration rule of Leibniz

∂

∂x

∫ B(x)

A(x)

F (x, y, z)dz =
∫ B

A

∂F

∂x
dz +

dB
dx

F (x, y,B(x))− dA
dx

F (x, y,A(x)) , (2.26)
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we can write ∫ h

0

∂ux
∂x

dz =
∂

∂x

∫ h

0

uxdz −
∂h

∂x
ux(h) =

∂Qx
∂x

− ∂h

∂x
ux(h) (2.27)∫ h

0

∂uy
∂y

dz =
∂

∂y

∫ h

0

uydz −
∂h

∂y
uy(h) =

∂Qy
∂y

− ∂h

∂y
uy(h) . (2.28)

Equation (2.25) now becomes

∂Qx
∂x

+
∂Qy
∂y

− ∂h

∂x
ux(h)−

∂h

∂y
uy(h) + uz(h)− uz(0) = 0 . (2.29)

Because of the no-slip condition Eq. (2.11), uz(0)=0, whereas the term uz(h) can be
found by considering the material derivative of a function f(x, y, z, t) = h(x, y, t)−z =
0 for the position of the liquid-air interface.

Df
Dt

≡ ∂f

∂t
+ ux

∂f

∂x
+ uy

∂f

∂y
+ uz

∂f

∂z

= −∂h
∂t

+ ux
∂h

∂x
+ uy

∂h

∂y
+ uz = 0 .

(2.30)

Combining Eqs. (2.29) and (2.30) yields the lubrication equation in terms of volume
fluxes

∂h

∂t
+
∂Qx
∂x

+
∂Qy
∂y

= 0 (2.31)

or in full

∂h

∂t
=

∂

∂x

(
1

3µ

∂P

∂x
h3 +

1

2µ
τxh

2

)
+

∂

∂y

(
1

3µ

∂P

∂y
h3 +

1

2µ
τyh

2

)
, (2.32)

where P incorporates capillary pressure and all additional pressure contributions in
liquid and air phase.

P ≡ −γ
(
∂2h

∂x2
+
∂2h

∂y2

)
+ Padditional . (2.33)

2.2 Disjoining pressure

2.2.1 Introduction
The disjoining pressure Π(h) is an additional force per unit area, arising from the
interaction between two interfaces separated by a distance h. In the thin liquid films
we study, these two interfaces are the solid-liquid and the liquid-air interface. The
disjoining pressure [88] is related to the Gibbs free energyG, according to the definition

Π = −∂G
∂h

, (2.34)

and can be attractive or repulsive depending on the material system and the film
thickness h. Attractive surface forces are responsible for the rupture and dewetting



2.2. DISJOINING PRESSURE 19

of thin liquid films. When the disjoining pressure is repulsive, it is by some authors
called conjoining pressure [89].

The disjoining pressure isotherm Π(h) can consist of several interactions. The
best understood contributions to Π(h) are the Van der Waals forces, discussed in
Section 2.2.2 and electrical double layer interactions (Section 2.2.3). These forces are
included in the so-called DLVO-theory, derived by Derjaguin, Landau, Verwey and
Overbeek, that explains many phenomena such as coagulation in colloidal dispersions
and stability of foams. In the extended DLVO model (xDLVO) also polar interactions,
or acid-base (AB) interactions are included (Section 2.2.4). In Section 2.2.5 we will
provide an estimate of the disjoining pressure for a polar liquid on a polymer substrate
based on these contributions.

In the extended DLVO model, all materials and interfaces are assumed to be
uniform. Some unexpected additional forces can be present in real system, where
heterogeneities or defects are present [42,43]. Section 2.2.6 will discuss some of these. In
the simulations of partially wetting systems in this thesis, we use a phenomenological
model for the disjoining pressure. This model is presented in Section 2.2.7.

2.2.2 Van der Waals interactions
The pairwise attractive potential energy U beteen two molecules, commonly known
as Van der Waals potential, has a strong dependence on intermolecular distance.

U =
Ctot

r6
, (2.35)

where Ctot = CK + CD + CL can be divided into three categories [43], depending on
the nature of the intermolecular interactions:

• Keesom-interactions are orientation interactions between two molecules with
permanent dipoles. CK depends on the dipole moments of both molecules.

• Debye-interactions represent an induction interaction between a permanent di-
pole and an induced dipole. CD depends on the dipole moment of one and the
polarizability of the other molecule.

• London dispersion interactions are caused by fluctuations in the charge distribu-
tions of both molecules. CL is a function of the polarizability of both molecules
as well as the typical excitation frequencies.

By pairwise addition of the molecular interactions [42] for two semi-infinite parallel
half spaces of material A and B, spaced at at distance h, the energy per unit area
can be expressed as

U = −π
2ρAρBCtot

12πh2
= − AH

12πh2
. (2.36)

Here ρA and ρB are molecular densities of both materials and AH is the Hamaker
constant of the material combination.

The disjoining pressure corresponding to this potential energy is

Π = −∂U
∂h

= − AH
6πh3

. (2.37)
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Typical values for the AH = AK + AD + AL are of order 10−22-10−19J and can
be positive (attractive) or negative (repulsive), depending on the materials [42]. The
subscripts K , D and L refer to the Keesom, Debye and London interactions.

Lifshitz-approach

The pair-wise addition method is a strongly simplified way to obtain the Van der
Waals component of the disjoining pressure for a material system. A fully quantita-
tive calculation is provide by the Lifshitz theory [42,43,90], which is based on the bulk
electromagnetic properties of all materials involved.

Consider a material system AMB, consisting of two semi-infinite bodies of ma-
terials A and B, connected through a medium M with thickness h. The Hamaker
constant AAMB for this material system is found by integrating the frequency depen-
dent electric permittivities over the whole frequency range, although the strongest
interactions originate from the ultraviolet [90]. These spectral data can be obtained
from harmonic oscillator models or preferably from high quality experimental spec-
troscopy data [90–92].

A first approximation [42,43] for the Hamaker constant can be obtained by using
only the dielectric constants ϵi and the refractive indices ni of the materials in the
visible spectrum, following the Tabor-Winterton approach [42,43,90,93].

AH =AKD +AL (2.38)

AKD ≈3

4
kBT

(
ϵA − ϵM
ϵA + ϵM

)(
ϵB − ϵM
ϵB + ϵM

)
(2.39)

AL ≈3hPνe

8
√
2

(n2
A − n2M )(n2

B − n2M )√
n2A + n2M ·

√
n2B + n2M ·

(√
n2A + n2M +

√
n2B + n2M

) . (2.40)

Here, hP =6.62·10−34 J·s is Planck’s constant, kB =1.38·10−23 J/K and νe is the
resonance frequency, with a typical value of 3·1015 Hz.

Equation (2.39) corresponds to the low frequency dielectric Keesom and Debye
interactions, whereas Eq. (2.40) describes the London dispersion interactions.

Retardation and screening

Because London dispersion forces [Eq. (2.40)] rely on the interaction between partially
correlated fluctuations in the charge distributions of molecules, these electromagnetic
interactions have a limited range [42,43,90] due to the finite speed of light. The retarda-
tion starts being effective at distances h=5-10 nm and causes the effective Hamaker
coefficient AL to decrease with distance h.

The retardation effect is quantitatively described by the full Lifshitz-theory dis-
cussed above. Gregory [94] presented an approximation of the retarded London dis-
persion interaction potential, that can be converted into a retarded London-Van der
Waals disjoining pressure

ΠL,R(h) ≈ − AL
6πh3

 bh

2λR

(
1 + bh

λR

)2 − 1(
1 + bh

λR

)
 (2.41)
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with b = 5.32 and λR ≈100 nm.
Because of the absence of fluctuating contributions, the Keesom and Debye in-

teractions are not decreased by retardation. However, they suffer from electrostatic
screening effects, especially in the presence of electrolytes. This screening is described
by a correction factor to the potential energy [43], which affects the disjoining pressure
according to

ΠKD,S(h) = −AKD

6πh3

(
1 +

h

λD

)2

exp

(
−2h

λD

)
, (2.42)

where λD is the Debye length, that will be introduced in Section 2.2.3.
Due to this difference in decay characteristics, the power law behavior of the

Lifshitz-Van der Waals disjoining pressure ΠLW = ΠKD,S + ΠL,R ∼ hα will change
its exponent from α = −3 to α = −4 when retardation starts playing a role.

Tabor et al. experimentally showed the change in exponent due to retarda-
tion [93,95]. Sabisky and Anderson [96] presented experimental evidence of this retar-
dation effect and showed an accurate match to the Liftshitz theory for a thin film of
liquid Helium on alkaline-earth crystals. In the fully retarded limit for high h, the
London dispersion forces have fully decayed and the Keesom and Debye interactions
are the remaining Van der Waals forces with α = −3.

2.2.3 Electric double layer interactions

Another contribution to the disjoining pressure is due to electrostatic interactions.
When a solid is immersed in a liquid, most solids develop a uniform surface charge
density, due to adsorption or release of ions. This not only occurs in highly polar
liquids like water, which is a good solvent for ions [43], but is it also observed in hydro-
carbon solutions [97,98]. Due to the resulting electric field, counter-ions are attracted
towards the charged solid and form a electric double layer. The electric potential and
the thickness of this double layer depends on the surface charge density σ and the
concentration c0 and valency of the ions in the liquid. For low surface potentials,
this can be calculated by the linearized Poisson-Boltzmann equation, also called the
Debye-Hückel approximation, yielding an expression for the electric potential above
a flat solid surface in a liquid

ψ(h) = ψ0e
− h

λD , (2.43)

where

λD =

√
ε0εrkBT

2c0e2
(2.44)

is the Debye length, the decay length of the electrical potential. In ultrapure water of
pH=7, the natural ion concentration is 10−7 mol/l, resulting in λD =960 nm at room
temperature [43]. Here we have used ε0=8.854 10−12 F/m, e=1.602 10−19 C, c0=6.02
1010 m−3 and εr = 78.4.

The sign and magnitude of the surface potential depends on the liquid and the
solid materials. A first approximation for the sign and magnitude of the surface
potential ψ0 can be obtained from measurements of the zeta potential [99], ζ. For
water on polycarbonate, ζ = −80 mV was measured and even more negative surface
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potentials can be extrapolated for higher purity [100]. For pure water the sign of the
surface charge is negative for most materials.

The liquid-air interface is also charged. For electrically neutral water with a pH≈7,
this charge is measured to be negative [101–104] with a zeta potential ζ ≈ −65 mV.

Therefore, the solid-liquid and liquid-air interfaces will interact, giving rise to
electrostatic double-layer forces. Surfaces of equal charge density and sign will repel
each other. Simple expressions exist for the disjoining pressure for equally charged
surfaces at large spacing.

However, in the case of unequally charged surfaces of equal or unequal sign, the
electric double layer interactions can also be attractive due to the proximity and
possible overlap of the double layers. Especially at small distance h, the charge
distributions and even the surface charge density σ or potential ψ0 may be affected.
For an accurate quantification of the electrical surface forces numerical calculations
of the Poisson-Boltzmann equation are necessary.

An approximation [42,43] for the disjoining pressure caused by electric double forces
between unequally charged surfaces in a liquid using the assumption that the poten-
tials ψi remain constant is

ΠEDL(h) ≈
2ε0εr

[(
e

h
λD + e

− h
λD

)
ψ1ψ2 −

(
ψ2
1 + ψ2

2

)]2
λ2D

(
e

h
λD − e

− h
λD

)2 , (2.45)

which interestingly changes sign from being repulsive (positive) for higher film thick-
ness to being attractive (negative) for low h

ΠEDL(h→ 0) ≈ −ε0εr (ψ1 − ψ2)
2

2λDh2
∼ h−2 . (2.46)

The transition thickness between the attractive and the repulsive regime depends on
the potentials ψi and λD.

The disjoining pressure described by the DLVO-theory ΠDLVO = ΠDK+ΠL+ΠEDL

is a summation of the Van der Waals interactions and the electric double layer forces.
The extended DLVO-model (xDLVO) also includes polar interactions.

2.2.4 Polar interactions

Due to cohesive forces such as hydrogen bonding in polar liquids like water or ethylene
glycol, an additional disjoining pressure term exists. The theory of polar or Lewis
Acid-Base (AB) interactions [105] considers the surface tension γi for a material i to
be a summation of apolar and polar components

γi = γLWi + γABi = γLWi + 2
√
γ⊕i γ

⊖
i , (2.47)

where the different components γLWi ,γ⊕i and γ⊖i can be obtained from contact angle
measurements using different liquids and solids [105,106]. The term γLWi represents the
Lifshitz-Van der Waals interactions and is proportional [105] to the Hamaker constant.
The components of the polar interactions,γ⊕i and γ⊖i are electron-acceptor (acid)
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Table 2.1: Parameters used for approximate calculation of the extended DLVO com-
ponents of the disjoining pressure Π(h) for tri(ethylene glycol) on polycarbonate.

ΠKD,S ΠL,R ΠEDL ΠAB

(Eqs. 2.39,2.42) (Eqs. 2.40,2.41) (Eqs. 2.44,2.45) (Eqs. 2.48-2.50)
T=293K νe ≈3·1015Hz, εr = ε3EG, γ⊕

3EG=1.92 mN/m, e

ε3EG=23.7, n3EG=1.456, ψSL ≈ −20 mV, b γ⊖
3EG=47 mN/m, e

εPC=2.9, nPC=1.58, ψLG ≈ −40 mV, c γ⊕
PC=0.6±0.3 mN/m, f

εair=1, nair=1, c0=6.02·1010 m−3. d γ⊖
PC=2.4±2 mN/m, f

(λD=748nm). b=5.32, a λAB=3 nm, g

λR ≈ 100 nm. a l0=0.16 nm. h

a From Ref. [94]
b ψ0 on solid-liquid interface: the ζ-potential for ultrapure H2O on PC can reach ζ =
−180 mV (extrapolated from [100]). Since ζ depends strongly [108] on εliquid and ε3EG <
εH2O, this number is an estimation.

c ψ0 on liquid-air interface: the ζ-potential for the water-air interface is ζ = −65 mV (From
Ref. [101]). Due to the hygroscopic nature of 3EG, we reduce this value only slightly.

d The concentration of ions in our 3EG is unknown. The supplier specifications are broad.
Here, we assume the liquid to be as pure as distilled water, such that c0 = 10−7M=
6.02 · 1010 m−3.

e Values for ethylene glycol (1EG) [105,109].
f Values for PC averaged from Refs. [106, 109].
g The value of λAB is still a topic or research. Reported values [105] range from 0.2 to 13

nm, and appear to increase with contact angle [107].
h From Ref. [105].

and electron-donor (base) components, respectively. For a liquid droplet or film of
material 1 on a solid substrate 2 in air, the polar component of the interfacial tension

γAB12 = 2

(√
γ⊕1 γ

⊖
1 +

√
γ⊕2 γ

⊖
2 −

√
γ⊕1 γ

⊖
2 −

√
γ⊖1 γ

⊕
2

)
. (2.48)

and the interaction energy ∆Gcoh
ii is

∆GAB12 = −2γAB12 . (2.49)

The disjoining pressure ΠAB(h) due to polar interactions is

ΠAB(h) = −∆GAB12

1

λAB
e

l0−h
λAB , (2.50)

where l0 ≈ 0.16 nm is the minimum equilibrium distance and λAB is the correlation
length of the molecules of the liquid medium, which is in the order of nanometers,
but appears to increase with contact angle [105,107].

2.2.5 Effective disjoining pressure: an example
To provide an insight in the shape and magnitude of the effective disjoining pressure
for a polar liquid on a polymer substrate, we combine the results from the approximate
expressions presented above into an example for a tri(ethylene glycol) (3EG) film
on a polycarbonate (PC) substrate, the material system used in Chapters 4-7.
Table 2.1 lists the parameters used for the calculations of the disjoining pressure terms
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Figure 2.2: Disjoining pressure potentials for 3EG on PC. (a) The different inter-
actions contributing to the disjoining pressure, approximated using the parameters
of Table 2.1. (b) The effective disjoining pressure isotherm Πsum, the summation of
the different components in (a), with and without polar interactions (ΠAB) and some
isotherms of the phenomenological model of Section 2.2.7. (c) A log-log plot of the
attractive (negative) range of Πsum with and without AB-interactions and screen-
ing/retardation effects. (d) Description of the different isotherms in (b) and (c).

originating from the screened Keesom-Debye interactions ΠKD,S, the retarded London
dispersion forces ΠL,R, the electric double layer pressure ΠEDL and the disjoining
pressure due to polar interactions ΠAB, based on the approximations presented above.
Many parameters were adapted from measurements using other liquids, as described
in the footnotes to Table 2.1 and the resulting disjoining pressure can therefore only
be seen as a rough estimate of the real disjoining pressure in our measurements.

The result of these calculations is plotted in Fig. 2.2. Figure 2.2(a) shows the
contributions of the different interactions. The Van der Waals interactions are plotted
without (ΠL, ΠKD) and with screening (S) and retardation (R) effects (ΠL,R, ΠKD,S).
The Hamaker coefficients of ΠL and ΠKD are of opposite sign. The London dispersion
interactions are repulsive with AL = −1.49 · 10−20 J, whereas the Keesom/Debye
interactions are attractive AKD = 2.18 · 10−21 J. The Debye-length, λD=748 nm,
follows from Eq. (2.44) and is strongly dependent on the ion concentration c0. Due
to the long Debye-length, the lines for ΠKD and ΠKD,S cannot be distinguished in
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Fig. 2.2(a). The isotherm for the London interactions ΠL is more strongly affected
by retardation (ΠL,R), so the effective long-range Van der Waals forces are attractive.
The polar interactions of ΠAB are very strongly attractive (negative) for low values
of h, but they decay faster than the other components of Π.

The summation of the disjoining pressure contributions Πsum is plotted in
Fig. 2.2(b). The line labeled ΠDLVO,SR consists of Van der Waals and electric double
layer effects, whereas the line ΠxDLVO,SR also incorporates polar interactions through
ΠAB. On this scale, the effects of retardation or screening cannot be resolved. The
curves of ΠxDLVO,SR and ΠDLVO,SR have a small repulsive local maximum around h=
1µm with an amplitude of Πsum ≈ 80 mPa.

More details about the attractive regime can be distinguished in the log-log plot of
the attractive part [negative Πsum(h)] in Fig. 2.2(c). Without the polar interactions
(ΠDLVO), the isotherm becomes repulsive for film thicknesses h <10-20 nm and the
minimum of the curve in Fig. 2.2(b) becomes much less pronounced. Up to a film
thickness of nearly λD, ΠDLVO(h) is dominated by the a power law Πsum(h) ∼ h−2

from the electric double layer interactions ΠEDL. The maximum film thickness h
below which the disjoining pressure is attractive depends on the Debye length λD.
The strength of ΠEDL depends on the surface potentials of the liquid-solid and liquid-
gas interface.

If polar interactions are included (ΠxDLVO), the disjoining pressure for film thick-
nesses h <10-30 nm is dominated by the polar interactions ΠAB. The screened
Keesom-Debye interactions ΠKD,S are also included in Fig. 2.2(c), revealing the power
law scaling ΠKD,S ∼ h−3 and the low strength of the Van der Waals interactions com-
pared to ΠAB and ΠEDL.

Our experiments and simulations throughout this thesis, will focus on film thick-
nesses h &10 nm. The contributions to the disjoining pressure discussed so far are
those quantified best in the literature and form a framework for comparison of our
experimental results. Heterogeneities, discussed in the next section, create additional
complexity for the quantification of disjoining pressure.

2.2.6 Heterogeneities

The forces discussed in the previous sections were derived with the assumption of
homogeneity. The materials were assumed to be pure, uniform in composition and
free of defects. The surfaces were homogeneous in chemistry, free of surface active
agents and the interfaces were infinite and flat planes. In any real material system,
this is not the case.

In many studies of rupture of thin liquid films, discrepancies exist between ex-
perimental data and the size and range of disjoining pressure potentials calculated
theoretically. Also in force measurements between hydrophobic solid surfaces, long-
range attractive forces with a longer range than predicted by theory have been mea-
sured [110,111] using atomic force microscopy or the surface forces apparatus [112]. These
forces are often called ’hydrophobic interactions’ [113], a term also used to describe at-
tractive AB-interactions (Section 2.2.4). It is not clear, if these long range forces have
the same origin as the ones that play a role in film rupture, but results in both fields
indicate that heterogeneities play a role [114].

Examples of such heterogeneities are nanobubbles at the solid-liquid interface,
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non-homogeneous charge distributions, topography or chemical heterogeneities.
The role of bubbles on the solid-liquid interface is studied in several papers [115,116].

It was found that long-range attractive forces are reduced when the liquid is thor-
oughly degassed [117–119]. But even in degassed liquids, cavitation was observed [120–122],
possibly after mechanical contact [121]. Gas can be trapped during immersion of the
solid into the liquid. Evidence for a complete film of air around the solid-liquid
interface has not been found [123], but there are experiments that indicate that the
density of the liquid phase is lower in proximity of hydrophobic solid surfaces [124].
Mishchuk describes using classic DLVO theory how small bubbles yield an apparent
force of higher magnitude [125]. The rupture of thin liquid films by surface bound
bubbles has also been described [48,126,127], especially combined with surface rough-
ness [128]. The presence and stability of nanobubbles in thin liquid films is still a topic
of research [129,130].

The presence of topography [131,132] or sub-microscopic dust particles [49,133] is an-
other source of heterogeneities that can affect the effective disjoining pressure. If the
topography is in the order of the film thickness, it is clear that the actual local film
thickness and thus the strength of the disjoining pressure varies with position.

If the surface charge on one or both interfaces is not uniformly distributed, but they
are charged heterogeneously, the attractive forces can increase. This was explicitly
found for thin layers of aqueous solutions of cationic surfactants, that formed patches
with heterogeneous charges on the surface [134–136].

Local variations in surface chemistry will also give local variation in disjoining
pressure and lateral variations in disjoining pressure can influence the rupture [137–141]

and dewetting [142–144] of a thin liquid film. Mougin et al experimentally studied
the effect of nanoscale chemical defects on film rupture [145]. There was no obvious
correlation between the length scales, but rather an averaged effect of the surface
chemistry on the dry-spot density, related to a change in the ratio of two dominating
contributions to the disjoining pressure.

In thin polymer films, a lower density of dry-spots was observed in films with lower
residual stress, indicating that residual stress affects film rupture [146,147]. Finally, nu-
merical studies show that thermal noise enhances the instability of thin films [148,149].

2.2.7 A phenomenological model

The previous sections show that the strength and range of the effective disjoining
pressure is difficult to quantify exactly, both due to unknown material parameters
and due to possible heterogeneities. Moreover, very little experimental data for the
attracting disjoining pressure in partially wetting liquid films is available (a brief
overview can be found Chapter 4).

That is why for numerical modeling of a partially wetting substrate with contact
angle θ > 0, we use a phenomenological model for Π(h). The model is based on a
short-range repulsive and long-range attractive term and exhibits a global minimum.
Moreover, it fulfills the Frumkin relation [15,150,151] between disjoining pressure Π,
surface tension γ and the equilibrium contact angle θeq according to

γ(1− cos θeq) = −
∫ ∞

h∗
Π(h)dh , (2.51)
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where h∗ is a lengthscale of typically few nanometers and represents the equilibrium
thickness of a precursor film.

The expression for the disjoining pressure, as introduced by Schwartz and Eley [152],
is

Πmodel = γ(1−cos θ)
(n−1)(m−1)

(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
. (2.52)

Here, n > m and m > 0 are integer numbers.
The dependence of Πmodel on h is plotted in Fig. 2.2(b-c) for different values

of m and n=10, h∗=10 nm, γ=45.5 mN/m and θ=29◦. The general shape of the
disjoining pressure isotherm is very similar to the one found for tri(ethylene glycol)
in Section 2.2.5.

The value of m determines the effective power law exponent of Π(h), clearly illus-
trated by the straight line in the log-log plot of Fig. 2.2(c). Equation (2.52) shows
that a variation of θ modulates Πmodel by means of a multiplying factor, which enables
the modeling of the flow and redistribution of liquid films on chemically patterned
surfaces [153] by using a position dependent contact angle, θ = θ(x, y).

The disjoining pressure Πmodel becomes positive (repulsive) at a h < h∗. Our
choice for h∗=10 nm does not correspond to the short-range repulsive character of
ΠxDLVO in Fig. 2.2(b,c), which shows a h∗ < 1 nm. In practice, this limits our
simulations to film thicknesses h >10 nm, which is also the relevant range for our
experiments.

Alternative phenomenological models for the disjoining pressure exist. An ex-
ample is the diffuse interface model by Thiele et al. that is based on exponential
functions [154]. Combinations of power-law expressions and exponentially decaying
functions, similar to those of non-retarded Van der Waals interactions and polar in-
teractions have also been used [73,155,156]. Dai et al. also incorporated the gradient
and curvature of the liquid film into the disjoining pressure [157].

2.3 Stability of a liquid film

With the lubrication equation and an expression for the disjoining pressure, we are
now able to evaluate the evolution and rupture of thin liquid films under the influence
of an attractive disjoining pressure.

To determine under which conditions a thin liquid film can rupture on a partially
wetting surface, we consider three different cases in this section. First, we perform a
linear stability analysis for infinitesimally small disturbances of a certain wavelength
and determine which perturbations will be amplified in an initially flat film. Sub-
sequently, we use numerical simulations to evaluate how random noise of different
amplitudes influence the time of film rupture. Finally, we add a large disturbance
with a certain amplitude and width and evaluate the resulting film rupture time.

2.3.1 Infinitesimal disturbances

The sensitivity of a thin liquid film on a partially wetting solid substrate to infinites-
imal disturbances can be investigated using linear stability analysis. This was done
for a free liquid film by Vrij [66] and was expanded later by Ruckenstein and Jain [67]
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to include thin liquid films on solid substrates. In this section, we will follow a similar
approach to determine which wavelengths and film thicknesses are stable or unstable.

We use the lubrication equation Eq. (2.32) in one dimension (x). There is no
external shear stress (τ=0) and the total pressure P consists of capillary pressure,
disjoining pressure and hydrostatic pressure.

∂h

∂t
− ∂

∂x

{
h3

3µ

∂

∂x

(
−γ ∂

2h

∂x2
+ ρgh−Π

)}
= 0 . (2.53)

Note that due to the definition of negative disjoining pressure for attractive (film
thinning) forces, Π(h) is inserted in the lubrication equation with a minus sign.

As an initial condition, we consider a thin liquid film of initial thickness h0, that is
disturbed by an infinitesimal oscillation with amplitude C(t) and finite wavenumber
k

h(x, t) = h0 + C(t) cos(kx) C(0) << h0 , (2.54)

and insert Eq. (2.54) into the lubrication equation. We get

cos(kx)
∂C

∂t
− ∂

∂x

{
[h0 + C(t) cos(kx)]

3

3µ
×

∂

∂x

(
−γ ∂2

∂x2
[h0 + C(t) cos(kx)] + ρg [h0 + C(t) cos(kx)]−Π

)}
= 0 . (2.55)

By using [h0 + C(t) cos(kx)]
3 ≈ h30 and differentiating using the chain rule, we obtain

cos(kx)
∂C

∂t
+
h30
3µ

(
γCk4 cos(kx) + ρgCk2 cos(kx) +

∂2Π

∂x2

)
= 0 . (2.56)

The second order derivative of the disjoining pressure Π(h) with respect to position
can be expressed, using the chain rule, as

∂2Π(h)

∂x2
=
∂2Π

∂h2

(
∂h

∂x

)2

+
∂Π

∂h

∂2h

∂x2
=
∂2Π

∂h2
C2k2 sin2(kx)− ∂Π

∂h
Ck2 cos(kx) . (2.57)

Inserting this into Eq. 2.56, neglecting the terms with C2 and dividing by cos(kx)
gives

∂C

∂t
= −Ch

3

3µ

(
γk4 + ρgk2 − ∂Π

∂h
k2
)
, (2.58)

which has a solution

C(t) = C(0) exp

(
t

τ

)
= C(0) exp

[
−h

3
0

3µ

(
γk4 + ρgk2 − ∂Π

∂h
k2
)
t

]
, (2.59)

from which follows that the critical wavelength for a certain h0

λcrit =
2π

kcrit
= 2π

√
γ

∂Π(h0)
∂h − ρg

(2.60)
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Figure 2.3: Linear stability results for γ = 45.5 mN/m, θ = 29◦, h∗ = 10 nm,
and (n,m) = (10, 2), (n,m) = (10, 3) and (n,m) = (10, 4). (a) Critical wavelength
λcrit(dashed lines) and fastest growing wavelength λmax (solid lines). (b) Time con-
stant τ for the most unstable wavelength as a function of film thickness.

and the fastest growing wavelength, due to mathematical similarities to spinodal
decomposition [158], also called spinodal wavelength is

λmax =
2π

kmax
= 2π

√
2γ

∂Π(h0)
∂h − ρg

=
√
2λcrit . (2.61)

In Fig. 2.3(a), λcrit and λmax are plotted as a function of film thickness h0 for the
three disjoining pressure isotherms Πmodel plotted in Fig. 2.2(b-d). Figure 2.3(b)
shows the time constant τ for the growth of small periodic disturbances at λmax. The
power law exponents increase with increasing m according to

λ ∼ h
1
2 (m+1)
0 and τ ∼ h

2(m+1)−3
0 . (2.62)

For each film thickness h0, disturbances of wavelength λ > λcrit are amplified, and
the film is unstable. For lower wavelengths or film thicknesses h0 > hgrav, the film is
metastable. The thickness hgrav is the value where ∂Π

∂h ≥ ρg and the disjoining pressure
is balanced by gravity forces. In the metastable regime, films can still be ruptured
by a finite amplitude disturbance. Films thicker than hstable = 2

√
γ/ρg sin θ/2 are

flattened by gravity and therefore absolutely stable [78].

2.3.2 Influence of noise
Due to molecular size limitations as well as thermal fluctuations, the liquid-air in-
terface is not perfectly smooth, resulting in an additional noise contribution. Here,
we estimate the influence of initial noise level σ on the rupture time trupture for an
undisturbed film (∆h=0) of initial thickness h0 and two different sets of parameters
for n and m in the disjoining pressure isotherm.

If films are deformed by a finite amplitude disturbance, the linear stability analysis
presented above does no longer provide an accurate criterion for thin film stability.
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Therefore, we evaluate the influence of noise on the rupture time of a liquid film
numerically using the lubrication equation Eq. (2.53) in cylindrical coordinates

∂h

∂t
− 1

r

∂

∂r

(
h3

3µ

∂P

∂r

)
= 0 , (2.63)

with the pressure term

P ≡ −γ
r

∂

∂r

(
r
∂h

∂r

)
+ ρgh−Π(h) , (2.64)

consisting of capillary pressure, hydrostatic pressure and disjoining pressure Π(h) =
Πmodel according to Eq. (2.52).

We solve these equations numerically using the commercial finite element (FEM)
software COMSOL 3.5a in conjunction with MATLAB 7.9.0. The FEM mesh size is
1 µm around the origin (r = 0) and 10 µm for r > 2 mm. The domain length is 2
cm. The simulations were performed for h∗ = 10 nm, and the material parameters
µ = 1 mPa·s, γ = 72 mN/m and ρ = 1000 kg/m−3.

The initial condition is a flat film of film thickness h0, to which we added a random
gaussian noise term with a standard deviation σ, representing thermal fluctuations or
molecular variations.

We impose the following boundary conditions

∂h

∂r (r=0)
=
∂h

∂r (r→∞)
= 0 , (2.65)

∂P

∂r (r=0)
=
∂P

∂r (r→∞)
= 0 . (2.66)

Upon film rupture, the local liquid film thickness rapidly decreases to h = h∗.
Because of the short-range repulsive term in the phenomenological model for Π (see
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Section 2.2.7), a nanoscopic precursor film of thickness h∗ is formed, which also re-
moves the moving contact line singularity [22]. Resolving the formation and expansion
of this precursor film is computationally very demanding. The evolution of a one-
dimensional liquid film takes minutes to calculate, the appearance of a contact line
(h = h∗) takes approximately 30 min and dewetting for 1 mm takes several days to
resolve.

We therefore stop the simulation and define the film rupture time trupture as the
point in time at which the residual film thickness reaches 1.1h∗. Due to the non-
linear process of film rupture, the error made by this approximation is negligible. To
evaluate the effect of axisymmetry, we also performed some simulations for flat films
in a Cartesian coordinate system and found nearly identical rupture times.

Figure 2.4 shows the results for our axisymmetric simulations. The noise level
σ is normalized with the initial film thickness h0 and the rupture time is non-
dimensionalized using the time constant τmax of the fastest growing wavelength λmax

in the linear stability analysis of the previous section. The initial film thickness
h0 < hgrav such that the film ruptures at some point for all cases considered.

All simulation data nicely collapses onto a straight line in the semi-log plot, show-
ing the logarithmic dependence of rupture time on noise level. Therefore, for low noise
levels, the rupture time can be considered relatively insensitive to the noise level σ.
The simulations for h0 = 3 µm (the circles in Fig. 2.4) show that repeated simulations
yield slightly varying results. This is due to the randomness of the noise.

When the noise level is set to zero in the axisymmetric simulations (σ=0), the
films rupture according to the leftmost points in the graph and the numerical noise
in the simulation can therefore be estimated to σ ≈ 10−18m, much lower than the
molecular length scale. The maximum rupture time observed is about 30 times
τmax, which is faster than the exponential growth of the linear stability analysis,
trupture < ln(h0/σ)τ ≈ 41τ . This reflects the non-linearity of the film rupture pro-
cess. The film thinning speeds up during film rupture, demonstrating the invalidity
of the linearization for high deformations.

For a noise level of the atomic length scale σ ≈ 0.1 nm as a initial condition, in
our simulations film rupture occurs at trupture ≈ 10τmax. The effect of continuous
noise contributions must be even larger. Others have indeed shown by numerical
simulations that thermal noise influences the timescales of ultrathin film flow and can
accelerate film rupture [148,149].

2.3.3 Destabilization by a finite disturbance

In the sections above, we have evaluated the influence of small sinusoidal or random
noise fluctuations in the initial condition on the stability of a liquid film.

In this section, we numerically evaluate the evolution of the height profile of a
liquid film on a partially wetting substrate as a result of a local dip in the film profile
as an initial condition. Depending on the width and depth of this dip, the film
ruptures or levels out.

The effect of finite amplitude disturbances on the stability of a thin liquid film was
investigated by Williams and Davis [84]. Sharma and Ruckenstein [68] and Thiele [154]

also performed numerical studies of film rupture in the metastable regime. Kara-
panagiotis et al performed an experimental study along the same lines [159,160], by
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Figure 2.5: Sketch of the system geometry and initial condition, including a dip of
radius R and amplitude ∆h, and a rim of width R. The volume is conserved

mechanically creating a disturbance in an ultrathin (17 nm) polystyrene film and
investigated whether the hole would grow or close when the film was heated above
the glass transition temperature. Here, we simulate non-volatile films of a pure liquid
with thicknesses in the order of 1 µm.

For our simulations, we use the same equation, boundary conditions and parame-
ters as in Section 2.3.2. To construct the initial condition, a dip in radial coordinates,
we use volume conserving, stitched polynomials fdip and frim. The dip itself has a
parabolic profile

fdip = (r −R)(r +R)
∆h

R2
(2.67)

with dip amplitude ∆h and radius R. The volume removed to create the dip is used
to construct a liquid rim around the dip with height profile such that∫ 2π

0

∫ R

0

fdip(r)rdrdφ =

∫ 2π

0

∫ 2R

R

frim(r)rdrdφ (2.68)

which is fulfilled by

frim = (r −R)(r − 2R)

(
∆hr2

3R4
+

∆hr

R3
− 10∆h

3R2

)
. (2.69)

Figure 2.5 shows the initial condition of the simulations. The minimum film thickness
hmin(t) is the lowest point of the liquid film at a given point in time. At the starting
point of the simulation, t=0, the film thickness is minimal in the center (r=0) with
minimum film thickness hmin(t = 0) = h(r = 0, t = 0) = h0 −∆h.

Influence of h0, ∆h and R

Films of two different initial thicknesses h0 for (n,m, θ) = (10, 4, 5◦) are subjected
to initial conditions of different R and ∆h. For this disjoining pressure isotherm,
undisturbed liquid films are stabilized by gravity at h0 > hgrav = 872 nm.
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Figure 2.6: The evolution of a film with a disjoining pressure isotherm with parame-
ters (n,m,θ)=(10, 4, 5◦). (a,b) Development of the film thickness at the lowest point
hmin(t) as a function of time for different dip depths ∆h and (a) naturally unstable
film initial thickness h0 = 226 nm and R = 100 µm, (b) metastable h0 = 1 µm and
R = 400 µm. (c,d) Film rupture time trupture as a function of ∆h for different values
of R and (c) h0 = 226 nm, (d) h0 = 1 µm.

Figures 2.6(a,b) show the time evolution of the lowest point hmin(t) of the height
profile for an unstable film h0 = 226 nm with R = 100 µm and a metastable film h0 =
1 µm with R = 400 µm, respectively for different disturbances ∆h. The nucleation
time as a function of the dip amplitude ∆h for these values of h0 is shown for different
values of the dip width R in Fig. 2.6(c) and (d) respectively.

Figure 2.6(b) shows that a metastable film of thickness h0 = 1 µm can only be
destabilized by a disturbance of R = 400 µm if the initial disturbance amplitude ∆h
exceeds a critical value of ∆h & 820 nm. If this critical value is not exceeded, the
disturbance levels out and the film thickness goes back to h0. For broader disturbances
(larger values of R, this transition value the is lower as illustrated in figure 2.6(d) and
the nucleation of a dry spot can be triggered for a wider range of ∆h. Increasing
the initial dip amplitude reduces the time it takes until a dry spot is nucleated. For
h0 = 226 nm, which is approximately 27% of hgrav, the height evolution for is shown in
Fig. 2.6(a) and the rupture time in Fig. 2.6(c). In this regime, we also see a transition
value for ∆h below which leveling occurs and above which dry spot nucleation is
observed. However, since the dip widens during the leveling process, the nucleation
of a dry spot can still be triggered at a later stage.

For small disturbance radius R, a small increase in ∆h can yield several orders
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Figure 2.7: (a) Film rupture time trupture as a function of disturbance width R for
h0=226 nm and ∆h=126nm. (b-e) Changes in morphology of the film profile just
before the moment of film rupture for different values of R. The dashed lines represent
the initial condition of the simulation.

of magnitude faster film rupture, which is particularly clear from the curves for R =
10 µm and R = 100 µm in Fig. 2.3(c).

Influence of R and the appearance of morphological transitions

Figure 2.7(a) shows the influence of dip radius R on the film rupture time trupture for
an unstable liquid film of initial thickness h0 = 226 nm and a deformation amplitude
∆h = 126 nm, such that the initial minimum film thickness h(r=0) = 100 nm. The
vertical dashed lines represent the critical and fastest growing wavelengths, λcrit and
λmax from linear stability analysis for a film of thickness h = 100 nm.

We distinguish three regimes in the graph. For R < 66 µm [the regime labeled ’(1)’
in Fig. 2.7(a)], the rupture time is long, corresponding to initial leveling, widening
and rupture at a later time, observed in Fig. 2.6(a).

There is a sudden drop in trupture at R ≈ 70 µm, which is not far from the critical
wavelength λcrit. This illustrates that there is a minimum critical disturbance width,
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needed to obtain film rupture within a reasonable timeframe. In regime ’(2)’ in
Fig. 2.7(a), the film rupture time increases with increasing R, until regime ’(3)’ is
reached where the bottom of the dip resembles a more or less flat film of h = 100 nm,
with a corresponding constant value for the rupture time, trupture ≈ 105 s.

In Fig. 2.7(b-e), the liquid film height profile is shown just before film rupture
for different values of R. These values of R are indicated by arrows in Fig. 2.7(a).
The rupture location seems to alternatingly be off-center or centered at r = 0 and
with increasing r, multiple minima are formed within the valley. In the simulations,
it is typically the minimum closest to r = 0 that ruptures first, followed by the other
minima at later points in time, depending on the growth rate of the nucleated dry-spot
(the dewetting speed).

Instead of being a smooth curve, the graph in regime ’(2)’ of Fig. 2.7(a) has a
bumpy appearance. Inspection of Fig. 2.7(b-e) leads to the conclusions that these
bumps are related to the morphological changes of the film height profile at the time
of rupture.
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Chapter 3

Experimental techniques

This chapter introduces the materials and experimental techniques developed for the
study of deformation and rupture of thin liquid films. Section 3.1 gives an overview
of material systems, characterisation methods and surface patterning techniques. In
Section 3.2, we discuss liquid film deposition techniques and the design of an opti-
cally accessible spin coater. Finally, the techniques used to measure film thickness
and height profiles are introduced. Specific experimental details related to air-jets, in-
frared laser irradiation and static surface charges will be introduced in the respective
chapters.

3.1 Material system selection

The study of the rupture and dewetting of thin liquid films begins with the selection of
suitable combinations of liquids and partially wettable substrate materials. Selection
of materials was done by experimental iteration, occasionally assisted by quantitative
dynamic contact angle measurements.

3.1.1 Contact angle analysis
The wettability of a liquid on an ideal solid surface is described by the equilibrium
contact angle θeq and the spreading coefficient [161] S = γ(cos θeq − 1). On partially
wetting surface, the spreading coefficient is negative (S < 0) and 0< θeq < 90◦. When
the contact angle θeq > 90◦, a surface is defined as hydrophobic. A droplet on a fully
wettable surface with S > 0 will continue to spread until it reaches a contact angle
θeq = 0◦. The term ’hydrophilic’ generally refers to both partially wetting and fully
wettable surfaces.

In practice, the contact angle of a static droplet on a solid surface lies somewhere
between an advancing contact angle θadv and a receding contact angle θrec. The con-
tact angle hysteresis ∆θ = θadv − θrec, which is caused [162,163] by microscopic chemi-
cal and/or topographic heterogeneities, absorption/desorption phenomena or electric
charge deposition [164], is responsible for contact line pinning. Without hysteresis,
droplets would not stick but slide off inclined partially wetting surfaces.

37
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Figure 3.1: Contact angle goniometry. (a) Schematic illustration of the the sessile
drop contact angle measurement. (b) Photograph of the setup. (c,d) Droplet images
of water on polycarbonate during (a) advancing, (b) receding of the contact line.

For controlled and detailed experiments of film rupture on partially wetting sub-
strates, we need a liquid-solid system with a static receding contact angle θrec > 0◦.
We measure the dynamic contact angles by slowly increasing and decreasing the vol-
ume of a sessile droplet on the surface. This is schematically depicted in Fig. 3.1(a).

The setup [Fig. 3.1(b)] consists of a CMOS camera (Thorlabs DCC1645C) and
telecentric lens (Moritex MML2-ST65) capturing the side-view images of a droplet
illuminated from the back using diffuse light from a white light emitting diode (LED).
The liquid is added and removed from the droplet through a round needle (Nordson
EFD) connected through a polyethylene tube (Braun, Original-Perfusor Line) to a
glass or disposable syringe in a syringe pump (Kd Scientific, KDS-88) enabling the
slow but steady change in volume.

Figures 3.1(c,d) show images of droplets of water on a polycarbonate substrate. In
Fig. 3.1, liquid is added and the droplet footprint is slowly growing. In this case the
contact angle equals the advancing contact angle θadv. Figure 3.1(d) shows a droplet
slowly being reduced in size. The contact angle is the receding contact angle θrec. The
solid-liquid contact angles are determined using the software package ImageJ [165].

3.1.2 Requirements

To study the deformation, rupture and dewetting of liquid films, we needed a partially
wetting material system, consisting of a pure liquid and a solid substrate, allowing
the application of a metastable liquid film that remains stable until a dry-spot is
nucleated by an external force.

Ideally, the liquid should be a polar liquid, with a surface tension close to that
of water. This would allow us to compare the results to the industrial application,
immersion lithography, that uses ultra-pure water as a liquid. The thickness of the
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metastable liquid film should be in the order of micrometers.
The solid surface should be as uniform and smooth as possible, such that the film

does not rupture prematurely due to chemical and/or topographic defects. A smooth
and homogeneous surface also yields reproducible dewetting speed Vd and circular
dry-spots. To visualize the film rupture under influence of an external forces, the
substrate should be optically transparent.

By experimental iteration we found that metastable thin liquid films with ac-
ceptable lifetime can be prepared if the receding contact angle lies between 10◦ .
θrec . 30◦.

On substrates with slightly higher receding contact angles, θrec . 40◦, only films
of very viscous liquids can be prepared using a spin coating process. Because they
were less stable than on substrates films with low contact angle, films of thickness
h0 . 10 µm were typically not stable after preparation.

On substrates with θrec & 50◦, liquid films could not be formed or ruptured during
application. For material systems with too low receding contact angle (θrec . 10◦),
small variations in surface composition and thus contact line hysteresis caused pinning
of the receding contact line and thus irregularly shaped dry spots.

3.1.3 Substrate materials

Finding a successful combination of substrate material, (de)wetting liquid and coating
method enabling us to perform quantitative and reproducible experiments of film
rupture and dewetting took a substantial amount of effort and time. The discussion
below will not give a detailed account of the investigation, but presents the main
classes of substrate materials evaluated. Most focus will be on the substrate materials
used in Chapters 4-8. A more comprehensive list of evaluated material combinations
is provided in Appendix A.1.

The material systems we tested can be divided into the categories of self-assembled
monolayers, polymer coatings and untreated bulk materials.

Self-assembled monolayers

Self-Assembled Monolayers (SAMs) form a dense layer of aligned molecules bound to
the solid surface. The molecules consist of a head group with specific affinity for a
certain substrate and a tail group. Thiol head groups bind to metal surfaces such as
gold, whereas silane head groups are well suited for SAMs on glass or silicon. The
chemical composition of the tail group determines the wettability of the surface after
application of the layer.

For surface modification of glass and silicon substrates, we investigated trichlorosi-
lanes with several tail groups. Some SAMs were applied in a liquid phase process
using dodecane or toluene as a liquid. In the solution deposition of SAMs with
alkane tail groups, we confirmed that the process temperature was important for
the wetting properties of the layer, as found [166] by Brzoska et al.. Other SAMs,
such as fluorinated molecules, used to make partially wetting films for silicone oils
[poly(dimethylsiloxane) (PDMS)], were deposited in a gas phase process.

Because true monolayers hardly change the topography of the substrate and their
chemistry is well-defined, SAMs are used in many scientific studies on to confine
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liquids on fully wettable patches [167–169] or for film rupture and dewetting stud-
ies [27,49,58,79,139,153,166]. However, achieving high uniformity and low defectivity over
large surface area is not straightforward. Selection of good substrate materials, se-
lection and storage of the silanes, optimization of substrate cleaning and activation
procedures, purity of solvents, process temperature, optimization of humidity and
processes for post-cleaning influence the quality of the SAMs. Optimizing all these
variables should be supported by surface analysis techniques, which did not fit within
the scope of this project. Moreover, defects can occur during the film rupture exper-
iments and the treatment time per sample would therefore pose a limitation to the
number of experiments that could be carried out.

Polymer coatings

Substrate cleaning was less critical for thicker polymer coatings applied from solution.
We tried several candidates, such as UV-curable adhesive (Norland), clear varnishes
and perfluoroacrylate (PFA) coatings (prototypes, supplied by TNO) and several
photoresist materials. For many of those coatings it was difficult to find a liquid with
a low enough receding contact angle to enable spin coating of a liquid layer with
sufficient time stability.

Untreated bulk materials

Surface modification techniques like SAMs and polymer coatings provide a versatile
way to change the wettability of a material without changing its bulk properties, such
as optical transparency or mechanical stability.

In our search for a practical and suitable material system, we found that high-
quality polymer substrates also provide the optical transparency, surface uniformity
and thermal stability required for application in dewetting research. We tested plate
material of several materials and suppliers, such as polystyrene (PS), perfluoroacry-
late (PFA, Norton), ethylene-tetrafluoro-ethylene (ETFE film by Polyflon), polyamide
(Evonik, Trogamid) and poly(ethylene terephthalate glycol) (PETG, Bayer Vivak).
Most of these materials could not be obtained with sufficiently high surface smooth-
ness or transparency. The most promising results were obtained with poly(methyl
methacrylate) (PMMA) and polycarbonate (PC) materials, that offered high trans-
parency and a smooth surface finish. Equally important, we managed to apply a thin
film of a polar liquid [tri(ethylene glycol) (3EG)] by spin coating, and dewetting dry
spots maintained a circular shape, indicating a uniform wettability. The best opti-
cal quality PMMA sheet we could find was continuously-cast Shinkolite (Mitsubishi
Rayon), used in Section 4.5 and in Ref. [ 170]. Initially satisfactory results were ob-
tained using extruded polycarbonate sheet, Lexan 9030 (Sabic), that was used for the
experiments described in Chapter 4. However, we noticed that this grade suffered from
longitudinal topography (with heights in the order of 25 nm, see Appendix A.2) and
some batches exhibited very high static surface charge variations and crack patterns.
For the work in Chapters 5-7, we therefore switched to optical quality polycarbonate
sheet Makrofol (Bayer), in thicknesses of 750 µm and 175 µm. No surface active
additives were used in the production of these materials and the surface was well pro-
tected by electrostatically bound protection foil. Topographic analysis using atomic
force microscopy (AFM) on these substrate showed that except for some waviness
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with a typical length-scale of several mm, the surface roughness was typically around
1 nm (see Appendix A.2).

An alternative bulk substrate material is clean glass. While being fully wettable for
most polar and alkane liquids, it displays partially wetting properties for phenylated
silicone oil (Dow Corning DC 704) as well as for high refractive index immersion
liquids [19].

3.1.4 Chemical patterning

A thin liquid film coated on a partially wetting substrate will dewet from the edges of
the substrate. This poses a limitation to the timeframe of the measurement. Chemical
patterning offers a way to extend the lifetime of the liquid film. By rendering the
perimeter of the substrate fully wettable, dewetting from the edges is prevented.
Moreover, a smaller partially wetting area will also be less sensitive to nucleation of
accidental dry spots [46].

There are several methods for obtaining substrates with patterned wettability.
In the case of partially wetting SAMs or polymer coatings, a so-called lift-off pro-
cess [169,171] using lithographically patterned photoresist can yield a potentially high
resolution surface chemistry pattern. On polymer substrates, brief contact with an
aggressive acid solution provides a way to obtain a wetting perimeter [80,161,172].

In our case the patterning was accomplished using shadow masking [140,173], an
easy-to-use technique, that is also compatible with polymer substrates. The wetting
perimeter was created using UV/O3-treatment.

UV/O3-treatment

The partially wetting polymer material is rendered hydrophilic by irradiation with
ultraviolet (UV) light in the presence of ozone (O3) gas [109], using a commercial
UV/O3-cleaner (Jelight).

Figure 3.2(a,b) shows the advancing and receding contact angles for two liquids
obtained by the UV/O3 process for different treatment times on PMMA and PC. The
initial advancing and receding contact angles of PMMA are lower than those of PC.
Because of the lower surface tension of 3EG with respect to water, a longer treatment
time is needed obtain a wetting area for water. Polycarbonate needs a shorter UV/O3-
treatment time to achieve θrec = than PMMA. Even after a treatment of 10 minutes,
water still dewets from PMMA. For our experiments with 3EG, a treatment time of
300s was chosen for PMMA and 120s for PC.

Shadow masking

Figure 3.2(c) shows a sketch of the shadow masking technique. The center area of the
substrate is covered with a mask. We experimented with square and round polymer,
aluminium and stainless steel masks with a diameter from 1 mm to several cm. Sharp
transitions in wettability required close contact between mask and substrate, but care
had to be taken not to scratch the substrate.

The resulting sample has a fully wettable perimeter and a partially wetting center
area as depicted in Fig. 3.2(d). We will use this technique on PC in Chapter 4.
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Figure 3.2: Chemical patterning of polymer substrates. (a) Schematic illustration of
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top view of the chemically patterned substrate. (c,d) Advancing and receding contact
angles for water and tri(ethylene glycol) as a function of UV/O3 treatment time of
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Degradation of PMMA

Using the shadow masking technique with UV/O3-treatment, we succeeded in render-
ing the perimeter of polymer substrates fully wettable for tri(ethylene glycol) (3EG).
However, in our experiments we found that the UV/O3-patterning procedure caused
degradation of poly(methyl methacrylate) (PMMA), affecting the thickness of the
thin liquid film.

Figure 3.3(a) shows the thickness of a liquid film as a function of time during and
after spin-coating. The spin coating process, discussed in more detail in Section 3.2.1,
takes 10 seconds. After spin coating the tri(ethylene glycol) film has a film thickness
thickness of h0 = 5 µm on both PMMA and PC.

However, after approximately 200s, the two measurements for PMMA show that
the film thickness starts rising until close to 20 µm. This is caused by an inward
flux of liquid from the perimeter of the sample, which was clearly visible by the eye.
However, no dewetting occurs from the edges of the substrate.

The measurements for polycarbonate (PC) do not show such an increase in film
thickness, but after approximately 1000s, a slight decrease in film thickness or film
rupture was observed.
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We attribute the rise in film thickness on patterned PMMA substrates to the
degradation by chain scission and oxidation of the PMMA material during the UV/O3-
process [174–177], leading to the formation of surface active agents. When these surfac-
tants diffuse to the liquid-gas interface, a surface tension gradient is created, driving
a liquid flow towards the region of higher surface tension in the center of the sub-
strate [178].

After an attempt to wash away these surfactants using deionized (DI) water, we
noticed that the top layer of the substrate appeared to be removed. Figure 3.3(b)
shows the height profile of the substrate after flushing with DI-water (recorded by
digital holographic microscopy, DHM [179,180]). A step of approximately 50 nm is
created at the corner of a square mask. After flushing the sample with acetone, we
measured a step of approximately 1.5 µm is measured [Fig. 3.3(c)], consistent with
the optical penetration depth of of PMMA, described in the literature [177].

3.2 Thin film preparation

There are various techniques to apply a liquid film to a solid substrate. Examples
are dip coating [181], slot die coating [4], wet paper drawing [79], knife coating, screen
printing, inkjet printing [9] or spray coating [54].

To obtain a liquid film with a thickness h0 in the order of a few micrometers or
less on a partially wetting substrate, the coating technique needs to be fast and pro-
vide a uniform film thickness. If the coating is applied slowlier than the dewetting
speed Vd of the liquid, the surface will remain dry. The leveling process of very thin
coatings is slow with a typical time scale t ≈ w4µ/(γh30), where w is the width of a
disturbance [182] and µ and γ are the viscosity and surface tension respectively. More-
over, non-uniform films will preferentially rupture at the thinnest location. Contact
between the film and a solid object, such as a knife edge or slot die, can also cause
film rupture.

After comparison of several techniques, we selected spin-coating for its ability to
yield a uniform, thin film with a reproducible film thickness in a relatively short time.

3.2.1 Spin coating
In spin coating, a uniform thin film of liquid is quickly obtained by placing a liquid on
a rapidly spinning disk [183]. The final film thickness hf for a non-volatile Newtonian
liquid depends [184,185] on the density ρ and viscosity µ of the liquid, rotation speed ω
(in rad/s) and time t according to

hf =
hi√

1 + 4ρ
3µω

2h2i t
≈ 1√

4ρ
3µω

√
t
. (3.1)

The approximation shows that for typical experimental conditions the final film thick-
ness hf is independent of initial liquid layer thickness hi.

Figure 3.3(a) shows the film thickness of a liquid film during and after the spin
coating process, measured by the spectral interference technique, to be discussed in
Section 3.3.2. The graph clearly illustrates the decrease of the film thickness accor-
ding to a power law t−1/2 as well as the reproducibility of the process. In this graph,
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3.3. FILM THICKNESS MEASUREMENT 45

the theoretical lines from Eq. (3.1) with and without approximation cannot be dis-
tinguished.

Most spin coaters use a vacuum chuck to hold the sample during rotation. This
works well with glass or silicon samples and we had equally good experiences using
PMMA plate of 1 mm thickness on the vacuum chuck. When polycarbonate sheet
was used in this way, however, we found that the dewetting pattern of the liquid film
after film rupture followed the grooves in the spin-coater chuck. This phenomenon,
caused by the mechanical flexibility of PC, was avoided by attaching the sample to a
stiff plate (using double sided adhesive tape) before spin coating.

3.2.2 Design and construction of an open-axis spin coater
The results to be reported in Chapter 4 were obtained with 3EG films on patterned
PC substrates, spin coated on a commercial spin coater and then transferred to an
inverted microscope setup for impinging jet experiments. During the transfer time
(in the order of 30 s) between spin coating and start of the air-jet experiments, the
films frequently ruptured spontaneously and dewetting was initiated.

To reduce the time between spin coating and experiment and to enable exper-
iments with unpatterned substrates as well as experiments with moving substrates
(Chapters 5 and 7), we custom designed a spin coater for integration in the exper-
imental setup. The spincoater has an optically accessible axis of rotation, enabling
simultaneous measurement of the liquid film height profile and manipulation of the
liquid film during sample rotation. The spin coater was engineered and manufactured
by the Equipment & Prototype Center (EPC) of the TU/e.

The spin coater, depicted in Fig. 3.4, consists of a high-precision motor (SEW),
allowing rotation speeds between 0 and 6000 rpm with an accuracy of ± 0.2 rpm.
The sample is mounted on a ring-shaped sample holder using double sided tape (3M,
scotch tape, 410B). This assembly (shown on the photograph in Fig. 3.6) is placed
on the rotation stage that is supported by a hollow cylindrical roller bearing. The
rotation is transmitted by means of a tooth belt, allowing precise control at low and
high rotation speeds and acceleration.

The moving parts are enclosed inside an aluminium housing, except for the rotat-
ing sample stage that is shielded by a metal ring and a transparent lid. The excess
liquid is collected in a polypropylene liquid collection dish surrounding the sample
stage. A safety switch stops the rotation in case the lid is removed.

The motor is driven by dedicated electronics that is computer controlled through
an ethernet connection with a PC or PXI computer running Labview software (Na-
tional Instruments) using the Modbus/TCP protocol. The adjustment of the motor
parameters was done using the MoviTools software (SEW). More information about
the motor control and LabView routines of the motor can be found in Appendix B.5.

3.3 Film thickness measurement

For the measurement of the local thickness of thin liquid films, many techniques have
been described in the literature. Weighing the sample before and after application
of the film provides an estimate of the average film thickness. Local film thickness
measurement methods include electrical, acoustic [96] or optical techniques, such as
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(spectroscopic) ellipsometry, fluorescence or transmission measurements. In our ex-
periments we use the interference of light to measure the film thickness and the liquid
film height profile.

3.3.1 Interference in thin films
The study of optical interference in thin films has a long history, going back cen-
turies [186–188]. Interference of light occurs when two coherent waves are combined. In
thin films these waves originate as a consequence of reflection at different interfaces
between materials. Figure 3.5 shows a ray of light arriving with incidence angle θi at
a thin liquid film of thickness h0. On the air-liquid interface, part of the wave is re-
flected under reflection angle θr and the remainder is transmitted with transmittance
angle θt. The laws of reflection and refraction [189] relate these angles to the refractive
indices according to

θi = θr (3.2)
ni sin θi = nt sin θt . (3.3)

In this thesis, we generally consider the case of normal incidence, such that θi = θr =
θt ≈ 0 and the amplitude reflection coefficient r12 at an interface between a medium
1 and a medium 2 is

r12 =
n1 − n2
n1 + n2

. (3.4)

This means that at an air-liquid interface, with ni = 1 and for example nf = 1.5,
r = 0.2. The intensity of the reflected light is given by the reflectance Rif = r2if = 0.04.
This means that 96% of the intensity of the incident light is transmitted.

The sign of r12 in Eq. (3.4) depends on the refractive indices of the two materials.
A negative r12 in the case of n2 > n1 indicates a phase shift of δ12=180◦ upon
reflection.

In the thin film geometry of, we consider the interference between the two reflected
waves, indicated by dotted lines in Fig. 3.5. In the case of normal incidence or when
observed from a distant viewing point, both rays appear to originate from the same
point on the liquid-air interface. However, the phase difference between the two rays
is

∆ϕ = δfs − δif +
2π

λ
2nfh0 , (3.5)
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where δfs and δif represent the phase shift upon reflection at the liquid-solid and
air-liquid interface, respectively.

The resulting intensity [189] for normal incidence depends on the refractive indices
of all three materials, the film thickness and the wavelength of the light λ,

I ≈ 2I0(1 + cos∆ϕ) = 2I0

[
1 + cos

(
δfs − δif +

2π

λ
2nfh0

)]
, (3.6)

where we have used the approximation that both reflected components have equal
intensity I0. This periodic function exhibits maxima for constructive and minima for
destructive interference.

3.3.2 Spectral interference
The expression in Eq. (3.6) is used for the measurement of the film thickness h0
by analyzing the spectrum of the reflected light. This technique was used by others
to measure film thickness of solid [190,191] and liquid films [192–194]. Because of the
non-invasive nature of the technique, it is also a suitable technique to measure the
thickness of the corneal film in the human eye [195,196].

Depending on the sign of δfs−δif , the intensity I(λ) has extrema at the wavelengths
listed in Table 3.1.

δfs − δif λmax λmin

ns > nf > ni 0
4nf

m h0
4nf

m+ 1
2

h0

nf > ns > ni π
4nf

m+ 1
2

h0
4nf

m h0

Table 3.1: Location of the maxima and minima in the interference spectrum of a thin
film of thickness h0 (m=0,1,2,...).

In order to apply the spectral interference technique to thickness measurement of
thin liquid films, we built a fiber-optic spectral interference setup from commercially
available components. White light from a tungsten halogen light source (Ocean Op-
tics, LS-1-LL) is guided through a two-way glass fiber probe (Ocean Optics, QR200-
7-VIS-BX). The probe consisting of six optical fibers emitting light, around a core
fiber of 200µm diameter that collects the reflected light. The reflected light is guided
to a fiber optic spectrometer (Ocean Optics, USB400), that is connected to a PC.
Figure 3.6 shows a picture of the probe. An example of an interference spectrum
Iint(λ) for a 3EG-film on a PC-substrate is plotted as a blue line in Fig. 3.7(a). The
red line represents the background reflection spectrum Ibg(λ), acquired with the dry
substrate before spin coating. Both spectra are normalized with respect to their av-
erage value, Ī = I/Iavg. This ensures that changes in the probe-to-sample distance
do not affect the measurement. Figure 3.7(b) shows the differential spectrum ∆Ī(λ).
When plotted as a function of spectroscopic wavenumber ν̄ = λ−1, the extrema in the
spectrum become equidistant [see Fig. 3.7(c)]. To obtain the frequency corresponding
to the film thickness h0, the data in Fig. 3.7(c) was resampled and analyzed using
a fast fourier transform algorithm. The fourier transform is plotted in Fig. 3.7(d),
where the horizontal axis is scaled with 2nf to obtain the spectral power density in
terms of film thickness h0. The highest peak in the Fourier spectrum indicates the
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Figure 3.6: Photograph of the spectral interference probe. The inset shows the con-
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film thickness h0, based on an average value of nf . Due to chromatic dispersion,
the refractive index nf of most liquids decreases a few percent over the visible spec-
trum, which yields a slightly broader peak in the Fourier spectrum. Measured film
thicknesses are reproducible within approximately 50 nm.

In the case of very weak interference fringes, for example caused by high film
thickness or low refractive index contrast, the size of the peak becomes low compared
to the noise. On the other hand, peaks in the fourier spectrum originating from films
thinner than 1 µm, are difficult to distinguish from the low-frequency peak in the
fourier spectrum due to the finite wavelength range of the light source. Therefore,
the method and algorithms presented here have been successfully used between 1 and
30-50 µm, depending on the materials system. Extending this range requires a light
source with a broader wavelength range and more refined algorithms.

Alternative approaches to extract film thickness data from interference spectra
include fitting of a modulated sinusoidal function [195]. A fourier algorithm similar to
ours was published recently for a measurement of refractive index and absorption in
a flow cell [197].

Provided that enough light is reflected, the spectral interference technique only
needs a fraction of a second for each measurement. This enables the online monitoring
of a dynamic process such as spin coating. This is illustrated in Fig. 3.3(a), where
we measured the thickness of a liquid film on a polymer substrate during and after
spin coating. We implemented the data analysis algorithm into a LabView routine, to
enable online film thickness monitoring. The technique is independent of probe-film
spacing and works also in a transmission-geometry through the transparent polymer
or glass sample.

The spectral interference technique provides a fast and reliable measure for mea-
suring the film thickness a a fixed location. For measurement of liquid film height
profiles over an area a different method is used.
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Figure 3.7: Spectral data and data analysis of a thin liquid film of tri(ethylene glycol)
on polycarbonate with a thickness h0 =4.7µm

3.4 Height profiling

Several techniques exist for the measurement of height profiles of thin liquid films.
The height profiles of polymer melts during dewetting are typically [72,76,198] mea-
sured by atomic force microscopy (AFM). This scanning probe technique provides
excellent height resolution, but is too slow and invasive for the low viscosity liquids
used in this thesis. Another technique well-suited for the measurement of nanomet-
ric films is imaging ellipsometry [199,200]. For thicker films, absorption or fluorescence
imaging [178,201] can provide a height profile of the film. Other reported techniques
include laser refraction profilometry in different configurations [202,203] and three beam
interference [204].

In this thesis we use interference microscopy for the measurement of height profiles
using one or two wavelengths of light. These techniques are described in the following
sections. In Section 3.4.3, we present an example of the use of Digital Holographic
Microscopy (DHM) to image the rupture and dewetting of a liquid film.

3.4.1 Interference microscopy
In monochromatic microscopy, optical interference in inhomogeneous thin liquid films
leads to the appearance of dark and light lines in the image. The analysis of these
fringe patterns enables the reconstruction of the relative height profile of a liquid
film. The film thicknesses associated with maxima or minima in intensity for constant
wavelength λ and refractive index nf follow from Eq. (3.6) and are listed in Table 3.2.
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Figure 3.8: Interference image of a contact line of a liquid on polymer substrates with
a different refractive index, (a) PMMA (b) PC. (c) Film height profiles constructed
from the locations of the interference fringes along the cross-sections in (a,b).

Whether the first interference fringe at h = λ/4nf is a maximum or minimum depends

δfs − δif hmax hmin

ns > nf > ni 0 m λ
2nf

(m+ 1
2 )

λ
2nf

nf > ns > ni π (m+ 1
2 )

λ
2nf

m λ
2nf

Table 3.2: Film thicknesses corresponding to maxima and minima in a thin film
interference microscopy image(m=0,1,2,...).

on the difference in refractive index of the solid substrate and the liquid film. This
effect is illustrated in Fig. 3.8 where the contact line of a droplet of oil, deformed by
an air-flow along the surface, is imaged using monochromatic light for two different
polymer substrates. In Fig. 3.8(a), ns < nf and the first fringe is lighter than the
substrate, whereas in Fig. 3.8(b), the first fringe is dark. The interference contrast is
also higher in Fig. 3.8(b), which is due to the higher difference in refractive index and
thus a higher reflection coefficient rfs [see Eq. 3.4]. In Fig. 3.8(c) the height profile
is extracted from the position of the fringes along the cross-section in Fig. 3.8(a,b).
The area with small slope in the height profile of the film on PMMA corresponds to
the region in the microscope image in Fig. 3.8(a), characterized by a large spacing
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between the fringes.
In case of high slopes, the spacing between the interference fringes becomes nar-

rower and light intensity decreases, because the light is not reflected along the surface
normal and is not collected by the objective lens completely. Depending on the mag-
nification of the optical system, it is not always possible to reconstruct the full height
profile in regions of high slope.

Reconstruction of absolute film height profiles using monochromatic light requires
a reference point of known film thickness. A potential reference point is a part of the
film that is still at initial thickness h0, measured with a different technique, such as
spectral interference. An alternative reference point is a dry area with h=0, like in
Fig. 3.8.

3.4.2 Dual wavelength interferometry

If a reference point of known film thickness is not available, the fringe order (m in
Table 3.2) - and thus the offset in the height profile - is unknown and the analysis of
single wavelength interferometry images does not provide the absolute film thickness
h(x, y, t), but only the relative deformation h(x, y, t) − h0. This problem also arises
if not all fringes between the known reference point and a region of interest can be
resolved or if the slope of the liquid film changes sign.

The correct fringe order is established by comparing the interference images taken
simultaneously with two different wavelengths of light [40]. Instead of simultaneous
imaging, we used sequential imaging at two wavelengths. This requires that the
time difference between the two images is short, such that the height profile remains
essentially the same. Figure 3.9 shows an example of a wetting liquid film of squalane
on a polycarbonate surface imaged with dual wavelength interference microscopy. The
film is deformed by infrared laser induced thermocapillary stresses (see Chapter 7).
Fig. 3.9(a,b) shows interference images of the film recorded with a blue and red
wavelength, respectively. Before analysis, a background image of the undisturbed film
of was subtracted and the contrast was maximized using the minimum and maximum
pixel values of all equal color frames in the measurement.

In Fig. 3.9(c,d), we plot the radially averaged interference intensity profiles for
blue and red. For each wavelength, the dark and bright fringes correspond to specific
local film thicknesses according to Table 3.2. The intensity of the fringes depends on
the spectrum of the light source and the refractive indices of the materials.

The solid lines in Fig. 3.9(e,f) represent the theoretical intensity of the fringes,
calculated numerically using the Electromagnetic Waves & Antennas [205] toolbox for
MATLAB and normalized with respect to the intensity values of the first two fringes.
The symbols are the normalized radially averaged experimental data of Fig. 3.9(a,b).

In the experiments, the fringe contrast decreases faster as a function of film thick-
ness than in the numerical simulations. The deviations are probably due to the
assumption of a flat film in the model. In the region where the slope in the liquid
film is highest, the collected intensity is lower than expected. Non-uniformities in il-
lumination and the geometrical limitations of the optical components, such as a finite
depth of focus, were not taken into account.

The film thickness value at the bottom of the dip, hgrey, is generally not located
at a dark or light fringe, but has a greyscale intensity Igrey, indicated by the black
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Figure 3.9: Dual wavelength interference microscopy measurement of a dip created
by IR laser induced thermocapillary deformation of a squalane film on polycarbonate
(see Chapter 7). (a,b) Interference micrographs. (c,d) Radially averaged interference
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star symbols in Fig. 3.9(e,f).
The film thickness at the bottom hgrey is assumed to be lower than the neighboring

fringes corresponding to hi and hi+1. Thus hi−1 < hgrey < hi, where hi−1 corresponds
to a fringe intensity Ii−1 that is not represented in the measurement. In order to find
the film thickness hgrey, we extrapolate the cosinusoidal function (see Eq. 3.6) using
the assumption Ii−1 ≈ Ii+1. In that case the film thickness hgrey is found by solving
the equation

Igrey = Ii +
1

2

[
1− cos

(
π
hgrey − hi−1

hi+1 − hi

)]
(Ii+1 − Ii) , (3.7)

which is derived from Eq. 3.6. The error made by this assumption is small in the
region of low slopes around hgrey and can be different for red or blue. We obtain
two height profiles with unknown offset by linear interpolation between the locations
of the black and white fringes and the result of the greyscale analysis. To find the
correct offset, we designed an algorithm that varies the fringe order of the red and
blue result and calculates the difference between the interpolated profiles. The fringe
order that provides optimum agreement between the blue and red results is used for
the resulting profile.

Figure 3.9(g) shows the profile at which optimum overlap is obtained between the
blue and red results. The star symbol represents the result of the greyscale analy-
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sis, yielding a bottom film thickness hgrey=123 nm. In this example, the difference
between the red and blue result of greyscale analysis was 6 nm.

The accuracy of the greyscale analysis technique is optimal in the case of high
interference contrast of the neighboring fringes. This is mainly determined by the
refractive indices of the materials and becomes better in regions of low film thickness
and low slopes. The number of discrete greyscale values between the intensities of the
first maximum and minimum depends on the greyscale resolution of the camera and
the optimization of illumination intensity, and can be improved by averaging radially
(like in Fig. 3.9 and Chapter 7) or along parallel lines (in the case of Chapters 5
and 6). The error bars for film thickness measurements in this thesis are based on
the difference in greyscale analysis between the red and the blue result. Typical error
values are below 10 nm. With the liquids and solids used in this thesis, we find reliable
greyscale analysis results for film thicknesses between 30nm and approximately 1 µm.
At higher thicknesses, the interference contrast becomes too low to obtain reliable
results.

In most cases the fringe order is only uniquely defined within a certain thickness
range. Extension of this range is possible, e.g. by using a third wavelength - at the
expense of a slower overall acquisition rate and higher cost and complexity.

The fringe locations and greyscale values in Fig. 3.9 yield an alternative result at
767±9 nm. The relative intensity of the fringes and the position within the measure-
ment series, however, exclude that result.

The experimental sections of Chapters 5, 6 and Appendix B.1 contain more details
about the practical implementation and triggering of the light sources in synchroni-
sation with the camera.

3.4.3 Digital holographic microscopy

Digital holographic microscopy (DHM) [179,180] offers an alternative to dual wavelength
interference microscopy. We have demonstrated the imaging of a dry spot induced
by an air-jet using this technique. The experimental configuration and result are
presented in Fig. 3.10(a). A liquid film of 3EG was spin coated on a patterned PC
substrate, according to the procedure in Chapter 4. Because the DHM in our labo-
ratory (Lyncee Tec) has an upright configuration, the sample holder was positioned
upside-down in the DHM. Sequential holographic imaging through the substrate at
two wavelengths of light resulted in the image in Fig. 3.10(b), taken just after film
rupture at a magnification of 10×. The height profile extracted from the data is pre-
sented in Fig. 3.10(c), showing a film thickness of approximately 50 nm around the
dewetting dry-spot.



Chapter 4

Rupture of thin films induced
by impinging air-jets

In this chapter, thin liquid films on partially wetting substrates are subjected to
laminar axisymmetric air-jets impinging at normal incidence. We measured the time
at which film rupture occurs and dewetting commences as a function of diameter and
Reynolds number of the air-jet. We developed numerical models for the air flow as
well as the height evolution of the thin liquid film. The experimental results were
compared with numerical simulations based on the lubrication approximation and a
phenomenological expression for the disjoining pressure. We achieved quantitative
agreement for the rupture times. We found that the film thickness profiles were highly
sensitive to the presence of minute quantities of surface-active contaminants. Finally,
we studied the dewetting speed in a film exhibiting a step in film thickness. With
increasing film thickness, we measured a decrease in dewetting speed and confirmed
this qualitatively by numerical simulations.

4.1 Introduction

Thin liquid films with thicknesses in the micrometer-range play a vital role in biol-
ogy [1,3] and technological applications such as coating processes [5,207] or lubrication of
bearings [12]. In immersion lithography [18,19,26] a water meniscus resides between the
objective lens and the wafer to be exposed. At high scan speeds, a thin film of water
is entrained on the photoresist coated wafer. Ideally this film needs to be removed,
before it can evaporate and induce temperature gradients that compromise overlay
accuracy of the lithography process. The motivation for this study is to destabilize

Published as [ 206]: C.W.J. Berendsen, J.C.H. Zeegers, G.C.F.L. Kruis, M. Riepen and A.A.
Darhuber, Rupture of Thin Liquid Films Induced by Impinging Air-Jets, Langmuir 28, 9977 (2012).

Section 4.5 is part of [170]: C.W.J. Berendsen, J.C.H. Zeegers and A.A. Darhuber, Destabilization
and dry-spot nucleation in thin liquid films on partially wetting substrates using a low-pressure
air-jet, 3rd Micro and Nano Flows Conference, Thessaloniki, Greece, 22-24 August 2011.
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liquid films in a controlled fashion as swiftly as possible.
The interaction of gas flows with liquid films has been studied in diverse contexts. The
impact of gas jets on deep liquid reservoirs was investigated by several authors [208–214],
for instance in the context of steel making. High-speed planar gas jets have been ap-
plied for jet stripping [6–8], i.e. for the thinning or removal of liquid coatings. Derjaguin
et al. [215] introduced the so-called blow-off method for the measurement of effective
viscosity in nm-thick liquid films. Scarpulla et al. [216] applied this technique and
measured the shear mobility in polymeric liquid films in the Ångström-regime.

The flow of thin liquid films is influenced by the disjoining pressure Π [217]. The
magnitude of this internal pressure, a result of intermolecular and surface forces [42],
strongly depends on the local thickness h of the thin liquid film. The disjoining pres-
sure is composed of short-range and long-range, attractive and repulsive contributions,
such as Van der Waals [90] and electric double-layer forces [42]. Additional long-range
interactions are still a subject of intense research [31,122,125,218–222]. The film thickness
and the shape of the disjoining pressure isotherm Π(h) determines if a liquid film
is stable, metastable or unstable. [30,34,66] In the metastable thickness range, a finite
amplitude disturbance can rupture the film [68].

Attractive and repulsive disjoining pressure isotherms in thin liquid films between
two solid bodies have been measured mechanically using an Atomic Force Microscope
(AFM) [43,219,223] or a Surface Forces Apparatus (SFA) [122,220,224]. Scheludko [30],
Bergeron and Radke [225] and Yaminsky et al. [31] measured the the disjoining pressure
of free water films. The disjoining pressure in a liquid film between a solid surface and
either a gas bubble or an immiscible liquid droplet was determined by evaluating the
thickness [33,34,36,49,226–230] or shape [38,231] of the film as a function of hydrostatic or
capillary pressure. Manor et al. [37,232] developed a dynamic technique using a moving
AFM cantilever with an attached bubble and documented the effect of surface impu-
rities. Kim et al. [198] determined Π(h) from the curvature of droplets in equilibrium
with ultrathin films of fluoropolyethers.

Metastable films on partially wetting substrates can undergo a dewetting instabil-
ity [54,55,58,68,78,79,84,154,233,234] upon nucleation of a dry-spot, which can be induced for
example by means of a mechanical disturbance [159,172] or an impinging air-jet [5,79,235].
In this chapter we present a detailed study of the rupture dynamics subjected to im-
pinging air-jets by means of experiments and numerical simulations. We first evalu-
ated the shear stress and pressure forces exerted on the non-volatile liquid film by the
impinging jet. Subsequently we measured the rupture times as a function of Reynolds
number and diameter of the jet. We compared the experimental results to numerical
simulations based on the lubrication approximation and an empirical model for the
disjoining pressure introduced by Schwartz and Eley [152]. Although the measurement
of surface forces was not the primary focus of this study, we succeeded in identifying
a set of parameters of the disjoining pressure isotherm that quantitatively reproduce
the experimentally observed film rupture times. Despite the excellent agreement be-
tween experiments and simulations on the film rupture times, there initially was a
significant discrepancy between measured and simulated dip profiles at low Reynolds
numbers.
The presence of surfactants in thin liquid films affects the film evolution. Surfactant
concentration gradients have been shown to accelerate film rupture [35,47,236–241] or
cause destabilization of thin liquid films [46,242,243]. By accounting for the presence
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Figure 4.1: (a) Schematic representation of experimental setup. An axisymmetric,
laminar air-jet emerges from a hollow needle with inner diameter D, positioned at
a height H above the liquid film surface. The air-jet creates a dip in the liquid film
on the partially wetting substrate. Using optical interferometry we record the film
evolution and appearance of a dry spot. (b) Photograph of the hollow needle on a
solenoid valve, positioned above a transparent substrate. The red light, reflected on
the tip of the needle originates from the imaging optics.

of a minute surfactant contamination, we also achieved excellent agreement between
experimental and numerical results for the dip shape.

4.2 Experiments

Figure 4.1 shows a schematic representation of the system under investigation. An im-
pinging air-jet is generated by maintaining an air flow Q through a hollow needle with
inner diameter D, positioned at distance H above the thin liquid film with initially
uniform thickness h0. The thin liquid film is spin-coated on a transparent polymer
substrate and changes in the height profile and dry spot nucleation are monitored by
optical interferometry in a transmission geometry.
Transparent plates of polycarbonate (PC, Sabic Lexan 9030, thickness 1mm), were
cleaned by sonication in isopropanol and chemically patterned by UV/O3 treat-
ment [109] for 120 s (Jelight) using a shadow mask. The pattern consisted of a partially
wetting center area (diameter 17.5mm) surrounded by a wetting perimeter, which pre-
vents the film from dewetting from the edge of the substrate. We measured the contact
angles by slowly increasing and decreasing the volume of a droplet on the surface. Us-
ing a telecentric lens and a CCD camera, we recorded sideview images of the droplets
and analyzed those using the software package ImageJ [165]. The advancing and reced-
ing contact angles for tri(ethylene glycol) (3EG, Sigma 95126, purity ≥ 99%) in the
unaffected center area of the substrate were 60◦ and 29◦, respectively. The viscosity
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of 3EG is η = 49mPa·s, the density ρ = 1125 kg/m3 and surface tension is γ=45.4
mN/m. After surface patterning, a liquid film of 3EG was spincoated (Brewer Sci-
ence CEE200) onto the PC plates (spin duration 10 s, spin speed 3000 rpm). The
film thickness was measured using a spectral interference technique [190,191,195] with
a home-built setup consisting of a tungsten halogen light source and a fiber optic
spectrometer (Ocean Optics). Using the refractive index n3EG = 1.456 we measured
an initial film thickness of h0 = (4.9± 0.1)µm.
An impinging laminar axisymmetric air-jet was generated using stainless steel hollow

needles (Nordson EFD, gauges 23, 27 and 30). We determined the inner diameters
of those needles using an optical microscope (Olympus) and a multi-grid calibration
sample (Edmund Optics) and found that they were D=156, 208 and 331 µm. The
total needle length was measured to be L = 12.55mm. The needles were positioned at
a stand-off distance H=2 mm above the air-liquid interface. The air (Linde, N2/O2-
mixture, oil-free, humidity level < 200 vpm, product number 2300110) was supplied
from a gas cylinder through a precision pressure regulator (Norgren) to a needle valve
(Brooks NRS8514 #1), controlling the flow. The mass flow was measured using two
flow meters (Omega FMA3303 or Bronkhorst F-201CV-2k, depending on the range
needed) and converted to volume flow Q at room temperature (23±2◦C) and ambi-
ent pressure (101 ± 1)kPa. Density and viscosity of air were ρ = 1.177 kg/m3 and
η=1.835·10−5 Pa·s (interpolated [244] for 23◦C). A solenoid valve (SMC, SY-113) was
used to allow the air to flow through the hollow needle. A syringe filter unit (Inacom
instruments, cellulose acetate membrane 0.8 µm) between solenoid valve and needle
reduced the risk of foreign particles entering the jet.
We measured the jet pressure profiles using a custom-made setup. The hollow needle
was positioned at 2mm distance from a silicon wafer that was mounted on a motorized
xy-stage. The wafer had a measurement hole of 100 µm diameter that was connected
to a pressure sensor (SMC, PSE543). This setup allowed us to make a map of the
jet pressure Pjet of an impinging jet as a function of position. The measurement was
performed using nitrogen gas at 20◦C (ρ = 1.15 kg/m3 and η = 1.747 ·10−5 Pa·s).
Figure 4.2(a) shows an example of such a measurement, normalized with the dynamic
pressure 1

2ρv̄
2 with v̄ = 4Q/(πD2). In the right hand side of Fig. 4.2(b), the symbols

represent examples of the radial dependence of normalized jet pressure, measured for
D = 208µm and different Reynolds numbers ReD ≡ ρgasv̄D/ηgas.
The width of the measured jet pressure profiles is comparable to the needle diameter
D. Figure 4.2(c) shows the measured stagnation pressure Pstag ≡ Pjet(r = 0). The
stagnation pressure approaches the maximum of 1

2ρv
2
max = 4

2ρv̄
2 for increasing ReD.

Here, we assume that the velocity profile of the jet at the needle exit has a Poiseuille
profile, for which the center velocity vmax equals twice the average exit velocity v̄.
Height profiles of the thin liquid film were determined using optical interferometry.

The imaging optics consists of an InfiniTube lens system with a microscope objective
(Olympus, MPlanAPO 2.5x/NA0.08) which were mounted on a translation stage be-
low the transparent sample. The light source was a high power LED (Luxeon Star I,
λ = 625nm) with a 665 nm long-pass filter (Edmund Optics, RG665). A CCD camera
(Guppy, Allied Vision Technologies) captured interference images at 15 fps, exempli-
fied in Fig. 4.3. The solenoid valve, camera and gas flow meters were controlled using
a PXI computer and LabView software (National instruments). Film rupture times
were determined from the timestamps of the interference images. In the rare case
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Figure 4.3: Interference micrographs of film rupture measurements for (a-d) D =
156 µm and ReD = 99, and (e-h) D = 331 µm and ReD = 450.

that a particle was observed at the position of film rupture, the measurement data
were disregarded.

4.3 Numerical models

We used a two step approach to simulate the dynamics of a thin liquid film subjected
to an impinging air-jet. We first calculated the jet pressure Pjet(r) and shear profiles
τjet(r) (Section 4.3.1). Subsequently, these quantities were implemented as boundary
conditions in an axisymmetric model for evolution of the thin liquid film based on the
lubrication approximation (Section 4.3.2).

4.3.1 The air-jet

The air-jets in our liquid film experiments have relatively low Reynolds numbers
ReD < 1000 and Mach numbers Ma ≡ vmax/vsound < 0.3. Here, vsound = 345 m/s is
the speed of sound in air at 23◦C. Consequently they fall into the laminar regime and
the influence of compressibility can be neglected [246]. To model the air-jet we solve
the stationary axisymmetric 2D incompressible Navier-Stokes equation

ρ (v · ∇)v = −∇P + ηgas∇2v (4.1)

using the finite element software COMSOL 3.5a. The velocity vector v consists of
a radial component vr and a vertical component vz. The computational domain is
sketched in Fig. 4.4(a). It includes the needle exit, a flat solid wall with no-slip and
no-penetration boundary conditions at the position of the liquid film and an outflow
region extending to r ≈ 100D and a height of 2H = 4 mm above the solid substrate.
The left boundary r = 0 corresponds to the symmetry axis. The mesh element size
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Figure 4.4: (a) The computational domain for the axisymmetric gas jet simulations
with boundary conditions and dimensions (not to scale). (b) Simulated velocity dis-
tribution for an impinging jet with D = 208µm and ReD = 508. The needle exit
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75 m/s (dark red) (c) Simulation results of normalized shear stress distribution for
D = 208 µm and different values of ReD= 508, 218, 145, 73. (d) Calculated nor-
malized shear stress maxima for different D and ReD. The black crosses indicate at
which Reynolds number Ma = 0.3 is reached, beyond which compressibility starts to
become relevant. The asterisks indicate until what Reynolds numbers the assumption
of a fully-developed nozzle exit velocity profile is valid [245,246].
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is fine (≈ D/200) at the needle outlet and in the impingement zone and becomes
coarser towards the edges of the domain. Calculations with a solid plate having a
dip comparable in depth and slope to a typical thin film profile showed that the error
made in assuming a flat plate is negligible. We assume the velocity profile exiting the
needle to be fully developed, which is a valid assumption for low ReD and high ratios
of needle length to diameter [245,246]. Therefore, the velocity profile at the needle exit
is modeled as a parabolic Poiseuille profile

vz(r) = 2
Q

π(D/2)2

[
r2

(D/2)2
− 1

]
. (4.2)

The simulations were done using a continuation method, using the gas flow Q as the
continuation parameter. The jet pressure Pjet and shear stress distribution τjet =
ηair

dvr
dz (z=0) were evaluated at the sample position and used as input functions for

the thin film simulations. The solid lines in Fig. 4.2(b) represent examples of the
calculated jet pressure profiles for D = 208 µm. Figure 4.2(c) shows that their
maximum value, the stagnation pressure Pstag, generally is slightly higher than the
experimental stagnation pressures. When taking into account that the measurement
method gives the average pressure over the 100 µm measurement hole, the agreement
is better, especially for the larger needles (dotted lines). For the largest diameter
needle and ReD > 620, the simulations overestimate the jet pressure maxima. This is
most likely because for higher Reynolds numbers, the needle length is too short to have
a fully developed Poiseuille profile at the exit of the needle [245,246][indicated by the
asterisks in Fig. 4.4(d)]. The measured jet pressure profiles generally are slightly wider
than the calculated profiles for high ReD, and narrower for high ReD [Fig. 4.2(b)].
A possible reason for these small differences is that the presence of the measurement
hole breaks the axisymmetry of the flow. Examples of shear distributions, normalized
with the average dynamic pressure, are shown in Fig. 4.4(c). The shear profiles have
their maximum value closer to the stagnation point with increasing ReD and needle
diameter. Figure 4.4(d) shows the numerically determined maximum value of the
normalized shear stress as a function of Reynolds number for different D.

4.3.2 The thin liquid film
In a small-slope approximation (see Section 2.1), the time evolution of a thin liquid
film of thickness h(r, t) on a solid surface under the influence of an impinging jet is
given by the axisymmetric lubrication equation

∂h

∂t
+

1

r

∂

∂r

[
r

(
h2

2ηliq
τ − h3

3ηliq

∂P

∂r

)]
= 0 . (4.3)

where τ = τjet. The augmented pressure

P ≡ −γ
r

∂

∂r

(
r
∂h

∂r

)
+ ρliqgh−Π(h) + Pjet (4.4)

comprises contributions from capillary, hydrostatic and disjoining pressure as well as
the jet pressure Pjet obtained from the air-jet simulations. For the disjoining pressure
Π(h), we use a phenomenological model [152]
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Π(h) = γ(1−cos θ)
(n−1)(m−1)

(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
(4.5)

in which h∗, m and n are parameters determining the shape of Π(h) and θ = 29◦ is
used as the contact angle. As an initial condition we consider a flat film of thickness
h0 = 4.9µm. The radius of the computational domain is 2 cm with mesh element size
of 1 µm in the vicinity of r = 0 and 10 µm for r > 2mm. Simulations were performed
using the finite element software COMSOL 3.5a.

4.4 Results and discussion

4.4.1 Rupture time and disjoining pressure parameters

When the thin liquid film is subjected to the air-jet, a dip forms in the film that
deepens and widens as a function of time. At some instant the film ruptures and
one or more dry spots appear as shown in Fig. 4.3. After rupture the dry spots
grow with a dewetting speed of Vd ≈ 200 µm/s. For each needle diameter and
flow rate, we recorded the time between the start of the air-jet pulse and the mo-
ment of film rupture. In the numerical simulations we define the rupture time
trupture as the time, at which the minimum film thickness reaches the threshold value
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min[h(r, trupture)] = 1.1h∗. Figure 4.5 shows the experimental and numerical results
of rupture time trupture as a function of ReD for the different needle diameters. An
increase in ReD strongly shortens the time needed to rupture the film. The black solid
line segment represents a power law trupture ∼ Re−3.8

D , which is a good approximation
to the dataset corresponding to D = 156µm in the interval ReD ≤ 50. This exponent
of −3.8 reflects the scaling of the stagnation pressure with ReD, Pstag ∼ Re3.8D in
this interval ReD ≤ 50. According to Eq. (4.3) the relevant timescale is inversely
proportional to the scale of the driving force. We adjusted the parameters n,m and
h∗ in Eq. (4.5) to most accurately match the experimental results. The set of solid
lines in Fig. 4.5 correspond to (n,m, h∗) = (10, 4, 10 nm). Interestingly, the value of
m = 4 corresponds to the power of the retarded Van der Waals interactions [90]. Film
rupture occurs when the film thickness is in the range 50-300 nm, depending on ReD.
This range is close to the values found in other experiments [31,46,229]. Consequently,
film rupture in our experiments is most sensitive to the disjoining pressure isotherm
Π(h) in the film thickness range 50 - 500 nm. The disjoining pressure has a value of
Π = 256 Pa at a film thickness h = 100nm, as indicated in Fig. 4.5(b). This value
is in the order of magnitude of repulsive forces measured in aqueous films [31,236] and
attractive forces measured between solid bodies in water [219].

Figure 4.6 illustrates the sensitivity of trupture to changes in the parameters m, h∗,
h0 and θ. The rupture time is surprisingly insensitive to the initial film thickness for
h0 > 500 nm [Fig. 4.6(a)]. The contact angle θ primarily shifts the curve along the
ordinate [Fig. 4.6(b)]. In the case of a wetting film (θ = 0◦) no rupture occurs, instead
the film is thinned until the rupture criterion is fulfilled (min[h(r, trupture)] = 1.1h∗).
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A change in the lengthscale h∗ does not seem to change the slope of the curve in
Fig. 4.6(c), but also induces a shift along the ordinate. The long-range attraction
exponent m of the disjoining pressure Π has a more profound effect on the slope of
the curve [Fig. 4.6(d)]. For m < 4 the slope is lower than that of the measurement
datapoints. From this we conclude that the agreement with experimental data is best
if m=4 or higher. The rupture time is quite insensitive to the short-range repulsion
exponent n (data not shown).

4.4.2 Number of dry-spots
Figure 4.3(a-d) illustrates that jets with lower Reynolds number induce film rupture
at exactly one location before dewetting commences. The resulting surface is "dry"
and free from residual droplets. In the case of jets with high Reynolds number, several
rupture events occur before the dewetting is complete [Fig. 4.3(e-h)]. This leads to a
pattern of residual droplets on the surface, arranged in a polygonal pattern [55]. Figure
4.7 shows the number of dry spots N that nucleate before dewetting is complete as
a function of ReD. The dotted line represents a power law (N − 1) ∼ Re2D that was
fitted to the data. The transition from N=1 to N >1 occurs around the position
where the Weber number of the impinging jet

WeD ≡ ρgasv̄
2D

γ
(4.6)

is around unity (as indicated by the vertical lines in Fig. 4.7). The disjoining pressure
Π is related to WeD through the surface tension γ.
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4.4.3 Rupture location

For Reynolds numbers above ReD ≈ 70 the first dry spots nucleate in the impinge-
ment zone of the air-jet (Fig. 4.3). The same behavior is observed in the thin film
simulations. However, in experiments at very low Reynolds number ReD . 70 we
observed that the dry spot appeared at the perimeter of the dip. Figure 4.8(a-d)
presents an example. We extracted a radial cross-section I(r, t) from each recorded
frame, that includes the center of the dip (r = 0) and the position of the first rupture
point, as indicated by the dashed yellow lines in Fig. 4.8(a-d). Figure 4.8(e) represents
the time-dependence I(r, t) of the same experiment. After 40s the height evolution of
the thin liquid film changes character, where an off-center minimum (dimple) starts
to form. This non-monotonic evolution of the height profile becomes visible in this
representation as angel wings, indicated in green dotted lines. Film rupture occurs
around t = 120 s very close to the position of this minimum.
This effect occurs in experiments for low Reynolds numbers, independently of the nee-
dle diameter, as shown in Fig. 4.8(f). However, the numerical simulations presented
in the previous section do not reproduce this off-center film rupture. In the numerical
simulations, rupture always occurs close to the stagnation point of the impinging jet.

4.4.4 Dip shape

This discrepancy between the experimental and numerical results is illustrated in
Fig. 4.9, where we plotted the width of the dip Ddip as a function of ReD. We define
the dip width Ddip as the diameter of the area where a flatter height profile (lower
interference fringe density) transits into a steeper slope (higher fringe density), as
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indicated in Fig. 4.8(c,e). In the numerically simulated height profile h(r, trupture)
this position corresponds to the location of maximum curvature in the region r > D,
i.e. outside the impingement zone. Our numerical model correctly reproduces the
trend in Ddip at the time of rupture at for high ReD, but deviates significantly for
low ReD. The experimental data appear to increase monotonically as a function of
ReD within experimental scatter. The numerical simulations (dashed lines), however,
predict a non-monotonic dependence of Ddip on ReD, with a minimum at ReD ≈ 200-
300. This discrepancy indicates that our model disregards an effect that is relevant
in our experiments.

4.4.5 Influence of surfactant contamination

In Chapter 3.1.4, we found that surfactants are formed during UV/O3-treatment of
polymethylmethacrylate (PMMA) substrates. Although no evidence was found for
PC, the possibility of a similar, but much smaller effect cannot be ruled out completely.

To investigate whether a surfactant contamination can explain the difference in
dip shape and rupture location between experiments and simulations for low Reynolds
numbers, we consider the presence of an insoluble surfactant in our numerical simula-
tions. Equation 4.3 is now coupled to a convection/diffusion equation for the insoluble
surfactant

∂Γ

∂t
+

1

r

∂

∂r

[
r

(
hτ

ηliq
Γ− h2

2ηliq

∂p

∂r
Γ−DS

∂Γ

∂r

)]
= 0 . (4.7)

Here, Γ is the surfactant surface concentration and DS = 5 · 10−10m2/s is the surface
diffusion coefficient. The surface shear stress τ now consists of the air-jet induced
shear τjet and the gradient of surface tension

τ = τjet +
∂γ

∂r
. (4.8)

The surface tension is linked to the surfactant surface concentration through a so-
called equation of state. Since we do not know the equation of state for the contami-
nant, we assume a generic functional dependence

γ(Γ) = γmin +∆γ exp−AΓ2

, (4.9)

where we set A = 0.5m4/µl2, γmin = 27mN/m and ∆γ = 18.4 mN/m. A similar
expression with different parameter values was found for oleic acid on glycerol in
earlier work [247]. We assume an initial surfactant concentration of Γ0 = 0.105 µl/m2,
which means that the surface tension reduction γ(Γ0)−γ(0) = 0.1mN/m is extremely
small [Fig. 4.10(b)], such that the contaminant would be practically undetectable by
means of tensiometry.

Figure 4.10(a) compares the dependence of the film rupture time on ReD for
the cases with and without initial surfactant concentration for D = 208 µm. If a
small amount of surfactant is present, the film is stabilized for ReD <40, leading
to higher rupture times than without surfactant. For ReD > Retrans = 55 there is
no discernible difference between the two curves as indicated by the vertical arrow
in Fig. 4.10(a). During the dip formation, surfactant is transported outward from
the center due to the flow induced by the air-jet [Fig. 4.10(c)]. The value of Retrans
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Figure 4.10: (a) Rupture time as a function of ReD. The circles represent the experi-
mental data. The green dotted line are the numerical simulations without surfactant
contamination and the blue solid line for an initial contaminant surface concentra-
tion Γ0 = 0.105 µl/m2. The other parameters in the simulations are D = 208 µm,
h0 = 4.9 µm, (m,n,h∗)=(10,4,10 nm), θ = 29◦. (b) The equation of state used in
our numerical simulations. The circle indicates the initial surface concentration Γ0.
(c) Surfactant surface concentration profiles for different times and D = 208 µm and
ReD = 50.

depends on the equation of state and increases with initial surfactant concentration
Γ0, because the surface tension gradients become higher. For larger DS , the differ-
ence between simulations with and without contamination decreases in the regime
ReD < Retrans, because diffusive surface transport diminishes surface tension gradi-
ents. Figure 4.11(a,b) shows the height profile of the dip h(r, t) at different times in the
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absence or presence of surfactant. In Fig. 4.11(c,d) the same simulation data h(r, t)
is converted (see Section 8.6.3) to an interference pattern I(r, t) to allow comparison
to Fig. 4.8(e).

Figure 4.11 shows that the dip width Ddip at the rupture time in the case with
a trace amount of surfactant [Fig. 4.11(b,d)] is significantly lower than in the ab-
sence of surfactant, although the film thickness in the center approaches comparable
values. Moreover, the off-center rupture is reproduced when surfactant is present
[Fig. 4.11(a,c)]. The solid lines in Fig. 4.9 represent the simulation results for Ddip in
the presence of surfactant, accurately reproducing the measured trend for ReD < 200.
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Figure 4.12: Dewetting speed as as a function of time and film thickness. (a,b)
Microscope images and height profile sketch for (a) a liquid film with two discrete
film thickness levels, (b) a dry-spot surrounded by a uniform film of thickness h0. (c)
Experimental contact line position as a function of time for the scenarios of (a) and
(b). (d) Numerical simulations of a moving contact line in a film with a step in film
thickness. (e) Numerical contact line position a function of time for different values
of contact angle θ.

4.5 Dewetting speed

We performed an experimental and numerical analysis of the dewetting speed Vd of
3EG on a poly(methylmethacrylate)(PMMA) substrate. The initial film thickness
was h0=6 µm and the film was thinned by an impinging air-jet of diameter D=200
µm at a stand-off distance H=0.8 mm above the film. Figure 4.12 shows the results.

In the case of Fig. 4.12(a), the film was thinned rapidly at high ReD into a dip
with a steep slope and a flat bottom, lined with a film of a film thickness hlow with
an estimated thickness in the order of 100 nm. The situation in Fig. 4.12(b) corre-
sponds to a dewetting dry-spot connected to a film of thickness h0. The sketches in
Fig. 4.12(a,b) represent the height profiles of both scenarios.

Figure 4.12(c) shows the position of the dewetting three phase contact line as
function of time, extracted from the experiments. The lines labeled (b) relate to the
scenario of Fig. 4.12(b) and shows two straight lines, indicating a constant dewetting
speed Vd. The value of Vd varies slightly between experiments. The slope of the lines
representing the case of Fig 4.12(b) decreases to about half their initial values when
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the regime of higher film thickness is reached.
Our simulations qualitatively confirm this film thickness dependence of the dewet-

ting speed Vd. Figure 4.12(d) shows film height profiles for different points in time.
The initial profile exhibits a step in film thickness, and the disjoining pressure param-
eters were (n,m, θ)=(3,2,10◦). In Fig. 4.12(e) we plot the position of the dewetting
contact line for two different values for the contact angle θ. For θ=10◦, the dewetting
speed decreases to less than a third of the initial value upon reaching the step in film
thickness. For θ=5◦, the dewetting speeds decreases to half the initial value.

The dependence of the initial dewetting speed θ in our simulations follows the
theoretical [78] relation Vd ∼ θ3. The decrease in dewetting speed with increasing film
thickness, however, is in contradiction with the earlier conclusion [80] that the dewet-
ting speed is independent of thickness except in the regime where gravity becomes
significant. Our observations agree qualitatively with recent theory [248], incorporating
the influence of film thickness and rim width on the dewetting speed.

4.6 Summary

We performed experiments and numerical simulations of the destabilization of thin
liquid films on partially wetting substrates by means of impinging air-jets. We deter-
mined the forces exerted on the liquid by numerical simulations, which we validated by
measurements of the jet pressure distribution as a function of Reynolds number. We
measured the time from jet initiation until film rupture as a function of jet diameter
and Reynolds number. Using an empirical model for the disjoining pressure isotherm,
we obtained quantitative agreement in the film rupture time between experiments
and simulations based on the lubrication approximation. The numerical model over-
estimated the width of the depression in the liquid film and predicted the rupture to
occur close to the stagnation point for small Reynolds number. In our experiments,
we observed off-center film rupture and smaller dip width for low ReD. By accounting
for the presence of a minute surfactant contamination, the model properly reproduced
off-center film rupture and dip widths in quantitative agreement with experimental
observations. Finally, we studied the dewetting speed in a film exhibiting a step in
film thickness. With increasing film thickness, we measured a decrease in dewetting
speed and confirmed this qualitatively by numerical simulations.



Chapter 5

Deformation and rupture of
thin liquid films by moving

gas jets

In this chapter we describe the deformation of thin liquid films subjected to imping-
ing air-jets that are moving with respect to the substrate. We evaluated the height
profile and shape of the deformed liquid film experimentally and numerically for dif-
ferent jet Reynolds numbers and translation speeds, for different liquids and substrate
materials. Experiments and numerical results are in good agreement. On partially
wetting substrates film rupture occurs. We imaged the appearance of dry spots and
emergence of droplet patterns by high-speed, dual-wavelength interference microscopy.
We systematically evaluated the resulting average droplet size and droplet density as a
function of the experimental conditions. We show that within experimental accuracy
the distribution of dry spots is dependent only on the residual film thickness and is
not directly influenced by the shear stress and pressure gradients of the air-jet, nor by
the speed of the substrate or even the viscosity of the liquid.

5.1 Introduction

The interaction between gas jets and moving liquid films is an important aspect of
many technological processes. In the galvanization of steel, for example, so-called jet
stripping is a common technique [6–8,250–254], where the thickness and uniformity of
a metallic coating on a moving sheet of steel is adjusted by the pressure and shear
stress of an impinging slot jet. The analogous effect is also relevant in smaller scale
systems, such as ultrathin films of hard disk lubricant [255]. Moreover, gas jets were

Published as [ 249]: C.W.J. Berendsen, J.C.H. Zeegers and A.A. Darhuber, Deformation and
rupture of thin liquid films by moving gas jets, Journal of Colloid and Interface Science 407, 505
(2013).
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µ γ θadv θrec n εr Pvap. h0

Liquid (mPa·s) (mN/m) (deg.) (deg.) (-) (-) (Pa) (µm)
glycerol 1000 63.0 81± 5◦ 54± 3◦ 1.48 42.5 <0.1 17

tri(ethylene glycol) (3EG) 49 45.5 67± 2◦ 30± 2◦ 1.46 23.7 <1 5.0
ethylene glycol (1EG) 16 48.0 66± 2◦ 33± 5◦ 1.43 37.0 7.7 4.7

water (H2O) 1 72.0 99± 2◦ 59± 2◦ 1.33 80.1 2300 6.0

Table 5.1: Physical properties of the liquids used (at 20◦C), including advancing and
receding contact angles on polycarbonate (PC) and the typical initial film thickness
h0 used in the experiments.

employed to study the influence of surfactants on the propagation of surface waves in
a liquid film on a rotating disk [256].

When an impinging jet deforms a liquid film on a partially wetting substrate,
the film can rupture [79,206,235] and start to dewet as described in Chapter 4. Con-
sequently air-jets are employed to initiate the redistribution of liquid in continuous
coating of chemically patterned surfaces [5]. In immersion lithography [18,19,26], a pho-
toresist covered silicon wafer is exposed through a layer of water in order to increase
the effective numerical aperture of the illumination system. Controlled air-flows are
utilized to contain the water meniscus between the objective lens and a partially wet-
ting wafer, which is moving at a relative speed of approximately 1 m/s. Above a
critical translation speed, however, a thin liquid film is left on the wafer, that sponta-
neously breaks up, dewets and leads to undesirable residual droplets on the substrate.
Similar film rupture and dewetting phenomena have been described for thin layers of
polymer melts [27,55–57,59,65,154,257–259], metals [69,71,75,260,261] and oil films submersed
in water [64,145,262].

In this chapter, we present a systematic study of the deformation of a moving
liquid film due to laminar air-jets emanating from a round nozzle. We studied the
behavior of four different liquids on both wetting and partially wetting substrates.
We performed quantitative experiments and numerical simulations elucidating the
dependence of the shape and minimum thickness of the deformed film on the operating
parameters. The results were rationalized by means of a scaling analysis in the limit
of high jet Reynolds numbers. On partially wetting substrates, we identified the mi-
nimum film thickness to be the crucial parameter governing the breakup process. We
systematically varied the substrate speed and jet Reynolds number and determined
the densities of dry-spots and residual droplets as well as the droplet size distribution.
Using a geometrical scaling analysis [56], we derived power law relations for the droplet
density and average droplet radius. Depending on the ratio of the dominant instability
wavelength and the transverse lengthscale of the film deformation, a transition from
two-dimensional to quasi-one-dimensional rupture patterns was observed.

5.2 Experiments

Figure 5.1 shows a schematic representation of the experimental setup. A thin liquid
film of initial thickness h0 on a transparent substrate is translated with respect to
an air-jet that impinges at normal incidence. The air-jet is generated by maintaining
an air flow Qair through a round, hollow needle of inner diameter D. Its orifice is
positioned at a distance H above the thin liquid film. A local depression, which we



5.2. EXPERIMENTS 75

Ω

U
sub

D

Q
air

H

h
0

imaging
optics

transparent

substrate

liquid film

hollow
needle

axis of
rotation

rotating

air-jet

Figure 5.1: Schematic of the experimental setup for measuring thin liquid film de-
formations by a moving air-jet. A round air-jet is positioned at a distance H over
a rotating sample coated with a liquid film of initial thickness h0. The deformation
of the film due to the impinging air-jet is imaged using interference microscopy with
two alternating wavelengths of light.

call track, is formed in the liquid film along the jet trajectory as shown in Fig. 5.2(a).
The liquid displaced from the centerline of the jet trajectory is accumulated in a rim
ahead and sideways of the jet impingement point. The yellow dashed line in Fig. 5.2(a)
connects the local maxima of radial cross-sections of the rim. The maximum lateral
extension of the rim is termed the track width wmax. The distance between the jet
stagnation point and the apex of the front rim is called afront.

For the preparation of the thin liquid film and translation of the sample with re-
spect to the impinging jet, we used a custom-designed spin-coater where the sample
and the area around the axis of rotation is optically accessible from both sides. Our
spin-unit consists of a rotating sample holder that is supported by a hollow cylindri-
cal roller bearing and driven by a tooth belt and a precision motor. Rotation speeds
range between 0 and 6000 rpm with a resolution of 0.2 rpm. Transparent substrates
were attached to the rotation stage using double-sided adhesive tape at the corners
(3M Scotch 4016-1/2). As wetting substrates we used microscope cover glasses (Gold
Seal, 48×60 mm, Cat#63774-01), cleaned and rendered fully wettable by UV ozone
treatment (Jelight) for 20 min. Partially wetting substrates were optical-quality poly-
carbonate film (PC, thickness 750 µm, cut to the dimensions of 60×60 mm), which
we used as received after removal of the electrostatically bound protection foil. The
non-zero conductivity of the liquid ensured that any residual static electricity was
dissipated when the liquid was dispensed prior to spin coating.

Liquids used in this study were glycerol (Fluka, product number 49770, purity
≥ 99.5%), tri(ethylene glycol) (3EG, Sigma, product number 95126, purity ≥ 99%),
ethylene glycol (1EG, J.T. Baker, product number 8201, MOS grade) and deion-
ized water (Smart2Pure, TKA, resistivity 18.2 MΩ·cm). Table 5.1 presents viscosity
µ, surface tension γ, the typical refractive index for visible wavelengths n and the
dielectric constant εr for these liquids and their contact angles on polycarbonate.
Advancing and receding contact angles on PC were measured by slowly increasing
and decreasing the volume of a liquid droplet and capturing sideview images using
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Figure 5.2: (a) Typical example of a measurement, obtained with a substrate velocity
Usub=2mm/s, ReD=346 and needle diameter D= 208 µm. The image is an overlay
of two consecutive interference patterns recorded at two different wavelengths. (b)
Example of a height profile corresponding to the cross-section indicated by the dashed
line in (a).

a CMOS camera (Thorlabs DCC1645C) and telecentric lens (Moritex MML2-ST65).
Unless specified otherwise, the experimental initial film thickness has the value listed
in Table 5.1.

After spin coating, the rotating sample stage was decelerated to the rotation speed
required for the impinging jet experiment. The air-jet was generated using a stainless
steel hollow needle with inner diameter D = 208 µm and turned on by switching
a two-way solenoid valve after reaching the required sample rotation speed. The
needle was positioned at a distance H above the air-liquid interface at a radial dis-
tance of approximately 1 cm from the rotation center of the sample stage. The air
(Linde, N2/O2-mixture, humidity <200 vpm, oil-free) was supplied from a gas cylin-
der through a precision pressure regulator (Norgren 11-818) and filters (Headline,
25-64-50C, 99.99+% removal of 0.1 µm particles and aerosols) before being admitted
to a needle valve (Brooks NRS8514) that controlled the flow rate. The mass flow was
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measured using a mass flow meter (Bronkhorst F-201CV-2k).
The time evolution of the height profile of the liquid film was measured through

the substrate by interference microscopy using two different wavelengths. The light
source consists of two high-power light-emitting diodes (LED, Luxeon I) with center
wavelengths of 466 nm and 655 nm and full width half maximum (FWHM) values of
the light output spectrum of 28 nm and 22 nm, respectively. The LEDs were powered
by two DC power supplies (Delta Electronics, ES030-5), collimated and combined us-
ing a 50:50 beamsplitter. The light sources were modulated in synchronisation to the
framerate of the camera, such that the illumination wavelength was alternating from
frame to frame. For low-speed imaging at a framerate of 17 frames per second (fps),
we used an InfiniTube lens system with a microscope objective (Mitutoyo, MPlan
APO 2× / NA=0.055) and a CCD camera (Guppy, Allied Vision Technologies) and
synchronized the light sources using Labview software and a data acquisition unit (Na-
tional Instruments USB-6008). For imaging at 250 fps, we used a high-speed camera
(Photron SA-4) fitted with a lens system and a microscope objective (Olympus, UP-
lan 4×/ NA=0.13) in combination with a dual-channel function generator (Yokagawa
FG120) to synchronize the light sources. The deformed height profile of the liquid
film was determined from the position and number of the interference fringes, whereby
the fringe order was established by a comparison of the interference patterns of both
wavelengths. The minimum film thickness near the center of the jet impingement
zone was estimated by grayscale interpolation for both wavelengths. For the material
systems used, the accuracy of this method is typically better than 10 nm.

Figure 5.2 illustrates the dual-wavelength interference technique for a typical ex-
periment. In Fig. 5.2 the blue and red interference micrographs are overlayed. In
this particular example, a dust fiber on the back of the substrate is visible in the
left upper corner, revealing the substrate displacement between the two consecutive
frames (∆t = 17 fps). The thin film deformation had already reached a steady state.
The film thickness profile in Fig. 5.2(b) is based on the cross-section indicated by the
dashed line in Fig. 5.2(a). Blue and red symbols indicate the position of dark and
bright fringes of the two wavelengths, whereas the symbols at x = 0 represent the
minimum film thickness hmin obtained by grayscale interpolation for each respective
wavelength. To record the droplet patterns resulting from experiments on partially
wetting substrates with optimal contrast, we imaged the samples with an Olympus
BX51 microscope using different magnifications between 2.5× and 20× and a CCD
camera (Pike, Allied Vision Technologies).

5.3 Numerical models

We modeled the deformation of a thin liquid film on a substrate, moving with respect
to a stationary impinging jet. Our model combines the shear stress and pressure
distributions of the impinging jet with a thin film model based on the lubrication
approximation. The substrate movement is approximated by a linear motion with a
velocity Usub in the y-direction, which is valid in the case that the impingement zone
is sufficiently far away from the axis of rotation. The two-dimensional computational
domain is sketched in Fig. 5.3(a) along with the applicable boundary conditions. The
impingement zone of the air-jet is indicated by the dashed red circle with diameter
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D.
In the absence of steep gradients, the height profile h(x, y, t) of a liquid film is

accurately described by

∂h

∂t
= −∂Qx

∂x
− ∂Qy

∂y
(5.1)

where Qx and Qy represent the volume flowrate in the x and y-directions, respectively
(see Section 2.1). In the presence of jet-induced shear stress and pressure distributions
and with the substrate moving at speed Usub in the y-direction, these fluxes can be
written as

Qx = τx
h2

2µ
− h3

3µ

∂P

∂x
(5.2)

Qy = τy
h2

2µ
− h3

3µ

∂P

∂y
+ Usubh , (5.3)



5.4. RESULTS AND DISCUSSION 79

where the augmented pressure

P ≡ −γ
(
∂2h

∂x2
+
∂2h

∂y2

)
+ ρliqgh−Π(h) + Pjet (5.4)

consists of capillary pressure, hydrostatic pressure, the disjoining pressure Π and
the jet pressure distribution Pjet. In this study we focus on numerical simulation of
the film thinning and deformation, but not of the instability and rupture process.
Consequently, we disregard the disjoining pressure in our numerical simulations and
set it to zero, Π(h) = 0.

The radial jet pressure Pjet(r) and shear stress profiles τjet(r) were numerically
calculated in an axisymmetric 2D simulation, following the method described in Chap-
ter 4. The substrate speed Usub < 0.5m/s is much lower than the average gas velocity
v̄ = Qair/(0.25πD

2) > 25 m/s, such that the influence of the substrate motion on
the pressure and shear stress distribution is negligible. To obtain the pressure and
shear stress distributions in Cartesian coordinates, we converted the results of the
axisymmetric simulations according to

Pjet(x, y) = Pjet

(√
x2 + y2

)
(5.5)

τx = τjet

(√
x2 + y2

)
cosϕ (5.6)

τy = τjet

(√
x2 + y2

)
sinϕ , (5.7)

where ϕ ≡ arctan(y/x).
We used symmetry boundary conditions at x = 0 and x = Lx

∂P

∂x
= 0 and

∂h

∂x
= 0 (5.8)

and prescribed the flux Qy at the boundaries in the y-direction to account for the
moving substrate. At y = −αLy, an undisturbed film of thickness h0 is entering the
domain

Qy = Usubh0 at y = −αLy , (5.9)

while liquid is exiting the domain at y = Ly

Qy = Usubh at y = Ly . (5.10)

Figure 5.3(a) summarizes the boundary conditions and shows the mesh of the two
dimensional domain. We typically used a domain of 4×4 mm2, i.e. Lx=4 mm, Ly=3
mm and α=1/3 or 2/3. The origin coincides with the stagnation point of the impinging
air-jet. We used the finite element software COMSOL 3.5a to solve Eqs. (5.1-5.4) using
the initial condition h = h0 until a steady-state profile was reached.

5.4 Results and discussion

Figure 5.3(b) shows an example of a steady state height profile corresponding to
ReD = 500 and Usub = 2mm/s. Here, the jet Reynolds number ReD is defined as
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ReD ≡ ρgasv̄D/ηgas. In the following sections, we will systematically investigate how
the minimum film thickness hmin and the track width wmax depend on jet Reynolds
number ReD and substrate speed Usub. Moreover, we study the characteristics of
dry-spot formation and residual droplet patterns as a function of ReD and substrate
speed Usub.

5.4.1 Minimum film thickness hmin

We measured and simulated the steady state deformation of different liquids as a
function of ReD and Usub. In Fig. 5.4, we show the dependence of the minimum
film thickness hmin on those parameters. Figure 5.4(a) shows the influence of ReD
for 3EG films for different values of Usub. In Fig. 5.4(b), similar graphs are shown
for glycerol, 1EG and water. Figure 5.4(c) shows the dependence of hmin on Usub,
whereas Fig. 5.4(d) contains all data from Fig. 5.4(a-c) in non-dimensionalized form.
The vertical error bars represent the difference between the grayscale interpolation
results for hmin for the two individual imaging wavelengths.

We performed measurements on clean glass and partially wetting PC substrates,
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but no significant difference in the minimum film thickness hmin on the two substrates
was detected. For unstable rupturing films on partially wetting PC, we measured the
value of hmin by considering a cross-section as indicated in Fig. 5.2(a) in the undis-
turbed film between two dry spots. In the case of films thinner than 40 nm, the
density of dry-spots was too high to find such a location and only wetting substrates
were used to determine hmin. The numerical and experimental data in Fig. 5.4(a)
agree to within 20% and the trend of hmin(ReD) is well reproduced. For higher ReD,
the quantitative agreement is almost perfect, whereas the simulations for low ReD
slightly underestimate the impact of the air-jet. In the case of Usub=2 mm/s, the
relative error in the film thickness measurement becomes appreciable as a film thick-
ness hmin <10 nm is reached, which is the lower resolution limit of our interference
technique.

The minimum film thickness decreases with increasing jet Reynolds number ReD
and decreasing substrate velocity Usub and follows a power law of roughly Re−2

D , as
indicated by the dashed line. However, the actual value of the exponent in simulations
and experiments is slightly lower and seems to decrease with increasing substrate
velocity Usub. The numerical and experimental results for glycerol, 1EG and H2O in
Fig. 5.4(b) are similar to the data for 3EG, with the exception of the measurement
data for hmin .100 nm, where evaporation enhances the thinning of the liquid films
of 1EG and water. Evaporative effects also cause the deviation from a straight line
in Fig. 5.4(c), where the curves for 1EG and H2O for small velocity Usub display
a higher slope for hmin <100 nm. In the regime where evaporation does not play
a significant role, i.e. for larger Usub, the slopes appear to depend slightly on the
viscosity of the liquid. The measurement and simulation data for water follow a
power law hmin ∼ U1

sub for large Usub, whereas the minimum film thickness for glycerol
follows hmin ∼ U0.85

sub .
We non-dimensionalized hmin with the capillary length lcap ≡

√
γ/ρliqg, a mate-

rial parameter that ranges between 2 and 2.7 mm for the liquids considered. Another
possible choice would be to normalize hmin with the initial film thickness h0. How-
ever, we carried out experiments with initial film thickness h0=3.3, 5 and 17 µm and
found identical values for hmin. Similarly, in Chapter 4 we found that for apprecia-
ble deformations (hmin/h0 . 0.5) the value of hmin is essentially independent of h0.
We plotted all data in Fig. 5.4(a-c) versus the ratio of Weber number and capillary
number We/Ca in Fig. 5.4(d). The Weber number is defined as

WeD ≡ ρgasv̄
2D

γ
, (5.11)

i.e. the ratio between the dynamic pressure from the air-jet 1
2ρgasv̄

2 and the capillary
pressure scale γ/(2D) of the liquid film, with values ranging from 0.4 to about 100
in our experiments. The power law hmin ∼ Re−2

D in Fig. 5.4(a) and (b) suggests a
linear dependence on We. The capillary number Ca corresponds to a dimensionless
substrate speed Usub

Ca ≡ µliqUsub

γ
. (5.12)

The capillary number ranges from 2× 10−3 for 1EG to 0.25 for glycerol in our exper-
iments. Due to the small spread in the power law exponents discussed above as well
as the evaporation effects, the data do not collapse on a single line, but rather form
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a cloud of datapoints around a line corresponding to a power-law of approximately
(We/Ca)−0.9.

Figure 5.5(a) shows the minimum Reynolds number ReD,min needed to obtain a
certain minimum film thickness hmin in a liquid film of 3EG with an initial thickness
h0 = 5 µm as a function of capillary number Ca. This critical Reynolds number
scales as ReD,min ∼ Ca0.52 for hmin = 500 nm with a slightly increasing exponent
for lower hmin. Since the jet pressure distribution Pjet decays much faster [206,263–266]

with distance from the nozzle than the shear stress distribution τjet, the two relevant
components of Qy at the front rim are τyh2/(2µ) and −Usubh. From a balance of these
terms and the approximate scaling τ ∼ Re2D from Chapter 4, the critical Reynolds
number required to reach a certain minimum film thickness scales with

√
Usub or

Ca0.5 in excellent agreement with Fig. 5.5(a). For the same reason, the minimum film
thickness hmin scales with τ ∼ Re2D ∼ We in Fig. 5.4(a, b) and hmin ∼ Usub ∼ Ca in
Fig. 5.4(c).

The dependence of hmin for 3EG on the normalized stand-off distance H/D be-
tween needle and thin film is shown in Fig. 5.5(b) for ReD=730 and Usub=2mm/s.
For small values of H/D . 5, hmin is essentially independent of H/D. At higher dis-
tances H/D >10, the minimum film thickness begins to increase considerably. Such
a transition was also observed for stationary high velocity gas jets impinging onto
thicker water layers [209,267]. For all experiments in Fig. 5.4 and in the remainder of
this manuscript, we used a value of H/D = 5.

5.4.2 Track width wmax

We measured the maximum track width wmax, according to the definition introduced
in Fig. 5.2(a). In Fig. 5.6(a) we plot wmax as a function of ReD for different values
of Usub, whereas Fig. 5.6(b) shows the same data, normalized by the capillary length
lcap and plotted versus We/Ca. The symbols represent experimental data and the
solid lines indicate the results from numerical simulations. Figure 5.6(c) shows the
numerically determined wmax/lcap as a function of Ca for different values of ReD.
Especially for higher ReD, the experimentally found wmax is well reproduced by the
simulations. The normalized track width wmax/lcap follows a power law of (We/Ca)a

for higher ReD, with exponent a of approximately 0.33. The power law dependence
on Ca in Fig. 5.6(c) changes with increasing ReD from wmax ∼ Ca0.37 for ReD = 200
to approximately wmax ∼ Ca0.3 for ReD = 1000.

Figure 5.7 shows interference microscopy images illustrating the deformation due
to an air-jet impinging on moving films of 3EG on different substrate materials, and
for different values of Usub and ReD. Figure 5.7(a) and (b) were obtained at different
combinations of Usub and ReD, but exhibit similar shape and minimum film thick-
ness. Figures 5.7(c-e) were obtained on partially wetting polycarbonate substrates,
which resulted in the appearance of dry-spots and dewetting. The dotted yellow lines
represent the the rim profiles extracted from the numerical simulations of a wetting
film on a linearly translating substrate. The numerical results fit the experimental
rim shape very well, except for the positions far away from the needle impingement
zone, where the influence of the rotation of the substrate in experiments deviates from
the linear motion assumed in the simulations.
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5.4.3 Centerline height profile

Figure 5.8(a,b) presents numerical simulations of the centerline height profile h(x =
0, y) for a thin film of 3EG with h0 = 5 µm. In Fig. 5.8(a), the substrate speed Usub
is varied for constant ReD. Figure 5.8(b) illustrates the influence of ReD for constant
Usub = 16 mm/s. Figure 5.8(c) shows an experimental example for Usub =16 mm/s
and ReD = 1770. With increasing Usub, the distance afront from the impingement
point y = 0 to the maximum of the front rim decreases and the apex height of the rim
hmax generally decreases. However, around Usub = 64 mm/s, the rim height develops
non-monotonically [see Fig. 5.8(a)]. Higher values of ReD increase afront and hmax

[see Fig. 5.8(b)]. An interesting feature in the profile at the highest value of ReD is
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Figure 5.7: Air-jet induced tracks in 3EG films (a) on glass with Usub = 2mm/s,
ReD = 163 resulting in hmin = (505 ± 6) nm, (b) on glass with Usub = 16mm/s,
ReD = 573 resulting in hmin =(450 ± 13) nm, (c) on PC with Usub = 8mm/s ReD =
990 resulting in hmin = (126 ± 2) nm and NH = (3.2 ± 3.0)mm−2, (d) on PC with
Usub = 8mm/s, ReD=1840 resulting in hmin= 42±10nm and NH=24.7±5.5 mm−2,
and (e) on PC with Usub = 2mm/s, ReD =1131 resulting in hmin = (24 ± 10) nm
(interpolated from measurements on a wetting substrate) and NH=(223±28)mm−2.
The dotted yellow lines indicate the rim profiles from the numerical simulations for
a wetting film. The dashed red lines indicate the regions used for the data analysis
presented in Figs. 5.9 and 5.10.

the appearance of ’ripples’ in the incline between the origin and the rim, as indicated
by arrows in Fig. 5.8(b). Similar ripples are visible in the experimental micrograph
in Fig. 5.8(c). We observed these ripples primarily for high values of both Usub and
ReD.

5.4.4 Scaling analysis

Akatnov [268], Tsukker [269] and Glauert [263] derived a self-similar analytical solution
for the wall-jet region [264] of a jet impinging on a solid wall. In the axisymmet-
ric case [263,269], the wall shear stress at large distances from the impingement point
scales as τjet ∼ r−11/4, whereas the stagnation pressure distribution Pjet(r) decays
rapidly [206,265] for distances exceeding D. We first consider the steady state height
profile along the jet trajectory, i.e. the y-axis in our rectilinear model, corresponding
to the profiles in Fig. 5.8(a,b). For symmetry reasons ∂Qx/∂x = 0 and Eq. (5.1)
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Figure 5.8: (a,b) Numerical simulations of the steady-state centerline height profiles
h(x = 0, y) for a film of 3EG with h0 = 5µm for (a) ReD=998 and different values of
Usub and (b) Usub=16 mm/s and different values of ReD. (c) An experimental micro-
graph for 3EG on PC with ReD=1770 and Usub=16 mm/s exhibits similar ’ripples’
as in (b). The arrowheads in (b,c) indicate the positions of these ripples. The dashed
yellow line corresponds to the jet trajectory along which the profiles of (a) and (b)
were extracted.

reduces to ∂Qy/∂y = 0. For sufficiently large ReD or sufficiently small Usub, the rim
position y = −afront by far exceeds the needle diameter D. Consequently, the two
dominant terms in Eq. (5.3) are the contributions from the jet shear and the motion
of the substrate. The balance of these terms yields the scaling relation

Usubh0 ∼ h20τ

2µ
∼ h20τmax

2µa
11/4
front

, (5.13)

resulting in

afront ∼
(
h0τmax

2µUsub

)4/11

. (5.14)
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Our next step is the derivation of a scaling relation for the track width wmax. We
consider the region around the rim at the location y ≈ 0. Equation (5.1) reduces to

∂Qx
∂x

+
∂Qy
∂y

= 0 . (5.15)

Again, the dominant terms in Eqs. (5.2) and (5.3) are those corresponding to shear
stress and substrate motion. As we are interested in the rim profile, the relevant
length scales for the x- and y-directions are wmax and afront, respectively. In the same
manner as above, we arrive at the scaling relation

Usubh0
afront

∼ h20τmax

w
15/4
max

, (5.16)

which is equivalent to

wmax ∼
(
τmax

Usub

)4/11

∼
(
We

Ca

)4/11

, (5.17)

in excellent agreement with the results in Fig. 5.6(a-c).

5.4.5 Film rupture and dry-spot formation
The images in Fig. 5.7(c-e) show that the density of dry spots nucleated in liquid
films on partially wetting substrates strongly increases with decreasing minimum film
thickness hmin. This is quantified in Fig. 5.9, where we plotted the density of dry
spots, NH , for 3EG and 1EG films on polycarbonate as a function of ReD and the
ratio We/Ca. The dry-spot density NH was measured by manual logging of each
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for 1EG and 3EG on polycarbonate. A change in power law exponent marks the
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(hmin & 45 nm).

rupture site throughout the full duration of the experiment, i.e. during close to one
full revolution of the substrate. This corresponds to a total track length of 3 - 6 cm,
depending on the dewetting speed and the location of the first rupture site. Only the
dry-spots nucleated within a region of interest of width l1 corresponding to the lowest
order fringe around the track centerline were taken into account, as illustrated by the
red dashed lines in Fig. 5.7. This limits the range of film thicknesses in which the
nucleation took place to between hmin and approximately hmin+50 nm. The vertical
error bars represent the variation of NH throughout the measurement. Naturally, the
relative error becomes larger for a lower density of dry spots.

In Fig. 5.10 we plot the same data as a function of the minimum film thickness hmin.
The values of hmin for 3EG were obtained by direct measurement of the undisturbed
film thickness profile between the holes or interpolated using a power-law fit through
the experimental data in the high ReD-range of Fig. 5.4(a). For 1EG, only direct film
thickness measurement data were used because of evaporation.

Figures 5.9 and 5.10 show that the film thickness hmin, rather than ReD or Usub
individually, determines NH . Experiments conducted at different rotation speeds but
with the same liquid and substrate material essentially give identical results when
plotted versus hmin, but not versus We/Ca [Fig. 5.9(b)]. The small differences in
slope seen in Fig. 5.4 are now amplified and disqualify We/Ca as a non-dimensional
representation that collapses all the data.

When comparing the data of 3EG and 1EG in Fig. 5.10, it is apparent that the
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number of rupture sites in both liquids is comparable. This corresponds to the fact
that 1EG and 3EG are chemically very similar, although they differ in viscosity and
volatility. Experiments with the glycerol (data not shown) exhibited rupture events at
higher minimum film thicknesses (NH≈5mm−2 at hmin=300 nm) than 1EG and 3EG
on PC, illustrating that higher surface tension liquid films are less stable. However,
the experimentally accessible range in hmin was insufficient to perform systematic film
rupture experiments with this liquid.

The data in Fig. 5.10 exhibit two regimes with approximate power law scaling
NH ∼ h−4

min and NH ∼ h−2
min. The transition between two regimes lies around hmin≈ 45

nm. The image in Fig. 5.7(d) illustrates a measurement close to that transition
point. The power law NH ∼ h−4

min for low values of hmin is close to the experimental
observations on thin films of polystyrene on silicon wafers [27,55–57,59] and is consistent
with our earlier analysis of 3EG on PC (see Fig. 4.6(d) for ReD > 100 in Chapter 4).
For higher values of hmin, a power law exponent of −2 is more suitable. We attribute
this transition to a confinement effect when the average distance between rupture sites
becomes comparable to or larger than l1. This leads to an effectively one-dimensional
film rupture geometry, which explains the reduction of the power law exponent [55].

If we assume that the disjoining pressure Π is governed by a non-retarded Van
der Waals interactions, such that Π(h) = −A/(6πh3), the density of holes in a flat
"two-dimensional" film is related to the square of the most unstable wavenumber [68],
kmax, according to

NH,2D =

(
kmax

2π

)2

=

(
1

2π

)2 ∂Π
∂h

2γ
=

Aeff

16π3h4minγ
. (5.18)

In the one-dimensional regime this is

NH,1D =
1

l1LH
=
kmax

2πl1
=

1

l1h2min

√
Aeff

16π3γ
, (5.19)

where LH is the average distance between dry-spots and l1 is the width of the region
within which the dry-spots are counted [see Fig. 5.7(c-e)]. This distance l1 is approx-
imately equal to D for hmin > 45nm. Based on our experimental data for hmin ≤50
nm, we find an effective Hamaker constant Aeff ≈2.3·10−21J.

We also calculated the Hamaker constant using the Tabor-Winterton approxima-
tion [42,43,90,93]

APC-3EG-air ≈
3

4
kBT

(
εPC − ε3EG

εPC + ε3EG

)(
εair − ε3EG

εair + ε3EG

)
+

3hPνe

8
√
2

(n2PC − n23EG)(n
2
air − n23EG)√

(n2PC + n23EG) (n
2
air + n23EG)

×

R(h)(√
n2PC + n23EG +

√
n2air + n23EG

) , (5.20)

where hP =6.62·10−34 J·s is Planck’s constant, kB =1.38·10−23 J/K is Boltzmann’s
constant, the resonance frequency νe ≈ 3 · 1015 Hz and R(h) is a phenomenological
factor accounting for retardation effects. We use the values for n and ε from Table 5.1,
εPC=2.9 and nPC=1.58.
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Figure 5.11: Examples of droplet patterns resulting from film rupture and dewetting of
3EG films, corresponding to Fig. 5.7(c-e), respectively. (a) hmin= (126±2)nm: Nd=
(19±13)mm−2 and ⟨Rd⟩ = (13± 5)µm; (b) hmin= (42±10)nm: Nd= (145±48)mm−2

and ⟨Rd⟩ = (6 ± 1)µm; (c) hmin = (24±10)nm: Nd= (1766±300)mm−2 and ⟨Rd⟩ =
(3 ± 0.3)µm. The red dashed circles indicated the needle diameter, the green solid
lines enclose the area used for calculation of droplet densities.

The first term in Eq. (5.20) represents the Keesom-Debye interactions AKD ≈
2.18 · 10−21J, whereas the second term AL ≈ −1.49 · 10−20J · R(h) is due to London
interactions. Because of retardation effects [42,43,90] (see Section 2.2.2), AL decays
faster than AKD and R(h) goes to zero for h >5-10 nm, such that for film thick-
nesses in the range of our experiments, the attractive Keesom and Debye interac-
tions dominate over the repulsive London interactions. The theoretical approximation
APC-3EG-air ≈ AKD ≈ 2.18 · 10−21J is very close to Aeff corresponding to NH in our
experiments.

5.4.6 Residual droplet distribution

Immediately after the film rupture experiments described above, the patterns of resid-
ual droplets were recorded using a microscope. Examples of typical microscopy images
are shown in Fig. 5.11. With decreasing residual film thickness, the droplet distribu-
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Figure 5.12: (a) Histograms of droplet radii extracted from the experiments illus-
trated in Fig. 5.7(c-e) and Fig. 5.11. (b) Dependence of residual droplet density Nd
and size distribution ⟨Rd⟩ on hmin for 3EG films on PC and two different values of
Usub. The solid and dashed lines represent the theoretical scaling relations derived in
Section 5.4.7.

tions change from stripes of droplets aligned perpendicular to the direction of motion
[Fig. 5.11(a)] through a polygonal pattern of droplets [Fig. 5.11(b)] to a more dense
and irregular distribution of many small droplets [Fig. 5.11(c)]. This trend reflects
the transition in the dependence of dry-spot density NH on minimum film thickness
hmin.

Using the image processing toolbox of MATLAB, we extracted the droplet density
Nd and average droplet radius ⟨Rd⟩ from a random selection of ten microscope images
for each experiment. In Fig. 5.12(a), histograms of droplet radii are shown for the
measurements corresponding to Fig. 5.7(c-e) and Fig. 5.11. The histograms use 30
logarithmically spaced bins and are normalized with respect to the total number of
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Figure 5.13: Microscope images at different points in time illustrating the growth of
dry-spots, the rim instability in the receding contact line and creation of droplets
where the dry spots meet.

droplets. The average droplet radius ⟨Rd⟩ and corresponding error bars were based on
the average value and standard deviation between the selected images. Figure 5.12(b)
presentsNd and ⟨R⟩ as a function of minimum film thickness hmin. The droplet density
Nd was determined in a manually selected region of interest of width l3, illustrated by
the green lines in Fig. 5.11. Figure 5.12(a) and the blue symbols in Fig. 5.12(b) show
that for a higher Nd, the uniformity of ⟨Rd⟩ increases, i.e. the histograms become
narrower and the average radius better defined. Lower droplet densities, like the
one illustrated in Fig. 5.11(a), consist of much fewer and bigger droplets as well as
small satellite droplets between them. This renders the histograms wider and thus
the standard deviations larger.

To illustrate the growth dynamics of the dry-spots and the formation of residual
droplets, we present an image sequence from a measurement with 3EG on PC. Three
nucleated dry-spots grow with an initial dewetting speed of approximately 850 µm/s.
The dewetting rims of the receding contact lines are corrugated and exhibit a well-
known rim instability [270–273]. The fastest growing wavelength λmax for this instability
was found to depend on the width b of the rim and the contact angle θ, according to
λmax/b = β(θ). Brochard et al. [270] report β = 4.2 and Münch et al. [271,273] found
β=2.4 to 3.2.
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5.4.7 ’Geometrical’ estimate of droplet density
The images in Fig. 5.13 clearly show how bulges of the rim instability can turn into
residual droplets upon rim coalescence. In this section we present two primarily
geometric models for the density of residual droplets Nd for both the one-dimensional
(hmin & 45 nm) and two-dimensional regime (hmin . 45 nm). The starting point is
the dependence of NH on hmin, obtained in Fig. 5.10. The results of the geometrical
analyses below are plotted as solid and dashed lines in Fig. 5.12(b).

Two-dimensional regime

In the regime of low film thickness hmin, we observed a power law for the dry-spot
density NH ∼ h−4

min in Fig. 5.10, corresponding film rupture of a two-dimensional thin
film of thickness hmin. In this subsection, we estimate the average density of droplets
Nd and average radius ⟨Rd⟩ from the density of dry-spots NH by geometrical analysis.

An estimate for the total areal density of droplets is given by

Nd = Nc + (ns − c1)Ns . (5.21)

Here, Nc is the areal density of nodes on the Voronoi grid [27,274] based on the centers
of the dry-spots. These are illustrated in Fig. 5.14 as solid circles for two idealized,
periodic arrangements of dry-spots, denoted by asterisks. The lines connecting the
nodes in Fig. 5.14 are termed segments. The segments represent rivulets, resulting
from the coalescence of two adjacent dewetting rims. Figure 5.14(d) presents a sketch
of a rivulet. The density of nodes is proportional to the density of dry spots, Nc =
c2NH , where the numerical prefactor c2 = 1 for a square lattice [see Fig. 5.14(a)]
and c2 = 2 for a hexagonal lattice of dry-spots [Fig. 5.14(b)]. The parameter Ns
represents the areal density of segments, which equals Ns = c3NH , with c3 = 2 for
the square geometry and c3 = 3 for a hexagonal lattice. The number of droplets ns per
segment depends on the corresponding rivulet width b and the length of the segment
l2,3, i.e. the average distance between two nodes, as illustrated in Fig. 5.14(d). The
constant c1 ≈ 2 in Eq. (5.21) compensates for the effect that the outer droplets of
each segment are merged with the corner droplets.

The segment length l2 = c4/
√
NH , where c4 = 1 for a square lattice and c4 =

4
√
4/27 ≈ 0.62 for a hexagonal pattern. An estimate for the volume of each rivulet

segment is given by the accumulated volume c5hminl
2
2, as indicated by the dark regions

in Fig. 5.14. Here, c5 = 0.5 for the square geometry and c5 = 0.5
√
3 ≈ 0.866 for a

hexagonal lattice. This volume is distributed over a rivulet of length l2, sketched
in Fig. 5.14(d). Approximating the cross-sectional area A of the rivulet as a circle
segment with contact angle θ gives

A =
θ − sin θ cos θ

4 sin2 θ
b2 ≡ c6b

2 (5.22)

with c6 = 0.091 for θ = 30◦. Equating l2A = c5hminl
2
2 yields b =

√
hminl2 (c5/c6).

The number of droplets per segment thus becomes

ns =
l2
βb

=

√
l2

β

√(
c5
c6

)
hmin

=
N

−1/4
H

β

√(
c5
c4c6

)
hmin

. (5.23)
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Figure 5.14: Illustration of segments (blue solid lines) and nodes (solid circles) after
film rupture in (a) a square, (b) a hexagonal, and (c) a one-dimensional arrangement
of dry spots (asterisks). The horizontal lines in (c) indicate the width l3 of the valley
around the jet centerline, equivalent to those in Fig. 5.11. (d) Sketch of a rivulet of
length li, width b, contact angle θ and cross-sectional area A. The dark triangular
regions indicate the film area accumulated in the segments and the light grey areas
represent a unit cell.

Equation (5.21) now yields

Nd = (c2 − c1c3)NH +
c3N

3/4
H

β

√(
c5
c4c6

)
hmin

. (5.24)

Using the scaling NH = c7h
−4
min found in Section 5.4.5 with c7 ≈ 1 · 10−22m2, which

corresponds to a disjoining pressure Π ∼ h−3, we find

Nd = c7(c2 − c1c3)h
−4
min +

c
3/4
7 c3h

−3.5
min

β

√(
c5
c4c6

) . (5.25)

The two terms in Eq. (5.25) have power law dependencies Nd ∼ h−4
min and Nd ∼ h−3.5

min .
Using the constants c1 = 2, c2 to c5 for a hexagonal lattice, c6 corresponding to θ = 30◦

and c7 ≈ 1 · 10−22m2 from the experimentally determined NH in Section 5.4.5 and
β = 3, we plot Eq. (5.25) as the red solid line in Fig. 5.12(b). The first term in
Eq. (5.25) is generally negative, yielding an approximate power law Nd ∼ h−3.2

min . The
match with the experimental data in Fig. 5.12(b) is excellent.

The average droplet radius ⟨Rd⟩ corresponds to the base radius of a spherical cap
of volume ⟨Vd⟩ according to
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⟨Rd⟩ =
sin θ

3
√

π
3 [2− 3 cos θ + cos3 θ]

· 3
√
⟨Vd⟩ ≈ 1.32 3

√
⟨Vd⟩ , (5.26)

for θ = 30◦.
From the conservation of mass, the average droplet volume ⟨Vd⟩ equals hmin/Nd.

Therefore, the average droplet radius

⟨Rd⟩ ≈ 1.32 3

√
hmin

Nd
. (5.27)

We plotted Eq. (5.27) as a blue solid line Fig. 5.12(b) and again find an with the
measurement data for low values of hmin. The blue line follows an approximate
scaling of ⟨Rd⟩ ∼ h1.4min

For comparison, previous investigations [27,55–57] reported similar exponents for
polystyrene films on silicon: around ⟨Rd⟩ ∼ h1.5min and Nd ∼ h−3.2

min for h0 < 30nm,
possibly decreasing to Nd ∼ h−1.7

min for h0 > 30nm [57]. Sharma and Reiter [56] derived
a power law ⟨Rd⟩ ∼ h1.5min based on a model of dry-spot coalescence and subsequent
Rayleigh instability of the rim segments. They observed a power law ⟨Rd⟩ ∼ h1min for
material systems where fingering instabilities contribute to the formation of residual
droplets.

Quasi-one-dimensional regime

For large values of hmin, the spacing LH between dry-spots increases and NH de-
creases. The rupture is basically a one-dimensional process with a different power
law, which we found in Section 5.4.5 to be

NH ∼ kmax ∼ h−2
min . (5.28)

In this case, dry-spots are spaced with an average distance LH according to NH =
1/(LH l1), where l1 is the width of the valley around hmin, illustrated by the red
dashed lines in Fig. 5.7. The droplets are distributed over a slightly wider area,
corresponding to the breakup of rivulets with length l3 positioned between two dry-
spots. Figure 5.14(c) illustrates this one-dimensional configuration. The length of the
rivulets is of the order of the needle diameter, l3 = f8D. From our analysis of droplet
patterns, we found that the value of f8 is between 3 and 6 for hmin & 50 nm and
scales approximately linear with minimum film thickness according to

f8(hmin) ≈ 2.7 · 107m−1 ∗ hmin + 1.45 . (5.29)

The rivulet consists of the accumulated volume LH l3hmin/2, indicated by the purple
region in Fig. 5.14(c). Using the cross-section of the rivulet A = c6b

2 = LHhmin/2,
we obtain for the rivulet width b =

√
LHhmin/(2c6). The number of droplets for each

rivulet is

ns =
l3
βb

=
l3
√
2c6

β
√
LHhmin

(5.30)

and the density of droplets thus becomes

Nd =
ns
LH l3

=

√
2c6
β

L−1.5
H h

−1/2
min . (5.31)
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If we approximate the experimental data for hmin > 45 nm in Section 5.4.5 with NH =
c9h

−2
min where c9 ≈ 5·10−8m2, we obtain LH = h2min/c9l1 for the one-dimensional case.

Inserting in Eq. (5.31), gives

Nd =
c9
√
2c6c9
β

l1.51 h−3.5
min (5.32)

Using l1 ≈ D, we plot Nd as a red dashed line in Fig. 5.12(b), and find an approximate
power-law scaling Nd ∼ h−3.5

min .
The volume in the rivulet segment of length l3 is accumulated from an area LH l3/2

with a thickness of hmin, and thus following the reasoning of Eq. (5.27) for the two-
dimensional case, we find that the average droplet radius in the one-dimensional region
becomes

⟨Rd⟩ ≈ 1.32 3
√
⟨Vd⟩ = 1.32 3

√
hminl3LH

2ns
= 1.32 3

√
β

√
c6

h1.5min√
2c9l1

. (5.33)

Using l1 ≈ D, we find a scaling ⟨Rd⟩ ∼ h1.5min, plotted as the blue dashed line in
Fig. 5.12(b). The experimental data seems to lie lower than the model predictions for
high values of hmin in Fig. 5.12(b). The reason for this may be that the polydispersity
of the experimental droplet sizes is not reflected in the geometric scaling analysis,
where we calculated average values only. The larger droplets may be more outside
the field of view, while the smaller satellite droplets contribute to higher Nd and lower
⟨Rd⟩.

For low hmin, the droplet size distribution is more narrow and is thus more correctly
represented in the analysis. Moreover, the tracks are narrower for smaller values of
ReD or higher values of Usub, corresponding to a higher lateral curvature ∂2h

∂x2 (y=0)
at the track center line. This may not be entirely consistent with our assumption of
a uniform film thickness h = hmin in the region of interest |x| < l3/2, upon which
Eqs. (5.28-5.33) are based.

Comparison

In the geometrical analysis presented in Section 5.4.7, we have estimated the areal
density of droplets Nd and the average droplet radius ⟨Rd⟩ from the density of dry-
spots observed and presented in Fig. 5.10. Our geometrical analysis is based on the rim
instability illustrated in Fig. 5.13, and appearance of dry spots in a two-dimensional
thin film [geometry of Fig. 5.14(b)] or on a line [one-dimensional arrangement of
Fig. 5.14(c)] for higher values of the minimum film thickness hmin.

The resulting expressions for Nd and ⟨Rd⟩ are plotted in Fig. 5.12(b). For low
hmin, we find approximate power laws Nd ∼ h−3.2

min and ⟨Rd⟩ ∼ h1.4min in excellent
agreement with the experimental data. In the quasi-one-dimensional regime (hmin &
45 nm), we found Nd ∼ h−3.5

min and ⟨Rd⟩ ∼ h1.5min. In this regime, the droplet density is
slightly underestimated and the average droplet radius is overestimated with respect
to the experimental data. This may be caused by the polydispersity of the droplet
distributions and relatively high presence of smaller droplets in the field of view.
Another explanation may be the higher curvature in the deformed track for higher
hmin, leading to an error in our assumption of uniform film thickness h = hmin.
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Figure 5.15: Deformation and rupture of a thin liquid film of 3EG by two impinging
round jets of diameter D=250 µm and ReD ≈ 1000, at spacing (a,d) 500 µm (b,e) 1
mm, and (c,f) 2 mm. The dashed lines indicate the orifice positions, the solid lines
surround the nozzle outflow plane. (c-f) The resulting droplet distributions. (g) A
schematic cross-section of the flow from a dual jet. (h) A sketch of the resulting
pressure distribution on the liquid film.

5.4.8 Dual jets

In the previous sections we have investigated the effect of a single round jet impinging
on a thin liquid film on a moving substrate. However, in several industrial applica-
tions, multiple nozzles are used [5,17].

Figure 5.15(a-c), shows experimental examples of pairs of jets impinging on a
moving liquid film at different spacing between the nozzles. The resulting droplet
patterns are illustrated in Fig. 5.15(d-f). The nozzles, machined in brass, each have a
nozzle diameter D =250 µm and an entrance length of 12.5 mm. They are positioned
symmetrically with respect to the pressurized air-inlet to ensure equal pressure and
flow through both nozzles. A sketch of the configuration is presented in Fig. 5.15(g).
The nozzle outflow plane appears bright due to reflections of light on the outflow
plane.
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When a second round jet is placed in close proximity of the first, interference effects
are encountered [275,276]. A secondary stagnation point [labeled Á in Fig. 5.15(g,h)]
is formed between the stagnation points [labeled À] of the individual jets [277,278].
The pressure amplitude at this secondary stagnation point depends on the spacing
between the nozzles and the Reynolds numbers of the jets.

With higher spacing between the nozzles, the pressure at the secondary stagnation
points decreases and thus the local film thickness goes up. In Fig. 5.15(c) the film
thickness between the jets is high enough to avoid film rupture, which leads to a
pattern of bigger residual droplets, between tracks of finer droplets [Fig. 5.15(f)]. For
closely spaced nozzles [Fig. 5.15(a,d)], film rupture also occurs in the region around
the secondary stagnation point, resulting in a double row of droplets on the center
line. In the experiment in Fig. 5.15(b,e), rupture only occurs occasionally on the
center line, resulting in single droplet or droplet pairs on the center line.

5.5 Conclusions

We studied the deformation of thin liquid films induced by a circular laminar air-jet
impinging at normal incidence and moving with respect to the substrate. Quantitative
measurements of the thin film deformation for four different liquids were acquired by
means of dual-wavelength interference microscopy, combined with an custom-designed
optically-accessible spin-coater. Moreover, we developed a numerical model for the
deformation of the liquid films, based on the lubrication approximation and coupled
to calculations of the shear stress and pressure distribution of the impinging air-jet.
Systematic experiments and numerical results were in excellent agreement. We also
performed a comprehensive scaling analysis that reproduce the observed power law
dependencies for the shape and residual film thickness of the liquid film deformation.

On partially wetting polycarbonate surfaces, we observed rupture and dewetting
of the liquid films, a relevant phenomenon for coating technology [5] and immersion
lithography [18,19,26]. We determined the density of dry spots as well as the density
and size distribution of residual droplets as a function of the minimum film thickness.
We found reproducible power laws, independent of the liquid viscosity, jet Reynolds
number and substrate speed within experimental accuracy.

For low film thicknesses, we measured power laws for the dry-spot density very
similar to those found by others for polystyrene melts on silicon wafers [27,55–57]. For
our material system of polar liquids on polycarbonate, the dry-spot density coincides
with the most unstable wavelength predicted by linear stability analysis for a Van der
Waals type disjoining pressure with a value of the Hamaker coefficient in agreement
with the retarded version of the Tabor-Winterton approximation.

A transition in the power law for the density of dry-spots was observed at a min-
imum film thickness of approximately 45 nm as a consequence of lateral confinement
of the area of low film thickness. The transition occurs approximately when the most
unstable wavelength exceeds the base width of the track. In Chapter 6, we further
address confinement effects by presenting results obtained with wider, non-circular
jets.

We developed a geometrical model for the residual droplet distribution correspond-
ing to the observed dry-spot density. Our analysis is based on the observation that
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the rim instability of the dewetting dry-spots [270,271] determines the final droplet pat-
tern. We obtain a good match with the experimentally observed average droplet size
and density, especially for low film thickness. In technological applications residual
droplets are often undesirable, because their presence interferes with subsequent pro-
cess steps, their evaporation induces temperature gradients and recondensation may
occur on cooler components.

In technological applications multiple nozzles are often used. In Section 5.4.8,
we presented first experimental results of film deformation and rupture under a dual-
nozzle jet. Due to a secondary stagnation point between the impinging jets, the liquid
film deformation, rupture and distribution of residual droplets depends strongly on
orifice spacing and jet Reynolds number.
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Chapter 6

Rupture of liquid films
thinned by moving slot jets

In this chapter we present systematic experiments of the rupture and dewetting
of thin films of a non-volatile polar liquid on partially wetting substrates due to a
moving slot jet impinging at normal incidence. The relative motion was achieved
using a custom built spin coater with an optically accessible axis of rotation, that
enables us to measure film thickness profiles as a function of substrate velocity using
dual wavelength interference microscopy. On partially wetting polymeric substrates,
dry-spots form in liquid films with a residual thickness well below one micrometer.
We measured the density of dry-spots as well as the density and size distribution of
the residual droplet patterns as a function of film thickness. We find robust power-law
scaling relations over a large range of film thicknesses.

6.1 Introduction

In Chapter 5, we studied the deformation and rupture of a thin liquid film thinned
by an impinging jet emanating from a round nozzle. In these experiments we created
a narrow track of low film thickness by controlling the jet Reynolds number and
substrate velocity.

We analyzed the density of dry spots as a function of film thickness and found that
for a low film thickness hmin, the dry spot density follows a power law NH ∼ h−4

min,
similar to observations of film rupture and dewetting in polymer melts on silicon
substrates [27,55–59,279]. This power law hints at a long-range disjoining pressure Π(h)
with a scaling Π ∼ h−3, similar to non-retarded London dispersion interactions.

For higher hmin we found a different power law scaling for the dry spot density in
Chapter 5, which we ascribed to confinement effects. For film thickness hmin & 45 nm,
the average distance between dry spots exceeded the track width and the data followed

Manuscript submitted for publication: C.W.J. Berendsen, J.C.H. Zeegers and A.A. Darhuber,
Thinning and rupture of liquid films by moving slot jets.
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Figure 6.1: Schematic drawing of the experimental setup. (a) Substrate top-view
showing a track of lower film thickness induced by the slot jet, (b) Side view sketch
of the nozzle and the liquid film deformation. (c) Schematic representation of the
experimental setup, including imaging optics and optically accessible spin coater.

the relation NH ∼ h−2
min, corresponding to a semi-one-dimensional domain of reduced

film thickness.
In this chapter, to avoid this confinement effect, we investigate film rupture in a

thinned film of larger area. We achieve this by replacing the round nozzle by a slot
jet to make a track with a track width of 1 cm.

The use of a slot jet or air-knife to thin a liquid film is common in applications
such as gas jet wiping processes in galvanisation lines [6–8,251–254,265,280–282]. Slot jets
are also used in the drying of wafers in semiconductor industry [283].

In the experiments in this chapter we rotate a transparent polymer substrate,
coated with a thin liquid film, beneath a slot jet impinging at normal incidence.
We measure the residual film thickness by dual wavelength interference microscopy
and measure the dry-spot density throughout the experiment. Finally we image and
analyse residual droplet patterns in terms of droplet density and size distribution.

6.2 Materials and methods

Figure 6.1(c) shows a schematic drawing of the experimental setup, consisting of a
custom-designed spin-coater that provides access to the spinning substrate from both
above and below. Above the substrate, a slot jet is attached to a pneumatic vertical
translation stage that can be lowered into position during or shortly after the spin-
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Figure 6.2: The influence of the stand-off distance H, normalized by the slit width
w=100µm, on the thickness uniformity of the track for Rew=242. The micrographs
correspond to (a) H/w=5, (b) H/w=10 and (c) H/w=20. The green dashed lines
indicated the location of the slot jet above the substrate.

coating of the thin liquid film. Beneath the transparent substrate, we implemented a
high-speed dual-wavelength interference imaging system to visualize the film rupture
and measure dynamic film height profiles. The top view of the substrate shows the
circular trajectory of the slot jet with respect to the substrate [Fig. 6.1(a)]. Fig-
ure 6.1(b) shows a schematic side view of the slot jet deforming a liquid film. We
discuss details of the setup and the experimental procedures in the following sections.

6.2.1 Sample preparation

For the preparation of the liquid film and subsequent thinning by a moving slot
jet, we have designed a spin-coater that provides accessibility of the axis of rotation
from both sides. The spin-coater consists of a sample holder supported by a hollow
cylindrical roller bearing. The rotation is transmitted by a tooth belt, connected to
a high precision motor, which enables rotation speeds between 0 and 6000 rpm with
an accuracy of ± 0.2 rpm. The partially wetting sample, a polymer plate of optical
quality polycarbonate (PC, Makrofol DE, thickness 750 µm), cut to the dimensions
of 60×60 mm2, is attached to a supporting plate using double sided tape (3M, Scotch
tape 410B). A liquid film of tri(ethylene glycol) (3EG, Sigma, product number 95126,
purity ≥99.5%) is spin coated at 3000 rpm for 20 seconds, resulting in a uniform film
of thickness h0=3.3 µm. In the final seconds of the spin coating process, the nozzle is
brought into position using a pneumatic vertical translation stage before turning on
the jet.

6.2.2 Slot jet

The slot jet nozzle, schematically depicted in Fig. 6.1(b), is made of stainless steel
and has an exit slit of dimensions w × L = 110 µm × 9 mm. The entrance length
from a small pressure reservoir to the outflow exit is Hin= 12.5 mm and the interior
walls are parallel and smooth with a roughness below 100 nm. The horizontal out-
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flow plane surrounding the slit has a total width of 3w. To reduce reflections in the
microscope image, this plane is painted black. Precautions were taken to avoid pen-
etration of paint into the nozzle opening and the paint was dried thoroughly before
the experiment.

Pressurized air is filtered through a HEPA filter (GE Whatman, HEPA-CAP) and
a particle filter (Headline filters, 25-64-50C, 99.99+% removal of 0.1 µm particles
and aerosols). A needle valve (Brooks NRS8514) controls the gas flow rate Q, that
is measured using a mass flow meter (Bronkhorst EL-FLOW F-112AC). Using tilt
stages, the jet nozzle is positioned parallel to the substrate at a radial position between
r = 10.5 and r = 20.5 mm from the center of rotation. The flow rate was kept constant
at Q=8.6 L/min, corresponding to a Reynolds number Rew = ρgasv̄w/µgas ≈ 1020.
Here we have used the density ρgas = 1.17 kg m−3 and viscosity µgas=1.83·10−5 Pa·s
of air and the average air flow speed v̄ = Q/(wL) ≈ 145 m·s−1. Considering that
the hydraulic diameter for a narrow slit DH ≈ 2w, the hydraulic Reynolds number
ReDH ≈ 2040, which is still in the laminar regime [246].

The stand-off distance H between the nozzle exit and the substrate is H ≈ 200
µm. A small distance H and high Rew is necessary to obtain a uniform residual film
thickness. At larger H, streamwise film thickness corrugations appeared, visualized
for Rew=242 in Fig. 6.2. These striations are reminiscent of Görtler vortices [265]. For
higher stand-off distance, we also observed a weak but audible whistling sound [284],
decreasing in frequency with increasing H. At low Rew or very high rotation speeds
Ωsub, the reproducibility of the residual film thickness was reduced.

6.2.3 Dual wavelength interference microscopy

Setup

We measure the liquid film thickness distribution using dual-color interference mi-
croscopy. The setup consists of two high-power light emitting diodes (LED, Luxeon
I) with an emission wavelength of λ1=655±11 nm (red) and λ2=466±14 nm (blue)
, respectively. The light sources are pulsed alternatingly in synchronisation to the
framerate (250 Hz) of the highspeed camera (Photron SA-4), such that two respective
frames were recorded at different wavelengths. The camera is fitted with illumination
and imaging optics, including a microscope objective (Olympus, Uplan 4×, NA 0.13),
yielding a field of view of approximately 4×4 mm2. The liquid film deformation
caused by the slot jet (width L=10 mm), is characterized by imaging close to the
inner and outer edges of the track in separate measurement series.

Data analysis

After background subtraction, we analyze the dark and light fringes on the slope for
each wavelength. From the position and intensity of these interference fringes, two
relative height profiles are constructed using a film thickness gradient of ∆hdark-light =
λ/(4n) between neighboring dark and light fringes, where n=1.456 is the average
refractive index of 3EG in this range.

By matching the fringe positions of both colors, we are able to establish the fringe
order and thus the absolute film thickness profile. The film thickness of the residual
film hres in the track is obtained by greyscale analysis. For the material system
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Figure 6.3: Measurement of film thickness by dual wavelength interferometry. (a)
Example of a micrograph, taken at the outer radius of the track for Ωsub = 1.5 rpm.
Two subsequent blue and red images have been overlayed. (b,c) The height pro-
file measured at the yellow lines in (a). The green solid lines represent numerical
simulations.

3EG/PC, provided that the fringes are well resolved in the regions where the slope
(|∇h|) is highest, film thicknesses can be measured with an accuracy of 5-20 nm in
the range 30 nm< h < 1500 nm. The uncertainty is obtained from the difference in
greyscale interpolation result of the two colors as well as the variation of film thickness
throughout the duration of an experiment.

Figure 6.3(a-c) shows a typical dual wavelength interference measurement. An
overlay of the red and blue images is presented in Fig. 6.3(a). The film thickness
profiles h(x) at the positions indicated by the yellow lines in Fig. 6.3(a) are plotted
in Fig. 6.3(b) and (c). The residual film thickness values hres(r = 17.1mm) = (56.6±
3)nm and hres(r = 20.1mm) = (73.5.6 ± 9)nm reflect that hres increases with radial
coordinate r due to the higher speed at larger distance from the center of rotation.

6.2.4 Droplet imaging

After each measurement, the resulting droplet patterns were recorded using two tech-
niques. First a photograph was taken of the entire substrate area using a digital
photocamera (SONY NEX-5) with a zoom lens (SONY SE-18200, 18-200 mm). Subse-
quently, the droplet patterns were imaged in an upright microscope (Olympus BX51)
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using Olympus objectives of various magnifications (2.5×, 5×, 10× or 20×) and a
CCD camera (Pike, Allied Vision Technologies). The radial position of the image
was kept constant by rotating the sample under the microscope on a rotation stage
with a belt drive that was actuated by a DC motor (Maxon 118689) with a planetary
gearhead (Maxon 134782).

6.3 Numerical models

Similar to the numerical models Chapter 4 and 5, our model of the deformation of
a moving liquid film due to an impinging slot jet consists of two parts. First we
obtain the shear stress and pressure profile on a stationary, solid plate by solving
the incompressible Navier-Stokes equation, Eq. (4.1) in Chapter 4, using the finite
element software COMSOL 3.5a. Instead of an axisymmetric model, we use a two-
dimensional Cartesian model for the cross-section of a slot jet of w = 110 µm. We
prescribe the entrance velocity profile as a parabolic Poiseuille profile with a maximum
velocity of 3

2 v̄. The computational domain is 1 mm high and 2 cm wide. The required
Reynolds number is reached by a continuation method. Figure 6.4(a) and (c) show
the resulting pressure profile Pslot(x) and shear stress profile τslot(x) for Rew = 1000.
The derivative of the pressure ∂Pslot

∂x is plotted in Fig. 6.4(b). The dashed vertical
lines in Fig. 6.4(a-c) represent the width w of the slot jet.

The resulting pressure and shear stress profiles, Pslot(x) and τslot(x), are used as
input to the thin film model based on the lubrication approximation with the addition
of a moving substrate (see Chapter 5).

∂h

∂t
= −∂Qx

∂x
= − ∂

∂x

[
h2

2µliq
τslot −

h3

3µliq

∂P

∂x
+ Usubh

]
, (6.1)

where Qx is the volume flux, τ = τjet and the augmented pressure

P ≡ −γ ∂
2h

∂x2
+ ρliqgh+ Pslot . (6.2)

The evolution of the thin liquid film is evaluated on a domain with a length of 12
mm. As boundary conditions we prescribed the flux Qx to account for the moving
substrate. Upstream, an undisturbed film enters the domain such that Qx = Usubh0,
while Qx = Usubh at the downstream boundary.

Two examples of simulated film height profiles h(x) for Rew =1000 are plotted
together with the experimental height profiles in Figure 6.3(b) and (c). Especially for
low values of h, the match between experiments and simulations is excellent.

6.4 Results and discussion

6.4.1 Residual film thickness

We measured the residual film thickness hres for different rotation speeds Ωsub near
the inner and outer radius of the track. For comparison, we also evaluated hres from
the numerical simulations of the film height profiles for Rew = 1000 and different
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Figure 6.4: (a-c)Numerical simulations of the distributions of (a) stagnation pressure
Pslot, (b) its first derivative ∂Pslot/∂x and (c) shear stress τslot of an impinging slot
jet at Rew = 1000 and H = 200 µm. The dashed lines indicate the width w of the
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due to slot jet impingement as a function of substrate speed Usub = Ωsubr for a 3EG
film on PC.

values of Usub. The initial film thickness in the numerical simulations was h0 = 3 µm.
For simulations at high Usub, an initial thickness h0 = 20 µm was used. Figure 6.4(d)
shows the results, plotted as a function of the local substrate speed Usub ≡ Ωsubr.

The data suggest an approximate power-law relation hres ∼ U0.93
sub within the

experimental range. This agrees with our results for a round nozzle in Section 5.4.1
and Fig. 5.4, where we observed that the exponent decreases slightly with the viscosity
of the liquid, ranging from 1 for water to 0.85 for glycerol. The numerical simulations
and experimental data match very well.

Moreover, the numerical simulations indicate a transition between two power laws
in the scaling behavior at high substrate speeds. This transition is related to the
shifting balance between the contribution of the jet pressure Pslot versus the shear
stress τslot to the lubrication equation. The power laws follow from the lubrication
equation, Eq. (6.1) in steady state (∂h∂t = 0). In the shear dominated regime, i.e.
for low values of Usub and hres, a balance between the first and third term on the
right hand side of Eq. (6.1) yields a power law hres ∼ µUsub/τslot. For higher Usub

and thus higher hres, the pressure term becomes more important yielding hres ∼√
µUsub/∇Pslot.

6.4.2 Dry-spot nucleation

Figure 6.5(a-h) shows a series of interference images, obtained with different rotation
speeds Ωsub and in which dry-spots appear in the track. With decreasing Ωsub and
thus lower residual film thickness, the density of holes or dry spots NH increases.
At high rotation speeds [Fig. 6.5(f-h)], there is some temporal variation of the film
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Figure 6.5: Interference micrographs showing film rupture in liquid films of 3EG on
PC due to slot jet impingement in the radial interval 11.9 < r < 14 mm for different
substrate rotation speeds. (a) Ωsub = 0.10 rad/s (1 rpm), (b) 0.16 rad/s (1.5 rpm), (c)
0.21 rad/s (2 rpm), (d) 0.31 rad/s (3 rpm), (e) 0.42 rad/s (4 rpm), (f) 0.63 rad/s (6
rpm), (g) 0.84 rad/s (8 rpm), and (h) 1.05 rad/s (10 rpm). The dashed lines indicate
the position of the slot jet. The circled areas in (a-d) were magnified in the inserts.

thickness, represented by the azimuthal variation in greyscale value along the track.
The distance between neighboring interference fringes on the slopes decreases with
decreasing angular velocity, indicating a smaller slope.

The size of the dry spots in these images depends on the substrate speed. After
nucleation, the dry spots grow with a more or less constant dewetting speed Vd ≈
0.85 mm/s. The substrate speed Usub exceeds Vd in all cases. Because of the higher
residence time in the field of view, the size of the dry spots in the pictures initially
increases with decreasing Ωsub, as seen in Fig. 6.5(h-e). For even lower Ωsub, however,
the dry-spot size is limited due to the high density of dry-spots. The rims of the
dry-spots merge and break up into droplets, already before leaving the field of view
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Figure 6.6: (a) The density of dry-spots NH in a thin film of 3EG on PC as a
function of the local film thickness hres. The black squares indicate film rupture of
freshly spin-coated films without slot jet impingement. (b) A comparison the data
of (a) to literature data obtained for polystyrene melts on oxidized silicon [55,57,59] or
silicon grafted with a self-assembled monolayer [58].

Fig. 6.5(a-d).
We quantified the density of dry spots per unit area NH as a function of sub-

strate speed Usub and thus residual film thickness hres. We analyzed the interference
micrographs of all experiments and marked the location of each freshly nucleated
dry-spot. Only the measurement for the lowest velocity Usub=1 rpm, represented in
Fig. 6.5(a), could not be analyzed because the chosen framerate and magnification
were not sufficient to identify single film rupture events. After marking the posi-
tions of all dry-spots, we divided the field of view into ten bands along the radial
direction (each corresponding to a distinct range in local substrate speed Usub). In
Fig. 6.6(a,b), we plot NH as a function of the local film thickness hres, determined
from Ωsub according to the approximate power law fit hres ∼ U0.93

sub = (Ωsubr)
0.93,

found in Section 6.4.1.
The density of dry spots in Fig. 6.6(a) appears to follow a power law NH ∼ hαres,

where the exponent α lies between −3 and −4. The spread in the measurement data
increases with higher film thickness. As discussed in Chapter 5, an exponent α = −4
can be associated to a non-retarded Van der Waals type disjoining pressure isotherm.
A power law exponent α = −3 was also observed by Verma et al. for polymer films
immersed in water [57] and associated with electrical interactions [63].

Figure 6.6(a) also contains rupture data (squares with error bars) for 3EG films
spin coated on 60×60 mm2 PC substrates, i.e. without interaction with an impinging
slot jet. Depending on the film thickness, a single or several dry-spots appear imme-
diately or within few seconds after the spin coater stops rotating. A film of 3EG on
PC with initial film thickness h0=5 µm is stable most of the times. However, a film of
h0=3 µm always exhibits 1-3 rupture events shortly after spin coating. Interestingly,
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Figure 6.7: Segments of photographs of the center area of the substrates after the
experiment at different sample rotation speed (a) Ωsub =0.10 rad/s (1 rpm), (b) 1.5
rpm, (c) 2 rpm, (d) 3 rpm, (e) 4 rpm, (f) 6 rpm, (g) 8 rpm, (h) 10 rpm, (i) 12 rpm,
(j) 16 rpm, (k) 20 rpm, and (l) 30 rpm.

the density of dry spots per unit area in this case is close to the extrapolation of the
power law for exponent α = −3.

In Fig. 6.6(b), we compare the the experimental data of [Fig. 6.6(a)] for films of the
polar liquid tri(ethylene glycol) on polycarbonate to those described in the literature
for polystyrene (PS) melts on silicon (Si) wafers. Despite the difference in material
system, the data are surprisingly close to our measurements.

The data of Reiter [27,55,56] overlap perfectly with our data, but also the data of
Meredith et al. [59] at low film thicknesses and Verma et al. [57] at higher film thickness
match our experiments well. The reported contact angles of PS on Si were θ ≈10◦ in
Ref. [57] and θ=22±4◦ in Ref. [55], a value close to the value of θrec=29±2◦ for 3EG
on PC, that we found in Chapter 5. Variations in the oxide layer thickness on the
silicon wafers are a likely reason for the deviations between the reported results.

In the experimental data of Jacobs et al. [58], the density of dry spots NH is higher
than the others. This is due to the higher contact angle [27] θ ≈ 50◦ of PS on the
octadecyltrichlorosilane (OTS) self-assembled monolayer applied to the silicon wafer.

6.4.3 Droplet patterns

After the film rupture, the dry spots grow until their dewetting rims coalesce and
leave a pattern of droplets behind on the substrate. After each experiment, we first
recorded images of these droplet patterns using a photo camera. Figure 6.7 shows
sections of these photographs showing droplet patterns resulting from experiments at
different substrate rotation speeds.

The droplets are primarily located in the track region, indicated by the lighter
region in Fig. 6.1(a). With increasing rotation speed and thus higher residual film
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Figure 6.8: Microscope images of droplet patterns and the droplet radius histograms
for (a,f) Ωsub=1 rpm and hres=24-25 nm, (b,g) 2 rpm and hres=46-49 nm, (c,h) 4 rpm
and hres=85-97 nm, (d,i) 8 rpm and hres=129-220 nm, (e,j) 16 rpm and hres=287-463
nm. In (a-e), the green solid lines represent the jet trajectory. In (f-j), the red solid
lines represent the histogram of droplet radii Rd for the full measurement, whereas the
dashed lines represent the histogram for the images in (a-e). The symbol and error
bars in (f-j) correspond to the mean value and standard deviation throughout the
measurement. The vertical dotted line indicates the mean value for the measurement
in (a-e).
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Figure 6.9: Dry-spot growth and coalescence showing the directional release of
droplets by a rim instability due to air-flow along the surface. The last frame is
a microscope image of the final droplet distribution.

thickness hres, the droplets become larger and their density decreases, in agreement
with the conclusions for the density of dry-spots discussed above. Figure 6.7(c) shows
a small patch without droplets, which is caused by an off-center film rupture event
that occurred before the slot jet passed by. The start of the experiment is visible in
Figs. 6.7(a) and (g). In Fig. 6.7(f), the jet was turned off.

After photographing the substrates, we imaged the droplet patterns in an upright
microscope using a sample rotation stage. Figure 6.8(a-e) shows a series of such micro-
scope images, that provide a higher contrast and magnification than the photographs
of Fig. 6.7. The lines in Fig. 6.8(a-e) represent the slot jet trajectory. We analyzed
all microscope images of the droplet patterns and extracted the droplet density and
droplet radii by image analysis using the image processing toolbox of Matlab.

Based on these droplet radius data, we plot the radius histograms in Fig. 6.8(f-
j), corresponding to the measurement series in Fig. 6.8(a-e). The histograms are
based on 30 logarithmically spaced bins in the range 0.1 µm ≤ Rd ≤ 10 mm. The
dashed histograms represent the droplet radius distribution for the corresponding
images, whereas the solid histogram are based on all images in each measurement.
The dashed vertical line corresponds to the average droplet radius for the images in
Fig. 6.8(a-e), whereas the average radius ⟨Rd⟩ for the full measurement is indicated
by the colored bar and the symbol above the histogram.

In the images of Fig. 6.8(d,e) corresponding to a residual film thickness 100 .
hres . 500 nm (Ωsub=8-16 rpm), well-defined polygonal droplet patterns are present,
very similar to the patterns reported for polymer films [27,55]. The corresponding
droplet radius histograms [Fig. 6.8(i,j)] are broad, since the droplet patterns consist
of large droplets as well as smaller satellite droplets.



6.4. RESULTS AND DISCUSSION 113

10 10
2

10
3

10 10
2

10
3

1

10

10
2

h
res

 (nm)

<
R

d
>

 (
µ

m
)

h
res

1.1

1

10

h
res

 (nm)

N
d
 (

m
m

−
2
)

h
res

-2.8

(a) (b)

10
3

10
2

Figure 6.10: (a) Density Nd and (b) average radius ⟨Rd⟩ of residual droplets as a
function of residual film thickness hres. The lighter grey datapoints are based on
Chapter 5.

In the intermediate substrate speed range leading to film thicknesses of 40 . hres .
100 nm in Fig. 6.8(b,c), this polygonal pattern has a pronounced statistical anisotropy.
It originates from the interaction between the long-ranged shear stress of the boundary
layer of the slot jet and the instability of the dewetting rims [249,270,271]. Because of
the low substrate speed and relatively low dry spot density, these instabilities had the
time to grow while being sheared by the air flow. The phenomenon of droplet release
in the intermediate substrate speed range is illustrated in Figure 6.9. The first image
shows four freshly nucleated dry spots. In the second picture at 80 ms, the pearling
instability of the rim can be observed. This pearling instability leads to the shedding
of droplets on the right edge of the dry-spot, closest to the slot jet, while the dry-spot
grows. The final frame shows the resulting droplet pattern on the substrate.

The larger droplets become more monodisperse, but an extra peak appears in the
histograms at very low droplet radius [Fig. 6.8(g,h)]. For even lower substrate speed
and thus thinner films [Fig. 6.8(a,f)] again an isotropic dense pattern of small droplets
is left on the substrate.

Figure 6.10(a,b) presents the average droplet radius ⟨Rd⟩ and density of droplets
Nd as a function of residual film thickness hres. Both graphs show a clear power law
dependence with residual film thickness. The power law exponent for the average
droplet radius ⟨Rd⟩ as a function of hres is 1.1. The density of droplets [Fig. 6.10(b)]
follows a power law Nd ∼ h−2.8

res .
The data obtained using a round air-jet and presented in Chapter 5 are included

as light-grey symbols in the graphs in Fig. 6.10. Within error bars, the resulting
power law exponents are comparable. The data for the round air-jet appear to have
a lower density of droplets and higher average droplet radius than the current data
obtained with the slot jet. This is due to the fact that in the analysis of the round
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Figure 6.11: Coating and rupture of a thin film of water on a PC substrate, using a
annular slot jet of width w=100 µm and diameter of 30 mm. (a) Schematic represen-
tation (top view) of the annular slot jet drawing a liquid film on a substrate rotating
with speed Ωsub. (b) A high-speed microscopy image showing the water meniscus and
film rupture at multiple locations (Rew ≈1000, flow rate Q=22 l/min, rotation speed
150 rpm). The dashed line indicates the position of the annular slot jet.

jet measurement data, the minimum film thickness in the narrow track was used for
the horizontal axis, obscuring the fact that rupture also occurred in the neighboring
region of slightly higher film thickness.

6.4.4 Experiments with water

In the previous sections, we have shown liquid film deformation and rupture due to
slot jet impingement on a moving substrate using 3EG as a model liquid. However,
several technological applications, such as immersion lithography use water as a liquid.

Previous experimental studies using pure water films on partially wetting sub-
strates always documented single rupture events in a liquid bath [52,235] or between a
gas bubble and a solid surface [46,49,50,227]. Rupture at several locations in free water
films in air has been investigated by Dombrowski [53]. The nucleation of multiple dry
spots in a water film on a solid surface has been achieved by Chandra et al. in the
course of droplet impact studies [54,285].

Performing a similar study with water as presented in this paper with 3EG meets
several practical constraints. Spin coating of water films is possible on fully wettable
samples [249]. However, in order to achieve a uniform, metastable film with a thickness
in the order of micrometers on a partially wetting substrate, requires a high surface
energy substrate and thus a low, but finite receding water contact angle. On polymers
like PC, the water is simply lost by centrifugal force during spin coating, because of
the low viscosity and high contact angle of water.

Therefore we have taken a different approach to generate thin liquid films of water.
Instead of a straight slot jet, we used an annular slot jet with a diameter of 3 cm and
a slot of width w = 100 µm. Figure 6.11(a) presents a schematic top view of the
experimental configuration. The annular jet is tilted slightly such that water can
enter the circle. Below a critical rotation speed, a droplet of water is retained by the
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Figure 6.12: Residual droplet patterns of water on a photoresist surface, resulting
from an immersion lithography system scanned at (a) 800 mm/s, (b) 1000 mm/s
(courtesy of Rogier Cortie, ASML). (c) Illustration of the origin of curvature in the
lines of droplets due to non-simultaneous dry-spot nucleation.

annular jet. However, when the substrate speed exceeds that speed, a thin film of
water is drawn by the slot jet. In Figure 6.11(b) we present first results using this
configuration. A quantity of water is contained behind the annular slot jet, which
releases a thin film of water across the impingement zone. By decreasing the stand-
off distance H, the film thickness decreases and the number of dry-spots in the water
film grows. The striations in Fig. 6.11(b) have a similar appearance as the stream-wise
film thickness corrugations observed for 3EG at high stand-off distance H, presented
in Fig. 6.2.

To illustrate the influence of substrate speed on droplet patterns for water on
a partially wetting substrate, Fig. 6.12(a,b) shows the droplet patterns obtained in
an immersion lithography system at different wafer scan speeds. Despite the more
complex design of an immersion lithography system [26], the trend is qualitatively sim-
ilar to our systematic experimental data for 3EG presented in Figs. 6.7 and 6.8. The
curved lines in the polygonal patterns show that the film rupture events did not occur
simultaneously [286]. We present a schematic explanation of this effect in Fig. 6.12(c),
where we have drawn four circles around film rupture locations, represented by aster-
isks. The top two initial dry spots nucleated before the bottom two dry spots and are
therefore slightly larger. The concentric circles represent the size of the dry spot for
different times. The receding dewetting rims around the dry spot stop moving when
they meet the rims from other dry spots, indicated by the red solid lines. Along those
lines the residual droplets will be left. This schematic shows that between dry-spots
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of equal nucleation time, straight rivulet segments appear, whereas between dry spots
of different nucleation time the lines become curved.

6.5 Conclusions

We performed a systematic experimental study of film rupture in thin liquid films
of tri(ethylene glycol) on partially wetting polycarbonate substrates. The liquid film
was deposited by spin coating and subsequently thinned using a slot-jet impinging
at normal incidence, while moving the substrate through the impingement zone. We
measured the film thickness profile by dual-wavelength interference microscopy and
recorded microscope images of the film rupture. We also performed numerical simula-
tions of and showed that the local residual film thickness hres depends nearly linearly
on the substrate speed Usub in the experimental range, indicating that in the ex-
perimental regime the influence of wall-shear stress dominates over the stagnation
pressure of the slot jet. The density of dry-spots NH follows a power law NH ∼ hαres
with exponent α between −3 and −4 and matches well with the data for other ma-
terial systems described in the literature. We also determined the density and size
distribution of resulting droplet patterns as a function of hres and compared them
to experimental results obtained for a narrow track in a thin liquid film. Finally we
discussed qualitative experimental results of the rupture of water films thinned by a
annular slot jet and showed patterns of water droplets resulting from film rupture in
immersion lithography.



Chapter 7

Laser-induced thermocapillary
deformation and rupture of

thin liquid films

7.1 Introduction

In Chapter 4, we found that small gradients in surface tension can have a profound
effect on the deformation of a liquid film by impinging air-jet. There, the surface
tension gradient was the result of minute quantities of surface active agents. In this
chapter, we use the dependence of surface tension on temperature to deform a liquid
film by locally raising the temperature.

The thermocapillary deformation of liquid films has been studied extensively in
experiments [288–290], but especially in theory and numerical simulations [291–305]. The
use of temperature gradients has been demonstrated in microfluidic applications such
as free surface flows [167,168,306], two-phase flows in microchannels [307,308], patterning
of polymer films [309] or the suppression of fingering instabilities in advancing contact
lines by active feedback control [310].

The rupture of liquid films subjected to thermal gradients [126] was studied exper-
imentally in relation to cooling applications, where a flowing film of liquid is used to
cool a solid wall [291,311–314]. Film rupture decreases the effectiveness of the cooling
device, which makes dryout an important topic in modern evaporative microcooling
applications [315].

A way to heat a liquid film is by laser irradiation. Da Costa and Calatroni mea-
sured the laser induced deformation of thick layers of viscous hydrocarbons [316,317].

The experimental and numerical work described in this chapter was performed in collaboration
with H.M.J.M. Wedershoven in the context of his MSc project [287], for which C.W.J. Berendsen was
daily advisor.

117



118 CHAPTER 7. LASER-INDUCED THERMOCAPILLARY FLOW

dry-spoth
0

dual-wavelength
interference microscopy

transparent
substrate

liquid film

infrared (IR)

laser beam

short-pass filter

z

r

U
sub

Ω

(a) (b)

Figure 7.1: Schematic representation of the experimental configuration for the defor-
mation of a thin liquid film by a focused infrared laser (dimensions not to scale) (a)
on a stationary substrate, (b) off-center irradiation on a rotating substrate.

Helmers measured the laser induced deformation of a layer of ink [318]. Bezuglyi et al
studied [319] the thermocapillary deformation due to laser irradiation in absorbing liq-
uid films with thicknesses of 190 µm - 1 mm. Thermally assisted magnetic recording
systems also rely on lasers for substrate heating. Several experimental and numerical
studies have been performed to investigate how an ultrathin layer of liquid lubricant
responds to laser heating on moving substrates [320–324]. Laser heating was also used
to induce the melting and subsequent dewetting of metal films [69–71,261,301,325–328].
Recently, Singer et al used a laser-induced technique to induced patterned dewetting
of thin polymer films [329].

In this chapter we present systematic experiments and numerical simulations of
the deformation of liquid films by thermal gradients induced by infrared (IR) laser
irradiation. We characterized the laser beam and the temperature increase and per-
formed thin film deformation studies on stationary and moving substrates. For a
fully wetting thin liquid film on a stationary solid substrate, we measured the film
deformation as a function of laser power and film thickness. For the moving substrate
we varied laser power and substrate speed. We also investigated the rupture time of
partially wetting liquid films due to thermocapillary deformation. Finally we show
the first results of a technique for patterning of liquid films, based on spatiotemporal
modulation of the IR-illumination using a digital micromirror device (DMD) [330].

7.2 Experiments

We performed experiments and numerical simulations of IR-laser induced thermocap-
illary deformation on stationary and moving substrates with completely wetting and
partially wetting liquid films.

Figure 7.1 shows a schematic representation of the stationary experiments using a
partially wetting solid-liquid system. Thermal gradients are induced by the absorption
of focused infrared laser light in a substrate, transparent to visible light and partially
absorbing for infrared light. These thermal gradients cause the deformation of a thin
liquid film of initial film thickness h0, applied on top of the substrate by spin coating.



7.2. EXPERIMENTS 119

The deformation and rupture is imaged using dual wavelength interference microscopy
as described in Chapters 3, 5 and 6.

7.2.1 Materials system
The substrate material used for most experiments is optical-quality polycarbonate
film (PC, Bayer Makrofol DE1-1, thicknesses 175 µm and 750 µm, cut to the di-
mensions of 60×60 mm2), which was de-charged using an antistatic bar (Simco-Ion
MEB) before use. The absorption coefficient was obtained by transmission measure-
ments using substrates of different thicknesses d, and a laser power meter (Thorlabs,
S314C/PM100USB) and application of the Lambert-Beer law

I

I0
= e−αd . (7.1)

For polycarbonate, we found αPC=(30±1) m−1, which means that in a substrate of
thickness dsub = 175 µm less than 1% and in a substrate of dsub = 750 µm approxi-
mately 2% of the laser power is absorbed.

As a wetting liquid we used squalane (purity 99%, Aldrich, product number
234311) and for the partially wetting experiments we used tri(ethylene glycol) (3EG,
Sigma, product number 95126, purity ≥99%). The liquid film was applied by spin
coating and the resulting film thickness was measured by the spectral interference
technique, presented in Section 3.3.2.

7.2.2 Dual wavelength imaging
We measured the film height profiles as a function of time using dual wavelength
interference microscopy. In the case of stationary, completely wetting liquid films,
the microscopy setup consisted of an InfiniTube lens system with a microscope objec-
tive (Olympus, MPlanAPO 2.5x/NA 0.08) and a CCD camera (Pike, Allied Vision
Technology). The light sources were high power light emitting diodes (Luxeon I)
with center wavelengths λ=625 nm and 466 nm. Synchronisation of camera and light
sources was achieved by LabView software using a data acquisition card (National
Instruments, NI-6602 /BNC-2121). For experiments with partially wetting and mov-
ing substrates, we used the custom built spin coater setup with a high speed camera
(Photron SA-4), that was described in Section 6.2. The imaging optics was protected
from IR-light by a low pass filter (Schott, KG-1) and in order to avoid background
reflections of visible light from the laser optics, we installed a long pass filter (Edmund
Optics, product number 43-949) after the laser focusing optics.

For the basic principles of dual wavelength interference microscopy and an example
applied to IR-laser induced thermocapillary deformation, we refer to Section 3.4.2 and
Fig. 3.9.

7.2.3 Laser illumination
The laser source (Lumics LU1470C20-C with OsTech LSx1 laser diode driver) is a
multimode diode laser system with a center wavelength of λ=1470 nm and a maximum
output power of 20 W. The diverging laser light exiting from the fiber output (diameter
400 µm, NA=0.22) is reshaped to a spot in the order of 200 µm (NA=0.54).
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Figure 7.2: Intensity profiles I(r, z) of the laser beam. (a) Experimental profiles from
the slit scanning measurement. The dashed line represents the numerical approxima-
tion of Eq. (7.5) (b) Simulated intensity distribution for an optical system similar to
the one used in (a). The dotted lines represent cross-sections at different heights z.

In our liquid film deformation experiments, we selected the laser power range by
controlling the current to the laser diode. Linear variation of laser power within the
selected power range was achieved by modulating the laser at a frequency of 50Hz
and a variable duty cycle. We characterized the intensity profile I(r, z) of the laser
beam using a home-built scanning slit setup. We installed a slit of 25 µm on the laser
power meter and placed the assembly on a motorized translation stage (Newport,
UTS100CC). Control and readout of the translation stage and sensor was done using
LabView software (National Instruments). Because of the long time constant of the
thermal power meter, the scan speed was 10 µm/s to obtain optimal resolution. The
measurement was done at low laser power (approximately 0.8 W) to prevent damage
to the slit. For low enough slit-width / beam-width ratio, the measured profile has
the same shape as the beam profile [331].

The resulting profiles are shown in Fig. 7.2(a). Figure 7.2(b) shows the intensity
distribution obtained from a ray-tracing simulation (Radiant Zemax) for a lens sys-
tem similar to the focusing optics used in the experiments. The dotted lines represent
cross-sections at different values of z. Due to spherical aberrations of the optical
components as well as small alignment errors, the beam profile is non-Gaussian. Be-
tween the focusing optics and the focal plane, the maximum intensity of the beam is
located off-center, representing a ring of maximum intensity. In the focal point, the
beam profile shows a narrow peak with a slightly widened base. The full width at half
maximum (FWHM) is approximately 130 µm. For distances further than the focal
point, the width of the base increases.

In our experiments with moving substrates, a maximum laser power of approxi-
mately 8 W was used. This means that the maximum average power density in the
laser focus is in the order of 100 W/mm2. Because of the low absorption coefficient
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Figure 7.3: (a) Photograph of the optical setup for spatial modulation of the laser
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and a close-up by scanning electron microscopy (SEM) [source: http://us.generation-
nt.com/dmd-zoom-75615,42606,2.html ] (c) Schematic representation of the deforma-
tion a thin liquid film on an absorbing substrate due to spatially modulated laser light
(not to scale).

of our material, this did not lead to extreme temperatures. An exception to this rule
was observed on rare occasions when strongly absorbing dust particles entered the
laser focus, causing local damage to the substrate.

Using a different optical configuration, we also demonstrate spatially controlled
thin film deformation and rupture. Figure 7.3(a) shows a schematic representation
of the experimental configuration. The technique, introduced by Vieyra et al., uses
a digital micromirror device (DMD, Texas Instruments, model 1076-746c), consisting
of 1024×786 mirrors, to spatially and temporally modulate the IR-light [330]. Fig-
ure 7.3(b) shows a electron microscopy close-up of the DMD, revealing the mirrors
with a pitch of 14 µm. The deformation of a liquid film on a strongly absorbing
substrate by spatially modulated infrared irradiation is schematically depicted in
Fig. 7.3(c).

Because the total laser power is in this case distributed over an area of 24×18
mm2, the average intensity per unit area is approximately 3·105 times lower than in
the focused laser spot.

7.2.4 Temperature measurement

To verify the accuracy of the temperature distribution in our numerical simulations,
we prepared a model substrate, consisting of an unsheathed fine diameter K-type
thermocouple (Omega, CHAL-001, diameter 25 µm), sandwiched and glued between
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two thin polycarbonate sheets of thickness 175 µm using UV-curable adhesive (Nor-
land, product number NOA81). In this way, we ensured optimal contact between
the substrate material and the thermocouple. This stack of total thickness 380 µm
was positioned on top of the laser power sensor and placed on the motorized transla-
tion stage, so the temperature T (r,z = −190 µm,t) could be measured as a function
of radial position r. The thermocouple signal was converted to temperature using
a thermocouple-to-analog converter (Omega TAC80C-K) and a computer-controlled
multimeter (HP 34401A).

7.3 Numerical models

To describe the experimentally observed thermocapillary deformation on a substrate
heated by IR-laser, we have developed a numerical model coupling heat transfer and
liquid redistribution based on the lubrication approximation.

For the stationary situation, we calculate the temperature of the liquid film using
a two-dimensional axisymmetric thermal model and use that as input for a one-
dimensional axisymmetric thin film model.

The dynamic situation was modeled using a three-dimensional heat transfer model,
coupled to a two-dimensional lubrication model of a liquid film on a moving substrate.

Both coupled models were evaluated numerically using Comsol 3.5a. Analytical
transient solutions of the 2D and 3D heat transfer models were also developed using
Green’s functions. For derivations and results we refer to the MSc thesis [287] of
H.M.J.M. Wedershoven.

7.3.1 Stationary substrate

Thermal model

The temperature T as a function of space and time is described by the heat equation

ρcp
∂T

∂t
= k∇2T + q̇ . (7.2)

Here k is the thermal conductivity, ρ is the density and Cp the specific heat capacity.
In our calculations we used k=0.2 W/(m2·K), ρ=1200 kg/m3 and cp=1200 J/(kg·K)
for polycarbonate. The source term q̇ is the heat input distribution function due to
laser light absorption

q̇ = αI , (7.3)

where α is the absorption coefficient and I is the intensity distribution of the laser
light. In the case of a stationary substrate, we can write Eq. (7.2) in cylindrical
coordinates (r, φ, z) according to

ρCp
∂T

∂t
= k

[
1

r

∂

∂r

(
r
∂T (r, z, t)

∂r

)
+
∂2T (r, z, t)

∂z2

]
+ αI(r, z, t) , (7.4)

where we have neglected dependencies on the angle ϕ. Figure 7.4(a,b) shows a sketch
of the computational domains and summarizes the relevant boundary conditions.
Because the liquid film is very thin compared to the substrate thickness and the
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model. (a,c) represent the the thermal models and (b,d) the thin film model.

absorption coefficient of the liquid is very low, the temperature is considered to be
uniform over the thickness of the film, such that Tfilm(r, t) = Tsubstrate(r, z = 0, t).
Moreover, the absorption of laser light in the liquid film is neglected.

As a first approximation, we neglect the non-uniform beam profile and simulate
the laser beam intensity in the solid by a Gaussian distribution of variable width w(z),

I(r, z) =
I0

1
2πw(z)

2
e−2( r

w(z) )
2

eαsolidz . (7.5)

This distribution is plotted as a dashed line in Fig. 7.2(a) for w(0) = 120 µm. The
last part of Eq. (7.5) ensures that the intensity decays exponentially in the negative
z-direction according to Eq. (7.1). The radial width w(z) of the beam is assumed to
be linearly expanding and is parameterized as w(z) = w(0)−az. For our simulations,
we use w(0)=120 µm and a = 0.286. The focus plane of the laser is positioned on the
liquid film (z=0). The prefactor in Eq. (7.5) ensures that the total radially integrated
intensity per cross-section is conserved.

The heat loss ϕloss on the top, bottom and right side surfaces of the substrate
consists of convection (modeled using Newton’s cooling law) and thermal radiation

ϕloss = ϕconv + ϕrad = hc(Tsurface − T∞) + ϵσB(T
4
surface − T 4

∞) . (7.6)

Here, σB=5.6704·10−8 J/(s·m2·K4) is the Stefan-Boltzmann constant, ϵ is the emis-
sivity. We used ϵ=1 and a heat transfer coefficient hc=5 W/(m2·K).
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Figure 7.5: Experimental and numerical results of temperature inside a PC substrate
of thickness dsub=380 µm. (a) Temperature as a function of time at r=500 µm. (b)
Temperature profile T (r) at t=100 s. The symbols represent the experiment, the solid
lines are the numerical results.

Temperature verification

Using the temperature measurement technique described in Section 7.2.4, we mea-
sured the temperature profile inside substrate T (r, z = −190 µm,t) at different values
of r. The laser beam was focused on the top surface of the substrate stack (z = 0)
and the laser power was I0=140 mW.

Figure 7.5 shows a comparison between the measurements and a numerical calcu-
lation of T (r,z = −190 µm,t) in a PC substrate of thickness 380 µm. In Fig. 7.5(a),
the temperature rise at a radial position r=500 µm is plotted for a laser pulse of 200 s
duration. The model provides an accurate prediction of the time constant for rise and
decay of the temperature and the top value is within 0.5 K of the measured value.

The profile in Fig. 7.5(b) shows that the numerical model accurately matches the
experimental values for r &500 µm at t=200 s. For values closer to the centerline
of the laser beam, the measured temperature values show a strong increase. This
is caused by the direct absorption of laser light in the metallic thermocouple and
therefore the temperature readings at low r are not reliable.

The good agreement between experiments and simulations for larger radial dis-
tance gives us confidence that the numerical model is also accurate close to the center
of the laser beam.

Thin film model

To model the evolution of the thin liquid film on the solid substrate, we implement the
temperature T (r,z=0,t) and temperature gradient ∂T (r, z=0, t)/∂r from the thermal
model into the thin film model based on the lubrication approximation in cylindrical
coordinates

∂h

∂t
+

1

r

∂

∂r

[
r

(
h2

2µ
τ − h3

3µ

∂P

∂r

)]
= 0 . (7.7)

The pressure term

P ≡ −γ
r

∂

∂r

(
r
∂h

∂r

)
+ ρgh−Π(h) , (7.8)
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consists of capillary pressure and hydrostatic pressure, which is very small for thin
films. For simulations of partially wetting systems we use a non-zero disjoining pres-
sure Π(h) ̸= 0, whereas Π=0 for fully wetting liquid films.

The shear stress τ in Eq. (7.7) relates to the temperature gradient and temperature
sensitivity of the surface tension, according to

τ =
∂T

∂r

∂γ

∂T
. (7.9)

We incorporate the temperature dependence of surface tension γ, density ρ and
viscosity µ into the thin film model. For squalane [332,334,336], we use

µ(T ) =
[
0.52 exp(0.164 · 1010T−3.48)

]
mPa · s , (7.10)

γ(T ) = γRT +
∂γ

∂T
[T − 293K] = [28.15− 0.072(∆T − 20K)]mN/m , (7.11)

ρ(T ) =
(
821.6− 0.64∆T + 4.9 · 10−5∆T 2

)
kg/m

3
, (7.12)

with γRT=28.15 mN/m the surface tension of squalane at room temperature and
∆T = T − 273 K, the temperature in ◦C.

For numerical simulations of laser induced deformation and rupture of films of
tri(ethylene glycol) (3EG) [333,335], we use

µ(T ) = exp

(
−3.12 +

914.77

∆T + 110.07

)
mPa · s , (7.13)

γ(T ) = 47.33− 0.08∆T mN/m , (7.14)

ρ(T ) = 1139.5− 0.71∆T − 4.4 · 10−4(∆T )2 kg/m
3
. (7.15)

A plot of the temperature dependence of the viscosity, surface tension and density of
squalane and 3EG is presented in Fig. 7.6.
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7.3.2 Moving substrate

To model the deformation of a liquid film due to laser heating on a moving solid
substrate, we take a similar approach as in Chapter 5. The heat equation (Eq. 7.2) is
now evaluated in a three-dimensional geometry to obtain a temperature distribution
T (x, y, z, t). The substrate speed U = (0, Usub, 0) contributes a convection term.

ρcp
∂T

∂t
= k∇2T + q̇ − ρcpU · ∇T (7.16)

The boundary conditions at the top and bottom planes, represent convection and
radiation heat fluxes like in the axisymmetric case, whereas the ’incoming’ plate is at
temperature T∞ and the outgoing plane maintains a heat flux of ρcpUsubT , i.e. the
contribution of conduction becomes negligible in steady state.

The resulting temperature distribution T (x, y, z = 0, t) and temperature gradients
∂T/∂x and ∂T/∂y are used as input quantities in a two dimensional lubrication model
with a moving plate. Here we combine the lubrication equation [Eqs. (2.23),(2.24)
and (2.31)] with the temperature gradient induced shear Eq. (7.9) and the substrate
movement in the y-direction, similar to Section 5.3.

∂h

∂t
= −∂Qx

∂x
− ∂Qy

∂y
(7.17)

with the volume fluxes

Qx =
∂T

∂x

∂γ

∂T

h2

2µ
− h3

3µ

∂P

∂x
(7.18)

Qy =
∂T

∂y

∂γ

∂T

h2

2µ
− h3

3µ

∂P

∂y
+ Usubh , (7.19)

and the augmented pressure

P ≡ −γ
(
∂2h

∂x2
+
∂2h

∂y2

)
+ ρliqgh−Π(h) (7.20)

A sketch of the three-dimensional computational domains is presented in Fig. 7.4(c,d).
The substrate thickness is dsub and lateral dimensions 2 mm in the x-direction and 5
mm in the y-direction. The location (0,0,0) coincides with the focal point of the laser
beam.

7.4 Results and discussion

7.4.1 Wetting films

For a quantitative comparison between experiments and simulations, we measured
the film height profile of a wetting film of squalane subjected to IR-laser irradiation
on stationary and moving substrates.
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Figure 7.7: Experimental and numerical example of a thin film of squalane
(h0=5.5 µm), deformed by a laser beam with power I0=120 mW at t=10 s. (a)
Interference micrograph (red light, λ=625 nm). (b) Simulated height profile (solid
line) and experimental height profile, obtained from cross-section represented by the
dashed line in (a). The symbols represent locations of the red and blue interfer-
ence fringes. (c) Simulated temperature profile. (d) Simulated temperature gradient
profile.

Stationary substrate

We spin-coated a thin film of squalane on a polycarbonate (PC) substrate and mea-
sured the deformation of the liquid film as a function of time using dual wavelength
interference microscopy.

Figure 7.7(a) shows an example of an interference micrograph of a film of thickness
h0=5.5 µm on a PC substrate with thickness dsub=175 µm after illumination for 10 s
at a laser power of 120 mW. We measured the film height profile along the cross-
section (dashed lines) by dual wavelength interference microscopy. In Fig. 7.7(b),
we plot the experimental height profile as symbols and the solid line represents the
numerical solution.

The dip in the liquid film, shown in Fig. 7.7(a) is nicely axisymmetric. The depth
and curvature of the dip is well reproduced by the simulations [Fig. 7.7(b)], but the
simulated rim is higher and narrower than the experimental data. This corresponds
to the approximations used for the laser beam profile in the numerical simulations.

The temperature profile in Fig. 7.7(c) shows a sharp peak around the center of
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Figure 7.8: Experimental and numerical results for a stationary substrate. (a,b)
Minimum film thickness hmin as a function of time for (a) different values of laser power
I0 and h0=5.5 µm, (b) different values of initial film thickness h0 and I0=55 mW.
(c) Collapsing curves for hmint versus I0 for the data from (a). (d) Simulated steady
state temperature rise ∆Tmax and temperature gradient |∂T∂r |max as a function of I0.

the laser beam, which corresponds to a high value for the temperature gradient in
Fig. 7.7(d). Simulations with and without the convective and radiation boundary
conditions result in essentially identical temperature profiles, from which we can con-
clude that the heat transfer due to conduction in the substrate is greater than the
heat flux at the top and bottom surfaces.

Figure 7.8(a-c) shows measurements and simulations of the minimum film thick-
ness hmin as a function of time for a squalane film on a stationary substrate of
dsub=175 µm for different laser power and I0 and initial film thickness h0.

The minimum film thickness hmin is inversely proportional to the illumination time
t for higher times, in correspondence to film thinning by stationary air-jets [170] and
thermocapillary thinning by surface microheaters [337]. The data collapse onto one
curve when we plot hmin× t versus intensity I0 in Fig. 7.8(c). The data deviates from
an inversely proportional dependence on the laser intensity I0 for higher values of I0,
with an approximate power law hmint ∼ I−1.3

0 due to the temperature dependence of
the viscosity.

There is a good match between experiments and simulations, although the match
is best for lower laser power [Fig. 7.8(a)]. Similar to our observations in Chapters 4-6,
the data in Fig. 7.8(b) show that for larger time t ≥ 10 s, the minimum film thickness
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Figure 7.9: Experimental results for a thin film of squalane (h0=5.5 µm), deformed
by a laser beam with power I0=55 mW at different z-positions, revealing the intensity
distribution of the laser shown in Fig. 7.2. (a-c) Microscope images of the film at t=50
s. The dashed yellow lines indicate the cross-section used for measuring the height
profiles. (d-f) Measured height profiles at t=50 s. (a,d) z = 800 µm (b,e) z = 0, (c,f)
z = −800 µm. (d) and (f) were mirrored with respect to r = 0.

is independent of initial film thickness h0.
Figure 7.8(d) shows the maximum of the temperature rise ∆Tmax and the tem-

perature gradient ∂T
∂r (right axis), numerically calculated using the thermal model for

the stationary laser. Both quantities increase linearly with laser power I0. In the
simulations, it takes several seconds for the temperature T to reach its maximum
value, whereas the maximum value for the gradient is reached within approximately
100 ms.

The numerical and experimental data presented in Figs. 7.7 and 7.8 were obtained
for a laser beam focused on the position of the liquid film. When the laser beam is
not in focus, the non-uniform laser beam profiles, presented in Fig. 7.2(a) lead to
non-uniform height profiles of the liquid film.

This is illustrated in Fig. 7.9, with interference micrographs [Fig. 7.9(a-c)] and
corresponding height profiles [Fig. 7.9(d-f] for different positions z, relative to the
focus for a squalane film on PC (h0=5.5 µm, I0=55 mW). The blue squares represent
the interference data for blue light and red triangles the data for red light. The
height profile at z = −0.8 mm (located further away from the laser source) consists
of a shallow dip with a small depression in the center, consistent with the symmetric,
but broader intensity profiles for negative z, sketched in Fig. 7.2(a).

The height profile at z=0.8 mm (located further away from the laser source) has
a local maximum at r = 0, corresponding to a local minimum in laser intensity
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Figure 7.10: Interference micrographs for a liquid film of squalane (h0=4.5 µm),
deformed by a laser beam with power I0=7.8 W at different values of the substrate
velocity: (a) Usub=3 mm/s, (b) Usub=5 mm/s, and (c) Usub=7 mm/s. The dashed
lines indicate the rim location from the numerical simulations. The circles have a
diameter 2w(0) = 240 µm. The dotted lines indicate the laser trajectory.

[Fig. 7.2(a)]. The experiment in Fig. 7.9(b,e) corresponds to the focal plane of the
laser and thus shows a monotonous dip, similar to Fig. 7.7.

Moving substrate

For the experiments with a moving completely wetting substrate, we applied a uniform
film of thickness h0=4.5 µm of squalane to a PC substrate. The sample was placed
on the open-axis spin-coater and subjected to the focused laser at a radial position
R = 15 mm. Because of the moving substrate, much more laser power was needed
than on a stationary substrate to generate substantial liquid film deformation.

Figure 7.10 shows experimental images of the steady-state liquid film profile due
to laser illumination at I0=7.8 W and three different values of the substrate speed
Usub. The shape of the deformations is different from those obtained by a round
air-jet (Fig. 5.7 in Chapter 5). For an air-jet deforming a liquid film, a more or less
constant track width is obtained during the interaction with the jet. In the case of
laser heating, despite the shorter direct interaction range, the residual heat remains in
the substrate and diffuses in the x-direction (outward), thereby broadening the track
with time (and therefore with distance from the laser focus). The width of the track
becomes smaller with increasing Usub, allowing less time for lateral spreading of heat.
The dashed lines indicate the location of the rim found by numerical simulations of
a thin film deformed by laser absorption in a linearly moving substrate. The shape
of the rim is well represented by the numerical simulations, especially in the region
around the laser spot. Further away from the laser spot, deviations occur related to
the rotational substrate motion in the experiment.

Figure 7.11(a,b) shows an example of a numerical simulation of the temperature
profile and liquid film deformation on a moving substrate. The broadening of the thin
film deformation with distance from the laser beam, observed in the experiments is



7.4. RESULTS AND DISCUSSION 131

reproduced in the simulated height profile in Fig. 7.11(b).
In the simulations, the front rim has a lower height hfront than the side rims.

Figure 7.11(c) shows an experimental image obtained at lower laser power I0=1.2W
and Usub=3.2 mm/s. The rims are sufficiently low to resolve a similar saddle point as
in the simulations. For higher deformations, like the experimental images in Fig. 7.10,
the rims were too high to observe this effect by interference microscopy.

Figure 7.11(a,d) shows the simulated temperature distribution and Fig. 7.11(e)
shows the temperature gradient along the laser trajectory (the y-direction). The tem-
perature profile ∆T for this substrate speed has a strong maximum of ∆Tmax=174K,
dropping very rapidly [320] with distance away from the laser beam [Fig. 7.11(a,d)].
The temperature profile is mirror-symmetric with respect to the plane x=0, but
not symmetric [323] with respect to y=0 according to the temperature profile in
Fig. 7.11(d).

The maximum temperature is not located at the center of the beam [338], but at a
location (x = 0, y = yT,max). Figure 7.11(f) shows the value of yT,max normalized by
the laser beam radius at the focal plane w(0)=120 µm. The distance to the center of
the laser beam follows an approximate power law yT,max ∼ U0.3

sub.
The maximum temperature difference ∆Tmax is plotted in Fig. 7.11(g) and de-

creases with the substrate velocity according to approximately ∆Tmax ∼ U−0.7
sub .

Sanders [338] has investigated a similar system and found analytical solutions for the
temperature rise due to a moving Gaussian laser beam. He found that for low sub-
strate velocities, the maximum temperature is constant, whereas it decreases linearly
with velocity for high values of the thermal Péclet number

Pethermal = w(0)Usub
ρcp
k

, (7.21)

that describes the ratio of heat transport due to convection (in this case due to the
movement of the substrate) and thermal diffusion (due to conduction through the
substrate). Here, we used the laser beam radius w(0) as the typical length scale.

In our experiments Pethermal ranges from approximately 1.5 to 7. In this interme-
diate regime, it is to be expected that we find an intermediate value between 0 and
−1 for the power law exponent α in ∆Tmax ∼ Uαsub. The average value α ≈ −0.7,
found in Fig. 7.11(g) lies indeed in the expected range.

The asymmetry of the temperature profile is also reflected in the profile of the
temperature gradient in the direction of movement, ∂T

∂y (x = 0, y), that has a higher
peak value at the front than at the rear of the laser beam. Figure 7.11(g) also presents
the influence of substrate velocity Usub on the maximum and minimum values of this
temperature gradient.

We determined the minimum film thickness in the track behind the laser as a
function of laser power I0 and substrate speed Usub by experiments and numerical
simulations. Figure 7.12 presents the results.

The experimental data in Fig. 7.12(a) shows that the minimum film thickness de-
creases with laser intensity according to an approximate power law hmin ∼ I−1.7

0 . For
higher laser powers, especially at lower rotation speed, we observed that the polycar-
bonate substrate was damaged, because the glass transition temperature Tg=147◦C
was exceeded. Due to the shorter thermal contact time, a higher substrate velocity
Usub yields a higher value of hmin.
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Figure 7.11: Simulation results for a thin liquid film of squalane h0=5 µm on a
substrate moving with velocity Usub=3 mm/s and heated by an IR-laser spot of laser
power I0=8 W. (a) The steady state film temperature distribution. (b) The steady
state film height profile. (c) An experimental image for I0=1.2 W and Usub=3.2 mm/s
(dsub=175 µm, h0=2.2 µm), showing a non uniform front rim profile, similar to the
profile in (b). The scale bar length is 0.5 mm, the dashed lines indicate the position of
the side rims. (d,e) The steady state temperature distribution and the temperature
gradient ∂T

∂y along the track centerline x = 0. (f) The position of the maximum
temperature yT,max, normalized by the beam radius at the focal plane, w(0)=120 µm
and (g) The maximum temperature ∆Tmax and temperature gradient extrema ∂T

∂y |max

and |∂T∂y |min as a function of Usub.
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Figure 7.12: Minimum film thickness hmin due to laser irradiation of a thin liquid film
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the experimental data for Usub = 3.1 mm/s from (a). (c) Experiments and simulations
of hmin as a function of Usub for I0=7.8 W.

Figure 7.12(b) shows the results of numerical simulations for Usub = 3 mm/s. The
experimental data for Usub = 3.1 mm/s are also plotted. The simulation result (the
solid line labeled ’w(0)=120 µm’ in Fig. 7.12(b)), underestimates the minimum film
thickness hmin. A slightly lower laser power I0=7.8 W was used in the simulations
than in the experiments (I0=8 W), but that does not account for the difference.
Moreover, the numerical results follow a power law hmin ∼ I−2.1

0 , with a slightly more
negative exponent than the experimental data.

We have investigated the cause of this deviation by changing some of the param-
eters in the simulations. The solid line labeled ’constant µ’ in Fig. 7.12(b) represents
a simulation in which the temperature dependence of the viscosity µ is neglected
and a value of µ = 40 mPa·s is chosen. The resulting values of the minimum film
thickness are much higher and follow a power law hmin ∼ I−1.1

0 . This shows that the
temperature dependence of the viscosity has a strong influence on the resulting film
thickness.

We attribute the quantitative deviation to the focusing of the laser beam. If the
laser was slightly out of focus and we use a spot radius of w(0) = 150 µm instead of
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the 120 µm used in the previous sections, we find a quantitative match for the higher
values of I0. This corresponds to a misalignment in the z-direction of approximately
100 µm. In Fig. 7.12(b) this numerical solution is plotted as a dotted line. However,
for lower values of I0, the experimental values of hmin are below this line.

In Fig. 7.12(c), we plot experimental and numerical results of the film thickness
hmin as a function of substrate speed Usub. In contrast to the linear dependence
observed for the moving air-jet in Chapter 5, a power law dependence of hmin ∼ U2.2

sub

is found for the film deformation by a moving laser source. Most of this difference is
related to the temperature dependence of the liquid material parameters, as illustrated
by the sold line labeled ’constant µ’. Moreover, whereas this interaction time is finite
and scales as Dneedle/Usub in the case of an air-jet, the thermocapillary stresses are
more persistent due to IR-laser absorption in the substrate.

Similar to the observations in Fig. 7.12(b), the simulations in Fig. 7.12(c) under-
estimate the value of hmin. Again, we find that this difference can be explained by
an alignment error, leading to w(0) = 150 µm [the dotted line in Fig. 7.12(c)]. The
minimum film thickness corresponding to a constant viscosity (µ = 40 mPa·s) is much
larger and follows a power law hmin ∼ U1.3

sub.

7.4.2 Film rupture

Using tri(ethylene glycol) on polycarbonate, we also investigated film rupture due
to IR-laser induced thermocapillary deformation of thin liquid films on stationary,
partially wetting substrates.

In Chapter 5, we found that film rupture for this material system in a track of
lower film thickness occurs most reproducibly when the film thickness hmin . 150 nm.
The data in Fig. 7.8 shows that such a film thickness is reached within a few seconds,
depending on h0. If the laser is not in focus, this process takes longer. Figure 7.13(a-
c) shows examples of a stationary liquid film of 3EG on a PC substrate, deformed and
ruptured due to IR-laser heating at different values of laser intensity I0. With higher
I0, the rupture time decreases and the deformation at the time of film rupture becomes
narrower, as indicated by the position of the rim surrounding the dip. The contact
line of the dry-spot in Fig 7.13(b) exhibits the dewetting rim instability described in
the earlier chapters. The film of Fig 7.13(c) ruptures at two locations.

We measured the time delay between switching on the IR-laser and film rupture
trupture as a function of I0, which is plotted as the open symbols in Fig. 7.13(d). The
solid triangles connected by the solid line represent numerical simulations of trupture
using the model for a stationary substrate of Section 7.3.1 with the addition of a
disjoining pressure in Eq. (7.8). For the disjoining pressure, we used the phenomeno-
logical model by Schwartz and Eley [152], discussed in Section 2.2.7. The parameters
n = 10, m = 4, h∗ = 10 nm and θ = 29◦ were identical to those obtained by com-
paring experiments and simulations of film rupture times due to stationary impinging
air-jets of different diameters in Chapter 4. The match between experimental and
numerical film rupture times is excellent. The data follows a more or less straight line
in the log-log plot with a power law fit trupture ∼ I−1.4

0 . The value of the exponent is
close to the approximate exponent of hmin ∼ I−1.3

0 found in Fig. 7.8. This suggests
that the film rupture thickness should not depend strongly on laser power I0.

We measured the film thickness at the time of film rupture hrupture using dual
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Figure 7.13: Film rupture by laser induced thermocapillary deformation of a station-
ary tri(ethylene glycol) film on polycarbonate (h0=5 µm). (a-c) Microscope images
just after film rupture for (a) I0=100 mW, (b) I0=600 mW, and (c) I0=3 W. The
dotted line indicates the position of the rim surrounding the dip. (d) Experiments
and numerical simulations of the time of film rupture trupture as a function of laser in-
tensity I0. (e) Experiments and simulations of the thickness of rupture film thickness
hrupture as a function of I0.

wavelength interference microscopy. The experimental results and the results of the
numerical simulations are plotted in Fig. 7.13(e). In the numerical simulations, it
was observed that film rupture occurs in the center r = 0, or just outside r = 0.
We observed a similar behavior in the numerical simulations of Section 2.3.3. The
experimentally found hrupture shows a distribution of rupture thicknesses between 50
and 130 nm. There seems to be a trend towards higher hrupture for higher laser power
I0, but this is not reproduced by the numerical simulations.

7.4.3 Pattern formation by spatial modulation

Rather than focusing the IR-light into a single spot, we also modulated the height pro-
file at the thin liquid films by expanding the light and reflecting it from a micromirror
array according to the configuration in Fig. 7.3. Because of the low intensity per unit
area of DMD illumination, the process is relatively slow. Even with highly absorbing
KG3 glass (Schott), it takes up to 10 s for a pattern to be visible.

In Fig. 7.14, we present different patterns in the liquid film height profile in the
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Figure 7.14: Film thickness modulations created by IR-laser heating using a digital
micromirror device (DMD). (a) ASML logo in a completely wetting squalane film on
PC (h0 ≈2 µm). (b) TU/e logo in a tri(ethylene glycol) film on a partially wetting
KG3 glass (h0=5 µm). Two dry spots have nucleated. (c) Development over time of
a FOM logo in a completely wetting squalane film on KG3 glass (h0 ≈2 µm).

shape of the logos of ASML, TU/e and FOM logo by laser illumination. The pattern
in Fig. 7.14(a) was made in a film of squalane on a completely wetting polycarbonate
substrate. Because of the low absorption constant of PC, a depression of only a couple
of interference fringes is obtained after approximately 30 s. Figure 7.14(c) shows the
time evolution of a pattern on a completely wetting KG3 filter glass with a thin film of
squalane. The pattern is clearly visible after only a few seconds and becomes deeper
over time.

The pattern in Fig. 7.14(b) was obtained using 3EG on a partially wetting KG3
glass substrate. Film rupture occurs at two locations of low film thickness.

7.5 Conclusions

In this chapter we have used an infrared laser to create temperature gradients in thin
liquid films on solid substrates. These gradients cause thermocapillary flow in the
film. We developed a coupled model for the heat transfer and thin film flow, both
for stationary and moving substrates. In the experiments, we measured the minimum
film thickness of the deformed liquid film on stationary and moving substrates.

For a stationary substrate, we found a quantitative agreement between experi-
ments and numerical simulations for the minimum film thickness of a dip formed as
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a function of time for different laser powers. The minimum film thickness asymptoti-
cally decreased linearly with time, whereas the intensity dependence is influenced by
the temperature dependence of viscosity.

In the case of a moving substrate, we measured the minimum film thickness as a
function of laser power and substrate speed. Because of the heat conduction in the
substrate, the track observed in the liquid film broadens with distance away from the
laser beam. The numerical results for the minimum film thickness for moving sub-
strates deviate slightly from the experimental results, likely due to a small alignment
error.

We also measured and simulated the rupture time of partially wetting liquid films
due to laser induced deformation on stationary substrates and found excellent agree-
ment using the same disjoining pressure potential found in Chapter 4.

Finally we presented a technique for spatial modulation of the liquid film using a
digital micromirror device.
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Chapter 8

Dielectrophoretic deformation
of thin liquid films

In this chapter we study the deformation of thin liquid films induced by surface
charge patterns at the solid-liquid interface quantitatively by experiments and numer-
ical simulations. We deposited a surface charge distribution on dielectric substrates
by applying potential differences between a conductive liquid droplet and a grounded
metal plate underneath the substrate, that was moved in a pre-defined trajectory. Sub-
sequently, we coated a thin liquid film on the substrate and measured the film thickness
profile as a function of time by interference microscopy. We developed a numerical
model based on the lubrication approximation and an electrohydrodynamic model for
a perfect dielectric liquid. We compared experiments and simulations of the film de-
formation as a function of time for different charge distributions and obtained good
agreement. Furthermore, we investigated the influence of the width of the surface
charge distribution and the initial film thickness on the dielectrophoretic deformation
of the liquid film. We performed a scaling analysis of the experimental and numeri-
cal results and derived a self-similar solution describing the dynamics in the case of
narrow charge distributions.

8.1 Introduction

Local build-up of electrostatic charges can potentially cause hazards, especially in
high-speed processing of dielectric materials. Examples are dust attraction on solar
cells [340] or explosions due to charge build-up in the oil industry [97]. In roll-to-roll liq-
uid coating processes, non-uniform static charge densities at the substrate can cause

The experimental and numerical work described in this chapter was performed in collaboration
with C.J. Kuijpers in the context of his MSc project, for which C.W.J. Berendsen was daily advisor.
Published as [ 339]: C.W.J. Berendsen, C.J. Kuijpers, J.C.H. Zeegers and A.A. Darhuber, Dielec-
trophoretic deformation of thin liquid films induced by surface charge patterns on dielectric sub-
strates, Soft Matter 9, 4900 (2013).
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Figure 8.1: (a) Schematic of the experimental setup for deposition of surface charge
patterns on dielectric substrates. A droplet of water is attached to a hollow metal nee-
dle maintained at a voltage Vneedle and moved along the substrate in a pre-determined
trajectory using a motorized translation stage. (b) Surface charge pattern σ(x, y),
resembling a TU/e logo, as measured with an electrostatic voltmeter. (c) Three di-
mensional plot of the surface charge distribution created with Dneedle=1.8mm and
Usub=2.5mm/s. The white arrows indicate the droplet trajectory, the voltage Vneedle
ranged from 313 to 2500V. (d) Photograph of the dielectrophoretic deformation of a
thin liquid film of squalane, approximately 1 min after spin-coating onto the pattern
of (b).

deformations and defects in the final coating, whereas uniform charges are sometimes
utilized to improve coatability of partially wetting substrates [4,341,342].
It is well known that liquid films can deform due to an inhomogeneous electric
field [343]. Hatfield [344] recognized the application potential of this mechanism for
separation processes, which since then has found numerous applications in microbi-
ology and colloid science and technology [345,346]. Chou et al. studied lithographically
induced self-assembly of periodic polymer micropillar arrays [347–350] and achieved fea-
ture sizes on order of 50nm [351]. They hypothesized that the film deformations were
governed by an electrohydrodynamic mechanism. Schäffer et al. studied the pattern
formation and replication in ultrathin polymer films and bilayers induced by electric
field applied perpendicular to the polymer film [352–354]. Subsequently, many groups
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conducted experiments or numerical simulations of instabilities of single or multiple
liquid layers sandwiched between two electrodes kept at constant potentials [63,355–380].
Both dielectric, leaky dielectric [355–357] and conductive materials [381–384] were consid-
ered. Brown et al. investigated the electrostatic deformation of decanol films on inter-
digitated electrodes for potential use as voltage-programmable phase gratings [385,386].

In contrast to voltage-controlled dielectrophoresis, much less work has been pub-
lished on thin film deformation controlled by static surface charges. Miccio et al. de-
veloped a technique for thickness modulation of silicone oil films utilizing laser light in-
duced charge patterns in photrefractive Lithium Niobate crystals [180]. Zhao et al. used
a stamping technique to create charge patterns that modulate the dewetting patterns
observed after thermal annealing of ultrathin polymer layers. [387,388]. A recent paper
presented an analytical and numerical study of leveling of liquid coatings under the
influence of uniform and non-uniform surface charges [389]. Earlier, Chudleigh [390] and
Engelbrecht [391] created charge patterns on polymer surfaces by applying a voltage
across electrically insulating substrate through a conductive liquid for electret charg-
ing [392]. Lyuksyutov et al. [393,394] and Xie et al. [395,396] created nanoscale surface
structures in a polymer film by atomic force microscopy (AFM) with conductive tips.
A salient feature of this mechanism is the electric field induced condensation of a
water meniscus between the AFM tip and the polymer surface [397].

In this chapter, we describe the results of a comprehensive and quantitative inves-
tigation of the deformation of low viscosity perfectly dielectric liquid films deposited
on electrically insulating substrates with static surface charge patterns. We gener-
ate the charge patterns by moving an ultrapure water droplet attached to a hollow
metallic needle maintained at high voltage along a dielectric substrate [390,391] and
characterize the obtained surface charge patterns using an electrostatic voltmeter. [398]
Subsequently, we deposit a thin dielectric liquid film by spin coating and study its
deformation dynamics by interference microscopy. The results are compared to nu-
merical simulations based on the lubrication approximation for a perfect dielectric
liquid. Moreover, we perform a scaling analysis of the experimental and numerical
results and derive a novel self-similar solution describing the dynamics in the case of
narrow charge distributions.

8.2 Experiments

8.2.1 Surface charge deposition

We deposited electrostatic surface charge patterns on dielectric substrates by applying
a voltage to a droplet of de-ionized water that was moved in a pre-defined trajectory
over the dielectric substrate. Before applying the charge pattern, we de-charged the
substrate using an antistatic bar (Simco-Ion MEB), which left residual charge densities
of less than 2 µC/m2 on the surface. The substrates were optical quality polycarbon-
ate plates (Bayer, Makrofol DE1-1) of thickness dsub = 750 µm. Figure 8.1(a) shows
a schematic of the setup. A de-ionized water droplet (Smart2Pure, TKA, resistivity
18.2 MΩ cm) was supplied from a disposable syringe (BD Plastipak 3ml) through a
polyethylene tube (Braun, Original-Perfusor Line) to a hollow metal needle (brass or
stainless steel), that was connected to a high voltage DC power supply (Fug Elek-
tronik, HCN-12500). The substrate was moved with respect to the droplet by a



142 CHAPTER 8. DIELECTROPHORESIS

motorized xy-translation stage (Standa, 8MTF) that was equipped with a grounded
aluminium plate for supporting the substrates and positioned underneath the station-
ary needle. The substrate speed Usub =1-10 mm/s was low enough to avoid water loss
by viscous entrainment. This process left a surface charge density along the trajectory
of the droplet with a magnitude in direct correlation to the voltage Vneedle supplied
to the hollow needle. The width of the charged lines W was close to the droplet size,
that was mainly defined by the outer diameter of the needle, Dneedle, to which the
droplet was attached. The distance between needle and substrate was maintained at
approximately 0.5 mm. We measured no change in charge patterns within hours after
deposition. Synchronized control of the translation stages and high voltage power
supply as well as acquisition of the signal from the electrostatic voltmeter described
in Section 8.2.2 was achieved by Labview software (National Instruments).

8.2.2 Charge pattern characterization

The distribution of charges on the substrate was measured by placing the substrate on
the grounded sample holder on the xy-stage described above and scanning the sub-
strate with an electrostatic voltmeter (Monroe Electronics Isoprobe 244) equipped
with a high resolution probe (Isoprobe 1017AEH) at a probe-sample distance of ap-
proximately 0.5 mm. The lateral resolution of this method is estimated [399] to be
approximately 0.5-1 mm, depending on the probe-surface distance (see Section 8.6).
The net surface charge density σ was calculated from the bias voltage Vbias according
to [398]

σ = εsubε0Vbias/dsub , (8.1)

where εsub is the relative dielectric permittivity of the substrate (εsub=2.9 for poly-
carbonate) and dsub is the substrate thickness. Fig. 8.1(b) shows a two-dimensional
surface charge distribution σ(x, y) in the shape of a TU/e logo using a needle of
Dneedle=1.3 mm diameter at a voltage of Vneedle=1250 V. Between the letters the
voltage to the hollow needle was switched off. Because of the scanning movement in
the y-direction with a pitch in the x-direction of 1mm, the oblique stripe in the logo
appears corrugated.

8.2.3 Thin liquid film preparation and imaging

After the creation of a static charge pattern and its quantification, a thin liquid film
of squalane (purity 99%, Aldrich, product number 234311) was spin coated onto the
substrate with a resulting film thickness of h0=4.1 µm. Squalane was selected due
to its low volatility and the very low mobility of charge carriers in alkanes. [400–403]
The viscosity at 23◦C is µ = 31.9 mPa·s, the surface tension [404] γ=31.0 mN/m,
the density [405] ρ=805 kg/m3 and the refractive index is n=1.452. Within 30 s after
spin coating, the sample was removed from the spin coater and placed in the micro-
scope (Olympus BX51) equipped with a microscope objective (Olympus, MplanAPO
2.5×/0.04) and a CCD camera (Pike, Allied Vision Technologies) and interferometric
imaging is started. During imaging, the sample was supported by a grounded and
anodized aluminium plate, as sketched in Fig. 8.2. At a distance Htot−dsub=0.75 mm
above the sample a glass window was placed. The glass plate was coated with an elec-
trically conductive and optically transparent indium tin oxide (ITO) layer maintained
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Figure 8.2: Sketch of the experimental setup for characterisation of dielectrophoretic
liquid film deformation, induced by the surface charge distribution σ(x) deposited on
a dielectric substrate of thickness dsub. The film height profile h(x, t) was measured
by interference microscopy through an ITO-coated glass plate. The bottom plate
and the ITO layer were grounded, i.e. the potential ψ vanished at z = −dsub and
z = Htot − dsub, respectively.

at ground potential. This ensured that the electric potential in the system was well
defined. We used an illumination setup based on a light emitting diode (Thorlabs,
product number LEDC45) with a center wavelength of λ=660 nm and a spectral
width of approximately ∆λ=30 nm. By analyzing the interference fringe pattern,
a cross section of the height profile h(x) was obtained. Neighboring light and dark
fringes represent height differences of λ/4n=114 nm.

8.3 Numerical model

In a long-wave approximation, the height evolution h(x, t) of a nonvolatile liquid film
on a solid substrate is given by the lubrication approximation (see Section 2.1)

∂h

∂t
=

∂

∂x

(
h3

3µ

∂P

∂x

)
(8.2)

where µ is the viscosity and the augmented pressure

P ≡ −γ ∂
2h

∂x2
+ ρgh+ Pel (8.3)

consists of capillary pressure, hydrostatic pressure and an electrical contribution Pel.
We solved Eqs. (8.2,8.3) on a one-dimensional domain with boundary conditions

∂P

∂x
= 0 and

∂h

∂x
= 0 (8.4)

at x = 0 and the outer domain boundary.
We consider one-dimensional surface charge distributions σ(x) located at the solid-

liquid interface. We assume the material system to be non-conductive and without
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bulk charge density ρc=0 and the relative dielectric permittivities of the liquid εliq and
the solid εsub are constant and uniform. Consistent with the lubrication approxima-
tion for liquid film dynamics, the two-dimensional Poisson equation for electrostatics

∇2ψ =
ρc
ε0εi

= 0 (8.5)

reduces to the one dimensional Laplace equation

∂2ψ

∂z2
= 0. (8.6)

Therefore, the electrical potential ψ is piecewise linear, such that ψi = ci +
(
∂ψi
∂z

)
z.

We define the location of z = 0 at the solid-liquid interface. The vertical positions
where the potential vanishes (ψ = 0) are therefore at the bottom plate z = −dsub
and at the conductive glass plate z = Htot − dsub = dair + h(x, t). By using the
material parameters and geometrical dimensions of the experimental setup introduced
in Fig. 8.2 and the following electrical boundary conditions

ψsub = 0 at z = −dsub (8.7)
ψair = 0 at z = Htot − dsub (8.8)
ψsub = ψliq at z = 0 (8.9)
ψliq = ψair at z = h (8.10)

εliq
∂ψliq

∂z
− εsub

∂ψsub

∂z
=
σ(x)

ε0
at z = 0 (8.11)

εair
∂ψair

∂z
− εliq

∂ψliq

∂z
= 0 at z = h (8.12)

we obtain
∂ψliq

∂z
=

σ(x)/ε0

εliq − εsub
dsub

{
εliq
εair

[h− (Htot − dsub)]− h
} (8.13)

and
∂ψair

∂z
=
εliq
εair

∂ψliq

∂z
. (8.14)

The additional pressure Pel in the liquid film induced by the electrostatic field is
determined by the Maxwell stress tensor at the liquid-air interface [362,364,406]

Pel =
1
2ε0

{
εliq

(
∂ψliq

∂z

)2

− εair

(
∂ψair

∂z

)2
}

. (8.15)

We solved Eqs. (8.2), (8.3) and (8.13-8.15) using the finite element software COMSOL
3.5a. The width of the computational domain was 6-20 mm and the typical mesh size
10 µm.

8.4 Results and discussion

8.4.1 Writing of surface charges
We deposited surface charge distributions in the form of straight line segments using
needles with a diameter Dneedle of 1.8 and 6 mm. The droplet followed a meandering
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Figure 8.3: Characterisation of charge density patterns deposited by the method
depicted in Fig. 8.1. (a-h) Examples of averaged cross-sections of measured charge
density profiles σ(x/Dneedle) for positive (a-d) and negative (e-h) values of Vneedle. The
dashed and solid lines represent experiments with Dneedle=1.8 and 6 mm, respectively.
(i) Center and peak values of σ(x) as a function of needle voltage Vneedle. (j) Contour
plot of σ(x, y) of a charged line segment (Dneedle=6mm and Vneedle = −2188V).
The arrows represent the direction of needle movement. The vertical dashed lines
illustrates typical cross-sections, used to obtain an average profile similar to those in
(a-h).

trajectory over the substrate, during which the needle voltage Vneedle was switched
on and off. A typical two-dimensional measurement of the surface charge distribu-
tion consisting of several line segments of approximately 1cm in length is shown in
Fig. 8.1(c). The white arrows indicate the trajectory followed during surface charge
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deposition, the needle voltage ranged from 313 to 2500 V. In Fig. 8.3(a-h), several
cross-sections of the charge distribution have been plotted, that were obtained using
needles of different diameter and different voltages and averaged over a y-interval of
7 mm. The dashed lines in Fig. 8.3(j) illustrate examples of such cross-sections. The
resulting maximum values in this measurement series ranged from approximately 5
to 82 µC/m2. For comparison, a charge density of 50 µC/m2 corresponds to about
300 elementary charges per µm2, which indicates that our continuum lubrication de-
scription is appropriate.

The influence of needle voltage on the center and peak heights of the surface
charge density is plotted in Fig. 8.3(i). The charge density near the edges of the
line, σ(±Dneedle/2), is typically higher than at the center, σ(0). The measured shape
of the surface charge distribution is broadened due to the limited lateral resolution
of the electrostatic voltmeter of 0.5-1mm. Variations in the peak-to-center contrast
σ(±Dneedle/2)/σ(0) are likely due to slight variation in probe-to-surface distance (see
Section 8.6). The measured peak values monotonically increase with Vneedle. The
dashed lines in Fig. 8.3(f) represent two independent measurements at Usub=2.5 mm/s
and illustrate the repeatability as indicated by the error bar. The dotted lines corre-
spond to experiments performed with different writing speeds in the range of Usub =1-
10 mm/s. Within repeatability, the deposited charge density is independent of Usub.

Figure 8.3(j) shows a contour plot of a line segment written with Dneedle=6 mm at
a voltage Vneedle = −2188 V and substrate speed Usub=2.5 mm/s. The white arrows
indicate the droplet trajectory. A pronounced asymmetry is observed with respect to
the writing direction, which indicates that charge deposition primarily occurs at the
receding contact line of the droplet, consistent with the findings of Engelbrecht [391].

There are many possible mechanisms for charge transfer at a liquid-solid inter-
face. Primarily in soft polymeric substrates like poly(dimethylsiloxane) or polyethy-
lene [407–409], the application of a high voltage leads to the formation of ’water-trees’,
i.e. the invasion of the liquid into the polymer matrix and a permanent modifica-
tion of the bulk composition and morphology. Guzenkov and Klimovich [410] stud-
ied triboelectric charge generation at liquid-solid interfaces, suggesting that friction
plays a role. Nakayama [411] studied triboplasma generation between a diamond tip
and an oil-lubricated sapphire disk. In the context of electrowetting, Vallet [412] ob-
served a gas discharge in the vicinity of the contact line of electrolyte droplets. Other
groups [413–416] observed contact angle saturation and attributed it to charges trapped
in the surface layer of the polymer. Drygiannakis et al. developed a phenomenolog-
ical model based on the local breakdown of the insulating layer around the contact
line [417]. Koopal [418] recently reviewed charging effects at solid-liquid interfaces. Us-
ing molecular dynamics simulations Liu et al. found that contact angle saturation
occurs when the peak electric force near the edge of the drop exceeds the molecular
binding force [419]. Knorr et al. [397] performed experiments of charge injection from
sharp conducting needles into amorphous polymers layers. They interpreted their
results as injection and surface-near accumulation of aqueous ions stemming from
field-induced condensation of a water meniscus between the AFM tip and the poly-
mer surface. Such an accumulation of trapped space charge in polymer dielectrics had
been observed earlier by Wintle [420] and Hibma and Zeller. [421] Chudleigh considered
the deposition of ions from the electric double layer at the receding contact line. [390]
The higher density of surface charges deposited in our experiments at x = ±W/2 is re-
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Figure 8.4: (a,b) Greyscale plot of charge patterns created by dragging a neutrally
charged droplet of water over a polycarbonate substrate (a) on a grounded needle,
(b) on an electrically insulated needle. (c) Charge density as a function of distance
along the trajectory.

lated to the fact that the electric field strength has a maximum around the contact line
of the droplet [412,422], which leaves higher electrostatic charge in that region, possibly
enhanced by field-induced ion dissociation [423]. Hibma and Zeller [421] had observed
injection current transients with a time constant far below 1 ms, which explains why
we do not see a significant dependence on droplet speed for Usub≤10 mm/s.

8.4.2 Surface charge deposition by neutrally charged receding
liquids

In the previous section, we showed that the peak height of the surface charge den-
sity depends on the needle voltage Vneedle. However, we found that water droplets
connected to a grounded or isolated needle, also leave a trace of static surface charge
behind on the surface. This is visible in Fig. 8.1(b), where the letters were written us-
ing a needle voltage Vneedle=+1250 V. In the transition region between the letters, the
voltage was switched off. Nevertheless, a track of negative charge density is measured
at those location with an amplitude of approximately −6 µC/m2.

The deposition of charge by a neutrally charged liquid has been described in the
literature. Medley et al. measured the charging of various polymer sheets due to with-
drawal of a mercury droplet in a vacuum [164]. They suspected that the electrification
of the solid was an explanation for the high contact angle hysteresis, measured for
mercury on strongly charging substrates. Others also experimented with mercury and
found that environmental influences such as exposure of the substrate to oxygen can
affect the contact charging of polymers [424–426]. Yaminsky and Johnston measured
that high charge densities were obtained during the extraction of a hydrophobized
glass slide from a bath of a non-wetting liquid [427]. Using force measurement, they
observed that the deposited charge density increases with surface tension and contact
angle. Yatsuzuka et al. used an electrostatic voltmeter to show that a water droplet
falling on and sliding down an inclined hydrophobic polymer plate, induced a surface
potential of up to 3 kV at the impact zone, which decreased and even changed sign
along the sliding trajectory [428].
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distribution plotted as a dashed line in Fig. 8.3(b). (a) Typical interference micro-
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straight line of surface charge, recorded at t = 118 s after film preparation. (b) Time
evolution of the cross-section indicated by the dashed black line in (a). (c) Extracted
film thickness profiles at different times.
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Figure 8.4 shows a control experiment, in which we dragged a water droplet along
a predefined meandering trajectory on a polycarbonate substrate. The water droplet
was attached to a needle and was grounded at the start of the experiment. The
electrostatic voltmeter scan in Fig. 8.4(a) was obtained after the droplet was dragged
over the surface while connected to an electrically grounded metal needle. In the case
of Fig. 8.4(b), the metal needle was electrically isolated. In Fig. 8.4(c) we plotted the
surface charge density σ as a function of distance along the dragging trajectory.

When a water droplet attached to a grounded needle is dragged over the poly-
carbonate substrate, a constantly negative surface charge density of σ ≈ −4 µC/m2

is deposited. Dips in the profile in Fig. 8.4(c) occurring around the corners in the
pattern are artifacts from the (horizontal) scanning direction in the electrostatic volt-
meter measurement.

For a droplet on an electrically isolated needle, the initially comparable surface
charge density steadily decreases in amplitude, until after approximately 350 mm, it
changes sign, similar to the observations by Yatsuzuka [428]. We attribute this to the
finite charge capacity of the electrically isolated droplet.

The initially negative sign of the surface charge density is the same as the sponta-
neous charging (negative zeta-potential) of the liquid-gas and the solid-liquid interface,
as discussed in Chapter 2.2.3. It is not unlikely that during the nucleation of dry spots
and dewetting of thin liquid films, described in Chapters 5 and 6, patterns of electric
surface charge density are also generated. This

8.4.3 Dielectrophoretic deformation of thin liquid films

After deposition and characterisation of the surface charge density, we applied a thin
liquid film of squalane on the sample by spin coating. We monitored the evolution
of the height profile of the liquid film using interference microscopy. An example
of an interference picture is shown in Fig. 8.5(a). The time evolution of the cross-
section through the fringe pattern indicated by the dashed black line in Fig. 8.5(a)
is visualized in Fig. 8.5(b). Local maxima develop at x = ±W/2, i.e. the edges of
the charged line and film thickness depressions (minima) form at x ≈ ±W , which
deepen and widen in time. Figure 8.5(c) shows height profiles determined from the
microscope images through fringe analysis. In this example, the center line film
thickness hcenter = h(x = 0, t) becomes smaller during the first 200s and thereafter
increases again.

8.4.4 Influence of surface charge profile σ(x)

The actual shape of the surface charge density σ(x) determines the evolution of the liq-
uid film profile h(x, t). Because of the limited lateral resolution of the measurement
probe, we investigate the influence of the charge distribution on the film deforma-
tion numerically. Figure 8.6(c,d) shows a quantitative comparison of height profiles
extracted from the experimental results of Fig. 8.5(b) at t = 300s with numerical
simulations corresponding to two different surface charge profiles σ(x), plotted in Fig-
ure 8.6(a,b). The symbols in Figure 8.6(a, b) correspond to the raw data of the surface
charge measurements. The lines represent analytical functions σ1(x) and σ2(x), used
as input for the numerical simulations. Detailed information on σ1 and σ2 is given in
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Figure 8.6: Comparison of measured (symbols) and simulated liquid film height pro-
files at t = 300s (c,d) for different surface charge distributions, sketched in (a,b). The
solid lines in (a,b) represent the surface charge distributions used as an input to the
simulations. The solid lines in (c,d) are the simulations results. (e,f) Normalized film
thickness as a function of time. The squares refer to the maximum value at x = ±W/2;
the diamonds refer to the valley at x ≈ ±W and the circles refer to the film thickness
at position x = 0. The solid and dashed lines refer to the numerical simulations. (g)
Numerical simulations of (b), (d) and (f), visualized as an interference pattern for
direct comparison with Fig. 8.5(b).

Section 8.6. The charge distribution σ1(x) is chosen to faithfully represent the charge
measurement data, whereas σ2(x) exhibits a pronounced maximum at the edge of the
line x = ±W/2, corresponding to the observations described in Section 8.4.1. The
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height and width of this maximum can be varied - though not independently - without
changing the resulting deformation of the liquid film significantly. Figure 8.6(b,d and
f) contains multiple solid lines, according to the sets of values specified in Section 8.6.
In principle one could identify the realistic combination by monitoring for instance
∆hmax at very early times (10-100 ms), which however is outside the range of accessi-
ble times for our experiments. Consequently, given our experimental restrictions and
reproducibility we cannot distinguish between these parameter settings. The symbols
in Fig. 8.6(c,d) correspond to the experimental data, whereas the solid lines represent
the numerically determined film height profiles at t=300 s. Figure 8.6(e,f) presents the
time evolution of the maximum, minimum and center line film thickness, defined in
Fig. 8.5(c). The symbols represent experimental data, the lines numerical simulations.
Figure 8.6(g) shows the numerical simulations of Fig. 8.6(b),(d) and (f), visualized as
an interference using the procedure in Section 8.6 pattern for direct comparison with
Fig. 8.5(b). The surface charge distribution σ1 results in a simulated height profile
that is in poor agreement with the measured profile in Fig. 8.6(c). The amplitude
of deformation is much lower than experimentally observed; the center height is too
high, the peak amplitude too low and the minimum not deep enough. The agreement
remains comparably poor for different times, as shown in Fig. 8.6(e). The experimen-
tal center film thickness hcenter shows an initial decrease, whereas the simulated value
increases monotonically. In contrast, the surface charge distribution σ2(x) results
in excellent agreement between the experimental and numerical film height profiles,
not only at t=300 s [Fig. 8.6(d)] but also over the entire time interval considered in
Fig. 8.6(f). The simulated center film thickness now reproduces the experimentally
observed local minimum at t≈200 s. The occurrence of this minimum, i.e. the initial
decrease of the center line thickness, is primarily due to the positive charge density
gradient towards the peaks at x = ±W/2. This induces a flow away from the center
until a decrease in capillary pressure reverses the trend.

Figure 8.7 presents experimental and numerical results of the time evolution of key
features in the film thickness profile for charge distributions of different magnitude.
For the numerical simulations, the surface charge profile σ2 shown in Fig. 8.6(b) was
scaled proportional to the center values of the charge density distribution plotted
as solid triangles in Fig. 8.3(j). Figure 8.7(a-c) shows the normalized change in film
thickness ∆h/h0 ≡ (h/h0)−1 of the maximum at x = ±W/2, the minimum at x ≈W
and the center at x = 0. In Fig. 8.7(d), we plot the position of the outer minimum
relative to the edge of the charged line (x = ±W/2) as a function of time for different
magnitudes of surface charge density. The dashed black line corresponds to a power
law of ∆x ≡ (xmin − W

2 ) ∼ t0.22.
The simulations reproduce the trend in the experimental data very well, but the

exact numerical values of the deformation are not captured accurately. According to
Eq. (8.13-8.15), Pel scales as σ2, which amplifies the experimental uncertainty associ-
ated with measurements of σ(x) as discussed in the context of Fig. 8.3(g). Moreover,
the charge distribution may not only change in magnitude proportional to needle
voltage, but also somewhat in shape. The depths of the center hcenter and outer min-
ima hmin generally agree better with the simulations than the maximum values. This
indicates that the uncertainty in the charge distributions σ(x) is predominant in the
vicinity of the peak values in σ(x). Within reproducibility, the experimental data in
Fig. 8.7(d) do not show any dependence on charge density σ. The numerical curve
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for σ = 30 µC/m2 apparently saturates at t ≈ 1000 s, roughly coinciding with the
time at which −∆hmin approaches its maximum possible value, h0, i.e. hmin → 0 in
Fig. 8.7(c).

8.4.5 Influence of initial film thickness h0 and line width W

The comparison between experiments and simulations, presented in the previous sub-
section, constitutes a general validation of the numerical model. In the following
sections, we study the influence of different geometric parameters on the thin film
evolution by numerical simulations. Figure 8.8(a-c) shows the influence of the ini-
tial film thickness h0 on the normalized change in film thickness of the maximum at
x = ±W/2, the minimum at x ≈ W and the center at x = 0. At early times t < 1 s,
the rate of deformation increases with film thickness. From t & 50 s the curves for
different values of h0 in Fig. 8.8(a) and (c) essentially collapse. For early times, the
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development of the maximum and minimum height follows a linear time dependence,
as indicated by the dashed black lines. The center line height ∆hcenter(t)/h0 exhibits
a local minimum in time, that occurs earlier but becomes shallower for higher film
thickness h0.

The influence of the line width W is illustrated in Fig. 8.9. Figure 8.9(a), (b)
shows the time evolution of the height profile for two values of W=0.4 and 4 mm.
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In Fig. 8.9(c-e), the influence of W on the normalized change in film thickness of the
maximum at x = ±W/2, the minimum outside the charged line and the center at
x = 0 is shown. For small values of W , the two maxima at x = ±W/2 observed at
early times merge into a single peak due to the negative capillary pressure caused
by the close proximity of the peaks. For wider lines, the two peaks remain for the
entire simulated time interval. The center line height ∆hcenter(t)/h0 exhibits a local
minimum in time, that occurs later and becomes deeper for larger W . The times
at which the local minima occur in Fig. 8.8(b) and 8.9(d) correspond to power laws
tmin ∼ h−3

0 and ∼ W 3.8, respectively, as indicated by the arrows in Fig. 8.8(b) and
8.9(d).

8.4.6 Scaling analysis and self-similar solutions
In the early phase, the height profile h = h0 + ∆h, where ∆h ≪ h0, deviates very
little from the prescribed initial condition h = h0, which allows a linearization of the
lubrication equation. Moreover, the electrical pressure Pel ∼ σ2(x) is approximately
independent of ∆h and the capillary and hydrostatic contributions are negligible.
Consequently, an approximate solution to the lubrication equation is given by ∆h ∼
h30f

′′(x) t, which is represented by the dashed lines in Fig. 8.8(a). Here, f(x) ≡ σ2(x).
Motivated by the presence of sharp peaks of the charge density at the line edges,

we now consider an infinitely narrow electrical pressure distribution

Pel(x) = F (h)δ(x) , (8.16)

where the function F (h) is determined by Eqs. (8.13-8.15) and introduce the following
non-dimensional quantities

h = h/h0 x = x/W (8.17)

t = t

/(
3µW 4

γh30

)
p = p

/(
γh0
W 2

)
. (8.18)

For a uniform initial condition h(t = 0) = h0 or equivalently h(t = 0) = 1, the hy-
drostatic pressure contribution is negligible initially, until the resulting film thickness
perturbation spreads much further than the capillary length ℓc ≡

√
γ/(ρg). Conse-

quently, in this regime the non-dimensionalization of Eqs. (8.2,8.3) results in

∂h

∂t
+

∂

∂x

(
h
3 ∂

∂x

[
∂2h

∂x2
− P el

])
= 0 , (8.19)

where we defined P el ≡ W 2Pel/(γh0). We consider small perturbations h = 1 + h1,
where h1 ≡ ∆h

h0
≪ 1, which yields a linearized lubrication equation

∂h1
∂t

+
∂2

∂x2

[
∂2h1

∂x2
− P el(x)

]
= 0 . (8.20)

We seek a self-similar solution for the function φ ≡ h1/t
β in the reduced coordinate

η ≡ x/t
α, which results in

βφ

t
− αη

t

∂φ

∂η
+

1

t
4α

∂2

∂η2

[
∂2φ

∂η2
− t

(α−β)
P el(η)

]
= 0 , (8.21)
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where we made use of the scaling property of the delta function

δ(x) =
1

t
α δ

(
x

t
α

)
. (8.22)

Consequently, a self-similar solution exists for the exponents α = β = 1
4 with corre-

sponding ordinary differential equation

φ− η
∂φ

∂η
+ 4

∂2

∂η2

[
∂2φ

∂η2
− P el(η)

]
= 0 . (8.23)

Figure 8.10 shows solutions of Eqs. (8.2,8.3) represented in terms of the non-
dimensional film deformation φ(η) for nine points in time and a delta-like charge
distribution σ3 (see Section 8.6). The nine curves, corresponding to eight decades in
time, essentially collapse as expected from the self-similar solution. The shape of the
curves qualitatively resembles the experimental and numerical solution depicted in
Fig. 8.6(d).

In view of this self-similar solution, one would expect power law relations tmin ∼
h−3
0 W 4 in Fig. 8.8(b) and 8.9(d), in excellent agreement with the observed scaling be-

havior. These scalings coincide with those of capillary redistribution dynamics [182,429],
because there is only a relatively small variation in σ between the peak positions
|x| < W/2 and away from the charged line |x| > W/2.

The dashed line in Fig. 8.7(d) corresponds to a power law with exponent 0.22,
which is close to the value of 1/4, that is also expected for capillary redistribution in
thin liquid films [153] in the regime ∆h/h0 ≪ 1. Since the non-dimensional deformation
∆h/h0 for the data corresponding to σ=30 µC/m2 approaches one, the agreement
is better for smaller values of σ. The dashed lines in Fig. 8.7(a,c) correspond to
power laws ∆hmax ∼ t0.3. The reasons for the slight deviation from the exponent 0.25
expected from the self-similar solution are that the condition ∆h≪ h0 is not perfectly
fulfilled in all cases, that the influence of the transition from the linear regime still
lingers on and that the two interior minima in the region |x| < W/2 begin to merge
at t ≈ 10 s.

For our case of a peak in the charge distribution that has a small - but finite
- width wpeak, the transition between the linear regime ∆h ∼ t and the self-similar
regime ∆h ∼ t1/4 can be estimated to occur when the width of the self-similar solution
exceeds wpeak. According to the definition of the reduced coordinate η = x/t

α, we
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expect the transition time to scale as ttrans ∼ 3µw4
peak/(γh

3
0), i.e. to be independent

of W , which is consistent with Figs. 8.8(c) and 8.9(e).

8.4.7 Line pairs: influence of line spacing L

We extended our numerical simulations to the case of two charged lines, spaced by a
line spacing L between them and focused our attention on the film profile between the
two charged lines. We calculated how the valley between two charged lines evolves as
a function of time and gap spacing L between the lines. For this study, the width of
the computational domain was increased to 2 cm and L was varied between 0.5 mm
and 8 mm. Detailed information about the the charge distribution σ3(x) of these line
pairs is given in Section 8.6.

In Fig. 8.11(a), the film profile at different times is plotted for L=1.4mm. Because
of the combined effect of the two charged lines, the center film thickness at h(x = 0) at
t = 1000 s (red line) is significantly lower than the outer minimum at x ≈ 3 mm. The
normalized change of both as function of time is shown in Fig. 8.11(b) for different
values of L. Figure 8.11(c) shows the influence of L on the absolute value of h(x = 0)
and hdip at different points in time. Figure 8.11(b) shows that for relatively narrow
line spacing L≤1 mm, the position of the dip coincides with the line center x = 0.
With increasing line spacing, however, separate pairs of off-center minima [labeled
hdip in Fig. 8.11(a)] sustained for longer times before they merge at x = 0. The line
spacing at which this coalescence occurs depends on time as shown in Fig. 8.11(c).
For large values of L, the configuration of isolated lines is recovered, whereas for small
values of L, the two inner peaks tend to coalesce and increase h above h0. This graph
also shows that the optimal L for reaching a deep minimum between the lines depends
on the duration of an experiment, but generally in the order of L = 1mm for this
shape of the surface charge distribution σ.

8.5 Summary

We investigated the impact of static surface charge distributions on the deformation
of thin films of a dielectric liquid on a solid substrate by means of experiments and
numerical simulations. We deposited patterns of surface charges by dragging a droplet
over the substrate in a pre-defined trajectory, while attached to a needle, maintained
at high voltage. We measured the surface charge distribution using an electrostatic
voltmeter and characterized the charge density profile as a function of the needle
voltage and diameter. The charge density, deposited at the receding contact line
of the dragged droplet, increased approximately linearly with the applied voltage.
Interestingly, even electrically grounded or neutrally charged dragged droplets induced
a surface charge density of σ ≈ −4 µC/m2, decreasing with distance and even changing
sign for the case of an electrically isolated droplet.

After charge deposition, we spin coated a thin film of a dielectric liquid onto the
charged substrate and measured the time evolution of the film thickness distribution
by interference microscopy. We explained the local minimum at the center of a line
of charge density by the presence of a higher charge density at the side of the charge
distributions. We obtained good agreement between experiments and numerical sim-
ulations based on the lubrication approximation and a dielectrophoretic pressure. We
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Figure 8.11: Influence of the gap spacing L between two parallel lines on ∆h(x, t).
(a) Film thickness profiles at different times for W=1.4 mm and L=1.4 mm. (b)
Normalized film thickness at the center line (x = 0) and the dip as defined in (a) as
a function of time for different L. (c) Film thickness at x = 0 as a function of L for
different points in time.
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Figure 8.12: Influence of probe to substrate distance on the measured charge density
profile σ(x)

systematically investigated the influence of the charged line width, initial film thick-
ness and surface charge magnitude and the influence of two adjacent charged lines.

Finally, we elucidated the observed scaling behavior by means of a self-similar
solution for a narrow charge distribution.

8.6 Additional information

8.6.1 Influence of probe-to-surface distance

Figure 8.12 shows several measurements of the same surface charge density profile
σ(x), scanned at different distances H between the charged substrate and electrostatic
voltmeter probe. The charge was deposited using a needle of diameter Dneedle=6 mm
at a voltage Dneedle = −1250 V. The peaks at the edges of the charge distribution, x =
W/2, are more pronounced in measurements with smaller probe-to-surface distance.

8.6.2 Expressions for charge distributions σ(x)

The analytical expression for the charge distribution σ1(x) presented in Fig. 5(a) is

σ1(x) = σ0 for x ≤W/2

σ1(x) = σ0exp
(

−(x−W/2)2
(W/2)2

)
for x > W/2

(8.24)
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with W=1.4mm and σ0=17 µC/m2. The analytical expression for σ2(x) as used in
the simulations is

σ2(x) = σ0+

σpeak exp
(

−(x−W/2)2
w2

peak

)
+

σslope exp
(

(x−W/2)
wslope

)
for x ≤W/2

σ2(x) = (σ0 + σpeak + σslope)∗
exp

(
−(x−W/2)2

w2
peak

)
for x > W/2

(8.25)

with σ0=17 µC/m2, wslope=0.2 mm and σslope=8 µC/m2 and W is variable. For the
simulations presented in the paper, the values wpeak=50 µm and σpeak=37 µC/m2

were used. Table 8.1 shows examples of alternative combinations yielding indistin-
guishable results.

wpeak σpeak
(µm) (µC/m2)

10 106
25 60
50 37

100 23

Table 8.1: Combinations of wpeak and σpeak, resulting in equivalent thin film defor-
mation results. The combinations fulfill wpeak × σ

3/2
peak = (490± 10) µm(µC/m2)3/2

The analytical expression for σ3(x) as used in the simulations is

σ3(x) = σ0exp

(
−x2

w2
peak

)
(8.26)

with wpeak=0.5 µm and σ0=800 µC/m2.

8.6.3 Interference visualization
The conversion of film thickness profile h(x, t) to the greyscale fringe-pattern in
Fig. 8.6(g), was achieved by using a positive periodic function C(h) with an am-
plitude, slowly decaying within the relevant thickness range h .8 µm.

C(h) =
1

2
+

[
cos2

(
2πhn

λ

)
− 1

2

]
cos2

(
2πhn

50λ

)
(8.27)

with n = 1.452 the refractive index for the liquid film of squalane and λ = 660 nm
the center wavelength of the illumination light source.



Chapter 9

Conclusions and outlook

9.1 Conclusions

In the previous chapters, we presented the results of systematic experiments and
numerical simulations of the deformation of thin liquid films by impinging air-jets,
IR-laser induced thermocapillary flow and dielectrophoresis due to electrostatic charge
distributions. We characterized the rupture and dewetting of liquid films on partially
wetting substrates in terms of rupture time and density of dry-spots. Moreover, we
performed a thorough analysis of the resulting distributions of residual droplets.

In this chapter, we present the main results and conclusions of the work. First we
focus on the deformation of liquid films, then we focus on film instability and breakup
and review our conclusions about the disjoining pressure.

Suggested directions for further research will be discussed at the end of this chap-
ter.

9.1.1 Controlled deformation of liquid films

Air-jet induced film deformation

In Chapter 5, we studied the rim shape and minimum film thickness of a track of lower
film thickness caused by the shear stress and pressure distribution of an impinging jet
on liquid films of four different liquids on a moving substrate. We found very good
agreement between experiments and numerical simulations.

The minimum film thickness hmin is independent of the initial film thickness h0
and approximately linearly proportional to the substrate speed Usub for low values of
hmin, both for round jets and slot jets. This corresponds to the regime where hmin is
determined by the wall shear stress. For higher film thickness, the pressure gradient
of the air-jet becomes more important, as shown by our simulations in Chapter 6.
Multiple round jets exhibit a secondary minimum in film thickness.

For a slot-jet of width w, the nozzle to film distance H is important for obtaining
a smooth residual film. In case H/w >5, striations in the direction of movement were
observed (Chapter 6). A round impinging jet (Chapter 5) did not exhibit this kind of

161
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instabilies, but for a distance H/D >10, the minimum film thickness hmin increased
more strongly with H. Ripples at the front rim were observed in the liquid film in
experiments and simulations at a combination of jet Reynolds number ReD & 1200
and higher substrate speed Usub & 8 mm/s.

In the case ReD < 100 and stationary samples (Chapter 4), we found that the dip
shape is strongly influenced by minute quantities of surface active agents.

Laser-induced film deformation

In Chapter 7, we studied the thermocapillary deformation of a liquid film by infrared
laser irradiation. For a stationary substrate, our numerical results of the minimum
film thickness were in good agreement with the measurements, showing an asymptot-
ically linear decrease with time according to hmin ∼ t−1.

On a moving substrate, the temperature profile becomes asymmetric with high
temperature peak at around half the laser beam radius. The scaling of temperature
maxima and extrema in the temperature gradient with the substrate speed Usub

depends on the thermal Péclet number Pethermal. In contrast to the deformation
of a moving film by an impinging air-jet, the laser-induced track exhibits a front rim
that is significantly lower than the side rims.

Patterned thin film deformation was achieved by laser irradiation using a digital
micromirror device (DMD).

Charge-induced film deformation

Chapter 8 presents our results of dielectrophoresis in thin liquid films. We adapted the
technique of Chudleigh [390] and Engelbrecht [391] and created patterns of electrostatic
charge density on dielectric substrates by dragging an electrified water droplet over
the surface. We found that also in absence of an imposed electric potential, charge is
deposited from the receding contact line of a moving droplet.

After application and characterisation of charge distributions, we applied a thin
liquid film of dielectric liquid and studied the deformation of the liquid film due to
dielectrophoresis.

For the shape and spreading behavior of the liquid film next to the charge distri-
bution we derived a self-similar solution.

9.1.2 Rupture and dewetting on partially wetting substrates

Earlier research of the rupture of thin liquid films on partially wetting substrates was
generally divided in two groups. Single rupture events were investigated by approach-
ing solid substrates immersed in low viscosity liquids with a small gas bubble [30,46].
Rupture of thin films on larger areas has typically been investigated using highly
viscous polymer melts [55], yielding quantitative data on densities of dry spots as a
function of film thickness.

By controlled deformation of liquid films on partially wetting substrates, we in-
troduced a new approach to the investigation of film rupture. In Chapter 4, we
measured and simulated the film rupture time of a stationary sample as a function
of jet Reynolds number ReD and needle diameter D. We found that films can be
ruptured faster with narrower jets.
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Moreover, the combination of air-jets and a slot-jet with moving substrates, en-
abled us to determine dry-spot densities as a function of local film thickness for lower
viscosity liquids.

In the case of moving samples and round air-jets (Chapter 5), we observed film
rupture for film thickness hmin .150 nm. The density of dry-spotsNH was found to be
independent of substrate speed Usub, jet Reynolds number ReD in the sense that the
effect of a higher Usub can be compensated with a higher ReD. NH is essentially equal
for ethylene glycol (1EG) and tri(ethylene glycol) (3EG) on polycarbonate substrates,
showing that viscosity µ has no influence on film rupture. The surface tension or the
contact angle has a stronger influence on film rupture.

For the density of dry spots NH in our experiments with moving samples and
round air-jets, we found a scaling NH ∼ h−αmin with exponent α ≈ 4 for low film
thickness and α ≈ 2 for higher film thickness. The change in exponent is due to
lateral confinement, which causes the film to rupture essentially on a line defined by
the jet trajectory. In case of lower film thickness, the width of the track is larger
than the typical distance between dry-spots, similar to a two-dimensional area of
more-or-less uniform film thickness, yielding α ≈ 4.

When a liquid film on a partially wetting substrate ruptures, the film dewets by
the growth of dry-spots. Where the rims surrounding the dry-spots meet, residual
liquid droplets are left behind. The scaling for the density of residual droplets Nd
and the average droplet radius ⟨R⟩ follows from the dry-spot density according to a
geometrical scaling analysis, based on instability of the dewetting rim. In the case of
film rupture by slot-jet the instability of the dewetting rim leads to droplet shedding.

When a slot-jet is used to create a wider track of lower film thickness (Chapter 6),
film rupture in the deformed track is observed up to at least hres=300 nm. In absence
of the confinement effect, we find a power law for the density of dry spots over the
full range of NH ∼ h−αmin with 3 ≤ α ≤ 4. The density of dry spots NH as a function
of hmin is quantitatively very similar to the data of others [27,55–57,59] for thin polymer
films on silicon substrates.

Liquid films of thickness 1 µm< h0 <5 µm, spin-coated in the absence of impinging-
jets, have a dry spot density NH comparable to the extrapolation of the power law
NH ∼ h−3

min.
Experiments and numerical simulations of film rupture in stationary liquid films

due to infrared laser irradiation were presented in Chapter 7.
Due to the large time scales for dielectrophoretic deformation of liquid films with

thicknesses in the micrometer range with respect to the film lifetime, investigation of
film rupture by dielectrophoresis did not yet yield reproducible results.

The observed approximate scaling relations are given in Table 9.1.

9.1.3 Disjoining pressure

The rupture and dewetting of liquid films on partially wetting substrates is driven by
disjoining pressure, an internal pressure arising from the proximity of the solid-liquid
and the liquid-air interface.

In Chapter 2, we estimated the best-understood contributions to the disjoining
pressure isotherm Π(h) of tri(ethylene glycol) on polycarbonate. We estimated that
in the range of film thicknesses 30 nm≤ h ≤ λD, the electric double layer interactions
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Table 9.1: Overview of observed approximate scaling relations. We refer to the re-
spective chapters for more descriptions and the limits of validity.

Controlled deformation of liquid films:

Chapter 5: round jet, moving substrate
Minimum film thickness hmin ∼ U−1

sub

hmin ∼ Re2D (200 . ReD . 2000)
hmin independent of h0 (if hmin ≪ h0)

Evaporation important: hmin . 100 nm (for water or 1EG)

Chapter 6: slot jet, moving substrate
Residual film thickness hres ∼ U−1

sub (shear-dominated for hres . 1 µm)
Smooth film for H/W . 5 (small stand-off distance)

Chapter 7: laser heating, stationary substrate
Minimum film thickness hmin ∼ t−1 (asymptotically for large t)

hmin ∼ I−1
0 (for low I0 or constant µ)

Chapter 7: laser heating, moving substrate
Minimum film thickness hmin ∼ Uαsub where 1 < α . 2.2

hmin ∼ I−β0 where 1 < β . 2.1
Scalings for a moving substrate depend strongly on
thermal Péclet number Pethermal = w(0)Usub

ρcp
k and

temperature dependence of viscosity µ
Chapter 8: dielectrophoresis due to narrow line of surface charge

Peak and valley height ∆h ∼ σ2t0.25

Location of minimum xmin ∼ t0.25

Rupture and dewetting of non-volatile liquid films:

Chapter 5: round jet, moving substrate
Density of dry spots NH ∼ h−4

min (NH ∼ h−2
min if laterally confined)

Density of droplets ND ∼ h−3.5
min (approximate)

Average droplet radius ⟨Rd⟩ ∼ h1.5min (approximate)
Chapter 6: slot jet/airknife, moving substrate

Density of dry spots NH ∼ h−αmin (3 ≤ α ≤ 4)
Density of droplets ND ∼ h−2.8

min (approximate)
Average droplet radius ⟨Rd⟩ ∼ h1.1min (approximate)

are the dominant attractive contribution. Our theoretical approximation for Π(h)
in that range therefore scales according to Π ∼ h−m, where m = 2. The estimate
strongly depends on the electrolyte concentration and hence the size of Debye length
λD, which was not specified. For lower film thickness h .30 nm, polar interactions
are found to increase the attractive strength of the disjoining pressure.

Based on our experiments and simulations of the rupture time of a liquid film
on a partially wetting substrate due to an impinging air-jet in Chapter 4, we found



9.1. CONCLUSIONS 165

10
−8

10
−7

10
−6

10
−2

1

10
4

10
2

10
6

film thickness h (m)

-∏ (Pa)

Chapter 5:

dry-spot density

(round jet)

+Chapter 2: 

Chapter 4 and 7:

rupture time

(round jet & IR-laser)

Chapter 2: theory

Chapter 6:

dry-spot 

density 

(slot jet)

∏
KD,s

Figure 9.1: Comparison of the attractive (negative) range of the disjoining pressure
isotherms for tri(ethylene glycol) on polycarbonate described in this thesis.

that disjoining pressure with m≥3 with an optimal fit for m = 4. Using the same
parameters, we obtained excellent agreement between the experimental and numerical
rupture times due to stationary IR-laser irradiation in Chapter 7.

The power law for NH in our experiments with a round jet on a moving film
in Chapter 5 corresponds to the most unstable wavelength due to a non-retarded
Van der Waals-like disjoining pressure(m=3) with an effective Hamaker constant
Aeff=2.3·10−21J, close to the Tabor-Winterton approximation of the Keesom-Debye
interactions, ΠKD,s (see Chapter 2).

The power law for NH in our experiments with a slot-jet deforming a moving
liquid film stretch over a longer range of film thicknesses and corresponds to the most
unstable wavelength due to a disjoining pressure potential with m between 2 and 3.

Figure 9.1 summarizes the disjoining pressure isotherms found in the different
chapters. The disjoining pressure corresponding to the dry-spot density in Chapter 6
covers the colored area between two lines. The line for Chapter 5 lies slightly below,
due to the curvature of the deformed track in those experiments.

The power laws that we find for dry-spot density NH as a function of film thickness
hmin in thin films of a polar liquid [tri(ethylene glycol)] on a polymer substrate are
reproducible and consistent over a large range of film thicknesses. We obtained over-
lapping data with ethylene glycol, indicating that volatility and viscosity do not affect
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film rupture. Moreover, our results are quantitatively comparable to measurements
of others on polymer melts on silicon, a very different material system.

However, the disjoining pressure explaining the rupture time data of Chapters 4
and 7 does not match the disjoining pressure of Chapters 5 and 6. According to our
stability analysis in Chapter 2, the most unstable wavelengths are amplified with a
time constant that increases strongly with film thickness. We did not observe this in
our experiments with moving jets.

This implies that the film rupture is accelerated by additional effects. This discrep-
ancy between length scales and time scales was also observed for thin polymer films [58].
There, residual stresses were found to be the reason for the discrepancy [146,147]. In
Section 2.2.6, we discussed other heterogeneities that can influence the disjoining pres-
sure or induce rupture in liquid films. The topography of the polymer substrate was
evaluated by atomic force microscopy (see Appendix A.2), with typical roughness
values in the order of a few nanometers. This can explain rupture of the thinnest
films, but not the power-law describing the density of dry spots up to several hundred
nanometers.

9.2 Outlook, open questions and future work

9.2.1 The origin of film rupture

In Chapters 4 and 7, we found that the same expression for the disjoining pressure
accurately predicted the time of film rupture. However, the measurement of dry
spot density in Chapters 5 and 6 hinted at a weaker disjoining pressure, closer to
the theoretical estimate. This discrepancy between time and length scales raises the
question whether long range forces [61], heterogeneities [58,146], or a combination of
both govern the film rupture process.

We suggest to investigate this issue by performing numerical simulations of the
heterogeneities and evaluating their influence on film rupture dynamics and charac-
teristic wavelength along the lines of the numerical analyses in Chapter 2. Examples
of these heterogeneities are topographic, chemical or electrostatic defects. Moreover,
it will be relevant to consider an additional thermal noise contribution in these sim-
ulations [148,149].

An interesting observation follows from a set of experiments performed on an im-
mersion lithography test setup at ASML. Figure 9.2 shows the residual water droplet
pattern of three individual experiments performed at the same experimental parame-
ters at the same location on a partially wetting wafer. Each pattern is represented in
a different color (overlapping droplets result in mixed colors, black being the sum of
all three colors). The locations of droplets are rather well reproducible. This suggests
that there is a distribution of surface defects on the wafer, causing the nucleation of
dry spots at reproducible points in time and space. Whether these defects were there
before the first test or caused by the rupture, dewetting and / or partial evaporation
of droplets in the first experiment should be investigated by chemical, topographic
and electrostatic microanalysis of the wafers. Experiments similar to those in Chap-
ter 6 of this thesis can be performed with special focus on the reproducibility of film
rupture location.
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Figure 9.2: Reproducibility of dry-spot location. Overlayed images of three subse-
quent immersion hood scans on the same wafer. Each pattern is represented in a
different color. Overlapping droplets result in mixed colors. (Images courtesy of
Rogier Cortie, ASML).

Theories according to which sub-micron dust particles [49,133] are responsible for
film rupture can be investigated by purposely adding those particles and evaluating
their influence on film rupture time.

Nanobubbles [48] are often associated with the rupture of liquid films. The ex-
istence and stability of surface bound bubbles in liquid films is a relevant topic of
research [129,130]. To reduce the probability of nanobubbles, experiments should be
performed using thoroughly degassed liquids, depositing the non-volatile liquid films
in a vacuum and possibly deforming them using IR-laser irradiation.

The disjoining pressure, surface tension and wettability are closely related. A
comparison between the results of Reiter [55] and Jacobs [58] for polystyrene films on
different surfaces shows that dry-spot density increases with surface hydrophobicity.
Our first experiments with glycerol, which has a higher surface tension and a contact
angle on polycarbonate than tri(ethylene glycol) (3EG), point at a similar trend. An
experimental study of the dry-spot density as a function of substrate wettability will
shed some more light on this. Our estimate for the disjoining pressure isotherm of 3EG
in Chapter 2 revealed that electric double layer interactions can offer an explanation
for the instability occurring in pure liquid films with thickness higher than 100 nm.
The accuracy of this calculation depends strongly on the decay length of these inter-
actions, the Debye length, which depends on the permittivity and ion concentration
of the liquid. To investigate the validity of this theory, it will be interesting to check
if the dry-spot density NH changes with a change in salt concentration in the liquid.
Our experiments in Chapter 5 and 6, provide a useful method for quantification of
NH .

In Chapter 8, we systematically investigated the influence of electrostatic surface
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Figure 9.3: Dewetting, evaporation and film rupture of a high refractive index liquid
on a glass substrate.

charge with feature sizes in the millimeter-scale on the deformation of dielectric liq-
uid films with thicknesses in the micrometer range. The effect was strong, but the
deformation was rather slow compared to the timescales of dewetting. Moreover, the
stability of charge distributions was better in dielectric liquids than in polar liquids due
to the absence of conductivity. According to our analysis, the deformation timescale
scales with the fourth power of the deformation, so narrower distributions have faster
effects. If the timescales of deformation become comparable to the timescales of film
formation and/or charge homogenization, film rupture can be accelerated. We sug-
gest an experiment in which impinging jets or IR-lasers are used to thin a liquid film
on very narrow charge distributions on a partially wetting substrate.

9.2.2 Volatile liquids

In many applications, such as immersion lithography, volatile liquids are used. In
Chapter 5 we measured the deformation of volatile films due to impinging gas jets
and documented that the volatility, nor the viscosity of a liquid is crucial for the
density of dry-spots. In most chapters, however, our experiments and simulations
have focused on the deformation, rupture and dewetting of thin films of non-volatile
liquids.

When evaporating liquid films are used, the film thickness not only depends on
the method of preparation, but also on time, temperature and the convection in the
surrounding gas. This can all be accounted for in the lubrication equation used in this
thesis. As a future study, we suggest to continue numerical and experimental work
with a larger focus on volatile liquids in combination with impinging jets or infrared
irradiation.

The evaporation of liquid films provides a natural way to characterize dry-spot
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1mm

Figure 9.4: A thin liquid film of tri(ethylene glycol) with an initial thickness h0=5 µm
and a substrate speed Usub=2 mm, deformed by a impinging air jet at ReD=2730.
The dashed circle indicates the nozzle diameter D=200 µm.

density as a function of film thickness. An illustrative example is provided by Fig-
ure 9.3, showing an experimental result for a volatile partially wetting high-refractive
index liquid (JSR Micro, Japan) on a clean glass substrate. The outer contact lines
recede showing the characteristic rim instabilities (described in Chapters 5 and 6). As
the volatile partially wetting liquid film becomes thinner, dry-spots nucleate. With
time and decreasing film thickness the dry-spot density increases. This experiment
relies on the fact that the receding contact lines move slow enough to enable signif-
icant thinning of the thin film region. Combining such an experiment with the film
thickness measurement technique of Section 3.3.2, provides a single-movie method for
characterization of dry-spot density as a function of film thickness.

9.2.3 Air-jet liquid film interactions

Turbulent gas jets

Our experiments and simulations of deformation of liquid films by impinging jets
were limited to laminar jets. For jets with higher Reynolds numbers ReD & 2300 a
transition to turbulence sets in. In our experiments with moving gas jets, we observed
this as a growing number of disturbances in the liquid film, caused by turbulent
fluctuations in the gas jet. Figure 9.4 shows an example of such a measurement. The
track in the liquid film is wider than the field of view and the front rim assumes a
non-parabolic shape.

Because the interactions of turbulent jets and liquid films can have high relevance
to technical applications, a more detailed study of these effects will be valuable.

Interaction of gas jet and deforming liquid film

In Chapters 4 and 5, our numerical simulations of the pressure and shear stress distri-
butions from the impinging air-jets were based on a flat boundary with no-penetration
and no-slip boundary conditions. The validity of this assumption was checked numer-
ically and proven experimentally for low liquid film deformations. However, in the
case of high slopes and for gas flows with boundary layer thicknesses comparable to
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the liquid film thickness, a two-way coupling between the gas flow model and the thin
liquid film simulations is required.



Chapter 10

Applications

10.1 Introduction

In this thesis, we studied the deformation, rupture and dewetting of thin liquid films
on partially wetting substrates. By means of systematic experiments and numerical
simulations, we investigated how a thin liquid film can be deformed by impinging gas
jets, infrared laser irradiation or static surface charge distributions.

In Chapters 4-6, we demonstrated how films rupture and dry-spots can appear in
a thin liquid film deformed by an air-jet on stationary and moving substrates. Film
rupture occurs faster at higher gas flow rates (higher Reynolds numbers). Typically,
film breakup occurs by the nucleation of multiple dry spots, which results in patterns
of residual droplets on the surface. We quantified the density of dry spots and distri-
butions of residual droplets in Chapters 5 and 6 and found a strong dependence on
local film thickness.

In industrial applications such as discrete area coating [5], a controlled initiation
of dewetting and redistribution of liquid is required, but residual droplets are unde-
sirable. In Section 10.2, we present a method to initiate liquid redistribution without
leaving residual droplets behind. Interestingly, the same method can be used to lo-
cally deposit a coating on a partially wetting substrate. This aspect is described in
Section 10.3.

In immersion lithography [17,18], the maximum number of wafers that can be ex-
posed per hour is limited by the critical scan speed. Above this speed, water loss will
occur. In Section 10.4 we present a technique to increase the critical scan speed and
potentially raise the productivity of immersion lithography machines.

In Section 10.5 we briefly discuss the use of residual droplet patterns for applica-
tions in nanotechnology, whereas Section 10.6 presents a potential industrial applica-
tion for the optically-accessible spin-coater developed in this project.

Two patent applications have been filed based on parts of this chapter (2013).
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10.2 Residue-free liquid redistribution

In liquid coating technology, with applications for example in organic electronics,
organic photovoltaics [430] or the manufacturing of organic light emitting diodes, the
creation of patterned coatings is desirable. A common technique to obtain patterns in
a continuous coating line is inkjet printing. Another technique combines conventional
large-area coating technology with chemically pre-patterned substrates, consisting of
wettable and partially-wettable or non-wettable areas [5,431].

In a current technique for creating discontinuous, patterned coatings in a large-
area coating machine, surface modifications of the substrate are required, such as
rendering it locally or globally hydrophilic. In the case of chemically pre-patterned
substrates and high coating speeds, liquid initially covers the entire substrate and
this liquid needs to be redistributed in a subsequent step. This redistribution can be
initiated by using an air-jet to disturb and rupture the liquid film, i.e. to generate a
dry spot that grows and initiates dewetting [5,431].

However, the use of a gas jet often leads to multiple dry-spots and the formation
of undesirable residual droplets, potentially leading to coating defects. Similarly, the
current use of air-jets in immersion lithography promotes the formation of multiple
rupture sites, leading to a hexagonal pattern of droplets, the size and distribution of
which depends on the residual film thickness.

In Chapter 7, we studied the deformation and rupture of liquid films on stationary
and moving substrates by localized infrared (IR) laser heating. We found that by
using an IR laser instead of an air-jet, fast and clean nucleation of a single dry spot
is possible. Figure 10.1 shows the results of our experiment. A liquid film of the non-
volatile polar liquid tri(ethylene glycol) with a film thickness h0=5 µm is spin coated
on a partially wetting polycarbonate substrate. Using our custom-designed optically-
accessible spin coater (described in Chapter 3), we visualize the deformation of the
liquid film through the transparent substrate while deforming the liquid film from the
opposite side. This is sketched in Fig. 10.1(a).

The micrographs in Fig. 10.1(c) show the build-up of a deformation in a liquid
film moving at velocity Usub=2 mm/s with respect to an impinging air-jet. A wide
track is obtained in which dry-spots nucleate and grow. In the region between the
dry-spots, small residual droplets are left behind.

In the experiment in Fig. 10.1(d), we focused an infrared (IR) laser beam with
a wavelength of 1470 nm on the rotating substrate, locally increasing the substrate
temperature. Due to local reduction of the surface tension, a depression is formed in
the liquid film and the film ruptures. In this case, however, the dry spot is not round
but elongated and grows without the nucleation of new dry-spots, thereby eliminating
residual droplets.

The difference between the two techniques is caused by an increase in the dewetting
speed Vd of tri(ethylene glycol) on polycarbonate. In Fig. 10.1(c), the nucleated dry-
spots grow with a more or less constant dewetting speed Vd ≈0.5 mm/s, resulting in
round dry-spots. The dry-spot nucleated in the thin liquid film deformed by IR-laser
grows faster than the dry-spots in the air-jet deformed film. The front rim of the dry
spot growth assumes the same speed as the substrate movement Usub=2 mm/s. This
means that the dewetting Vd speed is at least four times its value at room temperature.

According to Refs. [78,248], the speed of the dewetting rim is described by a
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Figure 10.1: Rupture and dewetting of liquid films on a moving substrate. (a)
Schematic of the experimental setup. (b) Temperature dependence of viscosity µ and
surface tension γ of 3EG [333,432]. (c) Multiple rupture events and round dry-spots
lead to a pattern of residual droplets after dewetting due to air-jet impingement. (d)
Occurrence of a single, elongated dry-spot due to a laser generated temperature pro-
file. (e) Schematic implementation for making regular droplet patterns. (f) Example
of laser-controlled redistribution of a thin film of PEDOT:PSS solution.
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capillary number Cad depending on the contact angle θ

Cad =
Vdµ

γ
=
θ3

9

[
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(
kθCa

1/3
d

w2

h

)]−1

, (10.1)

where k is a constant including material parameters like the slip length [248], µ is the
viscosity and γ is the surface tension. The last part of the equation accounts for the
influence of the rim width w and film thickness h (see Section 4.5).

Thus, for constant Cad, the dewetting speed Vd can be increased by increasing
surface tension or reducing viscosity. Figure 10.1(b) shows the influence of tempera-
ture on µ and γ for tri(ethylene glycol) [333,432]. An increase in temperature decreases
the surface tension, but the decrease in viscosity µ is much larger. An increase in
temperature of 40K, for example, would reduce the viscosity to approximately 20
percent of its value at room temperature.

By increasing the temperature of the liquid, the viscosity is decreased and a higher
natural dewetting speed is obtained. If this dewetting speed is higher than the sub-
strate speed, no residual droplets will be left behind. Moreover, it is not unlikely that
the thermocapillary stress that causes the deformation of the film (see Chapter 7) also
assists in increasing the dewetting speed. Finally, the receding contact angle of the
liquid can increase [433] with increasing temperature, thereby increasing the dewetting
speed.

Using a laser array or multiple laser spots, allows one to make liquid rivulets,
that break up into nicely aligned droplets because of the Rayleigh-Plateau instability,
as sketched in Fig. 10.1(e). The application of droplet patterns can be beneficial
in applications like microarrays, where regularly spaced droplet patterns are used
for DNA screening applications or for the fabrication of microlenses. In immersion
lithography, larger droplets positioned along a line will be easier to remove than
randomly distributed small droplets.

For the practical implementation of this technique, evaporation effects, heat-load
tolerances and substrate stability should be taken into account.

In coating technology, relevant liquids are typically not non-volatile pure liquids,
but rather solutions or dispersions of polymers or nanoparticles in a volatile solvent,
possibly containing additives such as surfactants. An example of such a coating
solution was used for the experiment in Fig. 10.1(f). A thin liquid film of an aqueous
dispersion of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
nanoparticles (0.63 weight%, AGFA, product number HILH-C5), a relevant material
for organic electronic devices, is spin coated on a polycarbonate substrate. An infrared
laser beam is focused on the liquid film and locally heats the solution, which absorbs
the laser light strongly. After nucleation of an initial dry-spot, an elongated dry track
is created, similar to Fig. 10.1(d), showing that the technique also works for complex
liquids.

10.3 Patterned coating deposition on a partially wet-
ting substrate

When the method in Section 10.2 is performed using different values of the operating
parameters (film thickness, substrate speed, laser power), the temperature rise can
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Figure 10.2: Deposition of a solid coating by laser heating of a liquid solution of
PEDOT:PSS nanoparticles. (a) Image of the deformation in the liquid film during
deposition, (b) Microscope image of the deposited stripe of solid material.

induce a rapid local evaporation of the solvent. The result is local deposition of a dry
solid layer from the solution or dispersion even on partially-wettable substrates, which
are difficult to coat without surface modifications such as corona-discharge treatment
otherwise.

Examples of the deposition of dry solid layers from liquid films by local heating
have been published earlier [330]. In those cases a continuous film is created, typically
on a hydrophilic surface. Around the position where heat is added or removed, a
change in film thickness, film properties or solute concentration is induced. In our
method however, because of the partially wetting nature of the substrate, no solid
layer is left around the pattern of deposition.

As an example, we spin coated a thin film of an aqueous dispersion of PEDOT:PSS
nanoparticles. Similar to the setup in Fig. 10.1(a), an infrared laser beam of approx-
imately 250 µm diameter is focused on the film, while the substrate is rotating. Fig-
ure 10.2 shows the result. A depression is created in the liquid film without causing
film rupture [Fig. 10.2(a)]. After the liquid has receded from the substrate, a narrow
stripe of solid PEDOT:PSS is left on the substrate. A microscope image of that stripe
is presented in Fig. 10.2(b).

This promising technique offers a flexible way to deposit a patterned coating with
very high image contrast, directly on a partially wetting substrate without the need
for surface modification.

10.4 Raising the critical scan speed in immersion
lithography

State-of-the-art immersion lithography systems suffer from water loss due to viscous
entrainment above a certain critical scan speed (see Chapter 1). The value of the
critical scan speed in the immersion lithography system is determined by the wetting
properties of the photoresist material as well as the design and operating parameters
of the immersion hood, employing an air curtain as well as liquid recirculation to
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Figure 10.3: The dewetting tail of a water droplet on a polycarbonate substrate under-
going rotary motion at 110 mm/s. (a) Sketch of the experimental setup. (b) Viscosity
µ and surface tension γ of water [435] as a function of temperature T . (c) Bottom view
of the droplet tail without IR-laser illumination (d) with IR-laser illumination.

improve the meniscus stability and reduce water loss [26]. The critical scan speed
poses a limitation to the throughput in terms of wafers per hour.

In this section, we present a proof-of-principle experiment showing that the critical
scan speed can be raised, potentially allowing for a higher throughput in immersion
lithography.

In our experiment, a droplet of water is maintained stationary over a rotating
substrate of polycarbonate. With rising substrate speed Usub, a triangularly shaped
tail is formed at the receding side of the droplet, which reduces the effective retraction
speed normal to the contact line [22–25,434]. In our experiment this tail starts shedding
droplets above Usub=120 mm/s. When illuminating the tail with a 1470 nm laser
beam, the triangular shape and the droplet shedding instability disappears.

Figure 10.3(a) shows a sketch of the experimental setup. The water droplet is
held stationary by means of a glass disk attached to a rod, located off-center with
respect to the axis of rotation. The shape of the droplet tail is imaged from below,
using a short-pass filter to block the laser light. The laser beam, originating from a
glass fiber, is pointed at the conical tail of the droplet. For alignment purposes, a
red pilot laser of wavelength 635 nm is available. Figure 10.3(c) shows the shape of
the receding contact line for a speed of 110 mm/s with the bright spot caused by the
pilot laser. When the IR-laser is turned on instead of the pilot laser, the droplet tail
becomes less pointed [see Fig. 10.3(d)] and the receding meniscus is stabilized.
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We identified three possible causes for this phenomenon. The main physical mech-
anism is closely related to the mechanism presented in Section 10.2. For a certain
critical capillary number Ca, a higher contact line speed can be attained when the
viscosity is lowered. Figure 10.3(b) shows the influence of temperature T on the vis-
cosity and surface tension of water [435]. The effect on viscosity is weaker than for
3EG, but still appreciable.

Secondly, the receding contact angle depends on temperature. For water on poly-
carbonate, the receding contact angle increases with temperature [433]. Equation 10.1
shows that the dewetting speed depends strongly on the contact angle.

A third mechanism could be that an increase in temperature at the contact line
induces a surface tension gradient in the liquid meniscus, driving a thermocapillary
flow away from the contact line.

There are different possible approaches to the implementation of this technique
in immersion lithography. Similar to the proof-of-principle experiment shown in
Fig. 10.3(c,d), an infrared light source could be used to raise the temperature of
the contact line region. By clever design, the heated volume should be minimized so
the contact line is accelerated without affecting the temperature of the substrate too
much. The main difficulty, is that the position of the receding contact line depends on
wafer speed, substrate material and process parameters such as the distance between
the immersion hood and the wafer as well as the presence of gas flows. This makes
positioning of the laser more challenging.

This difficulty could be overcome by only using the technique as a ’laser shield’,
a backup plan to avoid water loss. The laser light with a wavelength of 1470 nm
is strongly absorbed by water [436], whereas pure silicon is more transparent at this
wavelength [437]. By illuminating an area next to the contact line, little heat will be
added to the system until the contact line enters the illumination zone. This is partly
what happened in Fig. 10.3(d), where the meniscus has retracted and only part of the
laser light is absorbed in the meniscus. One could also turn on the light source only
in case of pending water loss.

Finally, one could consider to supply (part of) the immersion hood with pre-heated
water. Only the liquid close to the contact line needs to be heated, whereas the rest
could be kept at room temperature. Raising the temperature in the entire immersion
hood or even the entire apparatus, would probably require a redesign of the optical
system due to the temperature dependent change in refractive index, but could reduce
concerns about localized temperature gradients on the wafer.

Before the laser heating technique can be implemented in immersion lithography,
additional engineering challenges will have to be overcome. An example is the mini-
mization of heat-load on the wafer and the need to avoid temperature variations due
to contact with the warm liquid or evaporative cooling. Moreover, materials such
as coatings or photoresist must be optimized to avoid swelling or dissolution in con-
tact with the warm fluid. Finally, the presence of metal structures on the wafer can
potentially complicate matters because of their high absorption of infrared light.

A rough power estimate

To estimate how much power is needed to sustain a temperature increase of the contact
line, we perform a rough calculation. We assume that an immersion lithography
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system at room temperature has a critical scan speed of 1 m/s for a certain type of
photoresist. This means liquid will be lost when this speed is exceeded. We choose
to raise the temperature of the receding contact line with ∆T = 20◦C to 313 K. This
reduces the viscosity from 1 mPa·s to 0.65 mPa·s, which should increase the critical
scan speed to 1.5 m/s. Here, we neglect the increase of the receding contact angle
and decrease in surface tension with temperature.

Due to the high scan speed, the dynamic receding contact angle θdyn is lower than
the static receding contact angle. We assume a steady contact line with θdyn = 30◦ if
we heat the first 100 µm of the wedge of liquid over a length of 10 cm.

To maintain the liquid interface at 313 K, we continuously need to compensate for
the losses due to evaporation and convection at the liquid-gas interface and conduction
to the substrate. Due to the high thermal conductivity of silicon compared to water,
the top surface of the silicon will remain close to room temperature. The heat loss due
to conduction over the liquid wedge is approximately Ploss = λc,liq∆TA/davg = 4 W,
where λc,liq = 0.6 W/m·K is the thermal conductivity, davg ≈ 30 µm the average
thickness of the liquid wedge and A = 10−5 m2 the contact surface between the liquid
wedge and the wafer. The losses due to evaporation and convection are much lower.
So the required power for θdyn = 30◦ is Prequired ≈ 4 W.

The absorption coefficient of water at a wavelength λ = 1470 nm is approximately
α = 26 cm−1, which means that a fraction of [1− exp(−αdavg)] =7.5% is absorbed in
the film. The power of the light source should therefore be 13 times higher, requiring
a power Plaser of approximately 52 W (or lower if reflection at the substrate is taken
into account).

If a dynamic contact angle of θdyn = 60◦ can be maintained by a temperature
rise of 20 K, the average wedge thickness would become davg = 87 µm and thus
Prequired = 1.38 W . The absorbed percentage becomes approximately 20% and the
needed laser power is only Plaser = 6.9 W or even lower due to reflection.

This rough estimate illustrates that the shape of the liquid meniscus strongly
influences the required laser power. It is advantageous to illuminate a thicker film
of water to reduce losses and increase absorption of light. This both depends on the
wettability of the photoresist and the implementation of the technique. For a more
accurate and thorough estimate of the gains and costs of contact line acceleration by
localized heating, we suggest to perform more experiments and numerical simulations.
Interesting topics to look into are the equilibrium shape of a locally heated receding
contact line and the question which position near the contact line should be heated
to achieve optimal effect.

10.5 Self-assembly by dewetting

Although unwanted in discrete area coating or immersion lithography, spontaneous
rupture and dewetting of thin liquid or polymer films can be useful in other techno-
logical applications. The dewetting of ultrathin films creates patterns of droplets over
a large area [57] with a density and size distribution that is controllable by tuning the
material properties and initial film thickness (see Chapters 5 and 6).

For applications in nanotechnology, such as nanoelectronics or magnetic stor-
age [438], it is often desirable to influence the self-organisation process of dewetting.
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The alignment of dewetting pattern can be achieved by pre-patterning the surface with
chemical [143,144], topographic [439,440] or electrostatic [387] features. An alternative is
to direct the dewetting process using a stamping technique [438]. Thermocapillary
control of dewetting was proposed in Fig. 10.1(e).

10.6 Optically accessible spin coater

In this PhD-project, we designed an optically accessible spin coater that enables
simultaneous preparation, deformation and characterisation of thin liquid films. The
specifications of this device were described in Chapter 3. Besides being an excellent
tool for fluid dynamics research, it also has more direct industrial relevance. It can be
of assistance in trouble-shooting spin coating processes. Moreover, it is a potentially
useful diagnostic device for the evaluation of new coating formulations for roll-to-roll
coating and drying processes [4]. To avoid defects, the ratio of coating ingredients
needs to be optimized for each particular substrate material. The open-axis spin
coater will save time and resources, because it postpones the need of setting up a
pilot-line, using large lengths of web and cleaning the equipment after use. The
setup enables in-situ coating and subsequent drying by e.g. warm air-convection or
(infrared) heating [4], while simultaneously measuring the evolution of the liquid film.
After narrowing down the parameter range, a pilot-line test is still needed to to scale
up the process from laboratory scale [441].
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Appendix A

Material data

In this appendix we provide additional information, related to materials used in this
thesis. Section A.1 lists the substrate materials and liquids investigated for their use
in the experiments. Section A.2 presents the atomic force microscopy data of the
substrates used in Chapters 4-8.

A.1 Material overview

In preparation of the experiments described in this thesis, we investigated many dif-
ferent combinations of substrate materials and liquids. To study the deformation,
rupture and dewetting of liquid films, we needed a partially wetting material system,
consisting of a pure liquid and a solid substrate, that allows the application of a
metastable liquid film with a thickness in the order of micrometers. The solid surface
should be as uniform and smooth as possible, such that the film does not rupture
prematurely due to chemical and/or topographic defects. Ideally, the liquid should
be a polar liquid, with a surface tension close to that of water. This would allow us
to compare the results to the industrial application, immersion lithography, that uses
ultra-pure water as a liquid.

Table A.1 lists the materials investigated, divided into the categories of self-
assembled monolayers, polymer coatings and untreated bulk materials. Fully wet-
ting material combinations are marked as ’W’, whereas partially wetting material
systems are indicated with ’P’. The empty spaces have not been evaluated or gave
non-reproducible results. A more general discussion about the selection of a material
system can be found in Section 3.1.

A.2 Atomic force microscopy

The surface roughness of the materials used in this thesis was analyzed using atomic
force microscopy (AFM, Bioscope Catalyst fitted with DNP-10 tips). The surface
characterization was performed by C. Schot and A. de Jong of the group Molecular
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Table A.1: Investigated material combinations for thin film rupture and dewetting
experiments. P means that the liquid-substrate combination is partially wetting, W
indicates fully wetting.
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Self-Assembled Monolayers
3-bromopropyl trichlorosilane (BPTS) P P W W W W
2-[methoxy(polyethylenoxy)propyl]
trichlorosilane (PEG-TS)

P P W W W

hexamethyldisilazane (HMDS) P P P P W W
octyltrichlorosilane (OTS8) P P P P W
ocadecyltrichlorosilane (OTS18) P P P P P P W
(1H,1H,2H,2H-perfluorodecyl)
trichlorosilane (FDTS)

P P P P P P P

(1H,1H,2H,2H-perfluorooctyl)
trichlorosilane (PFOTS)

P P P P P P P

Polymer coatings
perfluoroacrylate (PFA)
(coated by TNO)

P P P P P P P

fluorosilicones (SiFEL)
(coated by TU Delft)

P P P P P P P

UV curable glue (Norland 81) P P P P W W
varnish, clear lacquer
(alkyd or acrylic resin)

P P P P W W

several resists/topcoats
(supplied by ASML)

P P W W W

Untreated bulk materials
polyamide (PA) (Trogamid, Evonik) P P P P W W W
poly(methyl methacrylate) (PMMA) P P P P W W W
polycarbonate (PC) (Sabic or Bayer) P P P P W W W
poly(ethylene teraphthalate glycol)
(PETG) (Bayer)

P P P P W W

polyester (Mylar) P P P P W W
polystyrene (PS) P P P P W W W W W
silicon (untreated) P P W W W
metals (e.g. brass, aluminium) P P P P W
poly(ethylene-tetrafluoroethylene)
(ETFE) (Norton)

P P P P W W

perfluoroacrylate (PFA)
(Norton or Polyflon)

P P P P P P P

cleaned glass (Corning) W W W W W W W P P
Mica (stovemica.co.uk) W W W W W W W
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Biosensors for Medical Diagnostics (MBx), department of Applied Physics, Eindhoven
University of Technology.

The results of the analysis are presented in Fig A.1. The protection foil was
removed from all samples and the polycarbonate samples were decharged using an
antistatic bar (Simco-Ion MEB) before the measurement. The images in Fig A.1(a)-
(d) are flattened and tilt compensated. The height profiles along the horizontal and
vertical cross-sections indicated by the dashed arrows are represented in the graphs
next to the images.

Figure A.1(a) shows the AFM image for the continuously cast poly(methylmetha-
crylate) (PMMA, Mitsubishi Shinkolite), that we used for the results presented in
Chapter 3.1.4, the dewetting speed experiments in Fig. 4.12 and the work in Ref. [
170]. The image shows aligned stripes, most likely polishing marks of the production
tools, with a roughness amplitude in the order of a few nanometers. The arithmetic
average roughness Ra=0.7 nm and the root mean squared roughness Rq=0.9 nm in
this measurement.

The result for polycarbonate (PC, Sabic Lexan 9030) is presented in Fig. A.1(b).
This material was used in Chapter 4. The AFM scan shows longitudinal trenches
with a depth of up to 10 nm and a spacing of approximately 8-9 µm. Perpendicular
to these trenches, there are irregularly spaced ridges with a height of 20-30 nm. The
roughness values for this material are Ra=3.2 nm and Rq=5.32 nm. The trenches can
be the reason for the lower average dewetting speed Vd ≈200µm/s with respect to the
optical quality PC used in the later chapters, where Vd=850µm/s. The topography
occasionally caused deviation from a circular shape during dry-spot expansion. We
did not observe a correlation between topography and film rupture.

In Chapter 5 we used optical quality polycarbonate (PC, Bayer Makrofol DE1-
1CS, thickness 750 µm). The addition ’CS’ in the product number indicates that on
one side, the (green) protective foil was electrostatically bound (’cling’) and the other
side, the (clear) protective foil was bound using adhesive (’stick). In Chapters 5,6 and
8 we used the electrostatically protected side. This is the side measured by AFM. The
surface shows a long-range curvature and was compensated using a second-order fit to
produce the data in Fig A.1(c). The roughness values for this image are Ra=0.6 nm
and Rq=0.8 nm. The white dots appear in the cross-section as peaks with amplitudes
of several nanometers. They can be foreign particles bound to the surface.

The same material was purchased with adhesive-free protection foil (’cling’) on
both sides: (PC, Bayer Makrofol DE1-1CC, thickness 750 µm and 175 µm). This
material was used in Chapter 7. The clear foil side was measured and the results are
presented in [Fig. A.1(d)]. There are some randomly oriented ridges on the surface,
that also exhibits more gradual fluctuations with a length scale of 20-40 µm. The
roughness values for this image are Ra=3.6nm and Rq=4.5nm, but local roughness
values are lower.

In the characterisation of dry spot density NH as a function of liquid film thick-
ness hmin for a film of tri(ethylene glycol) according to the procedure described in
Chapter 5, the samples of Fig. A.1(c) and (d) could not be distinguished.
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Figure A.1: Atomic force microscopy images and horizontal and vertical cross-sections
for (a) poly(methylmethacrylate) (PMMA, Mitsubishi Shinkolite) (b) polycarbonate
(PC, Sabic Lexan 9030), (c) polycarbonate (PC, Bayer Makrofol DE1-1CS) green-foil
side, (d) polycarbonate (PC, Bayer Makrofol DE1-1CC) clear-foil side



Appendix B

Experimental setups and
software

B.1 Dual wavelength interference microscopy

In Chapter 3, we introduced backgrounds of the dual-wavelength interference mi-
croscopy technique. The technique was used in in Chapters 5-7 to measure film
height profiles and minimum film thickness values. To obtain interference images at
two different wavelengths of light using a single camera, we synchronised the light
sources to the camera such that each image was taken at only one color of light, al-
ternating from frame to frame. Depending on the camera, different procedures were
implemented. This appendix provides a brief overview. The light source consists of
two high-power light-emitting diodes (LED, Luxeon I) with center wavelengths of 466
nm and 655 nm and full width half maximum (FWHM) values of the light output
spectrum of 28nm and 22nm, respectively. The LEDs were powered by DC power
supplies (Delta Electronics, ES030-5 or EST-150), collimated and combined using a
50:50 beamsplitter.

AVT Guppy

In Chapter 5, for imaging at 17fps, we used an InfiniTube lens system with a micro-
scope objective (Mitutoyo, MPlan APO 2× / NA=0.055) and a CCD camera (Guppy,
Allied Vision Technologies) and synchronized the light source power supplies using
Labview software (National instruments).

We adapted the frame grabber routine from the "AVT Example collection for NI-
LabView" and integrated it in a dedicated graphical user interface using a buffering
algorithm to overcome the limitations given by the limited harddisk writing speed.

Our software generates a logfile with timestamps for each microscope image, the
digital output of the gas flow meters connected to the impinging jet and the state of
the valves in the gas supply system.
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Synchronisation of the light sources was achieved by alternatingly suppressing
the power of one of the light sources by setting a 5V analog output voltage to the
’remote shutdown’ pin on the analog programming connector of the of the respective
power supplies (Delta Electronics, ES030-5) using a input/output data acquisition
unit (National Instruments USB-6008).

AVT Pike
For the experiments using an infrared laser on a stationary substrate with a fully
wetting liquid film in Chapter 7, we used an InfiniTube lens system with a microscope
objective (Olympus, MPlan APO 2.5× / NA=0.08) and a CCD camera (Pike, Allied
Vision Technologies) and synchronized the light source power supplies using Labview
software (National instruments).

Reliable synchronisation was achieved by triggering the camera and the light
sources using a PCI-6602 data acquisition board (National Instruments) in combi-
nation with a BNC-2121 counter device (National Instruments). Alternating signals
were connected to the ’remote shutdown’ pin on the analog programming connec-
tor of the power supplies (Delta Electronics, ES030-5) to suppress one of the light
sources in synchronisation to the camera. We adapted the triggering routine from a
multichannel triggering software program developed by F. van Uittert (TU/e).

Image acquisition was performed using the SmartView sofware (Allied Vision Tech-
nologies), where also the trigger response of the camera was set.

Photron SA-4
For imaging at higher frame rates in Chapters 5 - 7, we used a high-speed camera
(Photron SA-4) fitted with a lens system and a microscope objective (Olympus, UP-
lan 4×, NA=0.13). The lens system was custom designed for this camera to avoid
vignetting and ensure uniform illumination.

The light sources were synchronized using a dual-channel function generator (Yo-
kagawa FG120), triggered by the synchronisation output of the high-speed camera.
The two channels of the function generator were set to a frequency corresponding to
95% of the framerate of the camera, to achieve alternating operation. The duty cycle
was accordingly set to 95%. The output voltage of the function generator modulated
the power to the light sources by means of a transistor circuit for each channel,
consisting of a BD-135 (Fairchild semiconductor) NPN epitaxial silicon transistor
and a 1kΩ resistor.

B.2 Spectral interference

The fiber-optic spectral interference setup enables local measurement of the thickness
of thin liquid films using the procedure described in Chapter 3. White light from
a tungsten halogen light source (Ocean Optics, LS-1-LL) is guided through a two-
way glass fiber probe (Ocean Optics, QR200-7-VIS-BX). The probe consisting of six
optical fibers emitting light, around a core fiber of 200 µm diameter that collects
the reflected light. The reflected light is guided to a fiber optic spectrometer (Ocean
Optics, USB400), that is connected to a PC.



B.3. SURFACE CHARGE WRITING AND READING 187

For the measurement and online display of film thickness as a function of time, we
developed a LabView program. At the start of the procedure, the exposure time is
optimized to ensure a high signal without saturation. The program gathers the spec-
trum using the OmniDriver package (Ocean Optics). The spectrum is normalized and
the background spectrum subtracted. Then the spectrum is resampled and analyzed
using a fast fourier transform algorithm. The highest peak in the fourier spectrum
corresponds to the film thickness h0, taking into account the refractive index n, in-
dicated by the user. The resulting film thickness as a function of time is listed in a
log-file and the spectra can be saved for post-processing.

B.3 Surface charge writing and reading

For the results described in Chapter 8, we built a setup for application and cha-
racterisation of static surface charge distributions. The writing process used a water
droplet supplied through a hollow metal needle that was connected to a high voltage
DC power supply (Fug Elektronik, HCN-12500). The sample was moved with respect
to the droplet by a motorized xy-translation stage (Standa, 8MTF). The same stage
was used in combination with an electrostatic voltmeter (Monroe Electronics Isoprobe
244) with a high resolution probe (Isoprobe 1017AEH) to measure the surface charge
distribution.

A LabView program was developed to control the translation stage, the high volt-
age power supply and the electrostatic voltmeter in the following way. The motor-
ized xy-translation stage was controlled through a stepper motor controller (Standa
8SMC1-USBhF), controlled by the PC through a USB connection. The drivers were
used from the Development Kit for LabView (Standa) and adapted for better regis-
tration of the limit-switch signals. A trajectory was programmed by loading a text-file
with coordinates.

The high-voltage power supply was controlled by applying a voltage (0-10V, which
translates to 0-1.25kV) to the analog control connector (’programmierung’ pin 7, ’Soll-
werteingang für Spannungsregelung’ ) from a low voltage DC-power supply (Agilent
6614C), connected to the PC through a GPIB-interface.

The signal from the electrostatic voltmeter (0-3V, corresponding to 0-3kV) was
read by the PC through a data acquisition module (BNC-2110 and PCI-6250, National
Instruments).

The time stamps, x and y-positions and the voltages from power supply and
electrostatic voltmeter were logged in a logfile.

B.4 Laser characterisation

For the characterisation of the laser beam and measurement of temperature profiles in
Chapter 7, we used a motorized translation stage (Newport, UTS100CC) connected
to a high precision motion controller (Newport, XPS-C8). The stage was fitted with a
laser power meter (Thorlabs, PM100USB) or a thermocouple, of which the signal was
converted to temperature using a thermocouple-to-analog converter (Omega TAC80C-
K) and a computer-controlled multimeter (HP 34401A).
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The translation stage was controlled by LabView through an ethernet connection
and the time stamp, stage position, temperature and power reading were logged in a
textfile.

The laser was modulated using PCI-6602 data acquisition board (National In-
struments) in combination with a BNC-2121 counter device (National Instruments),
connected to the ’MODIN’ connection of the Ostech laser controller and setting the
’LMDX’ option in the ’Laser’ menu. The pulse frequency and duty cycle were set
using LabView software.

B.5 Spincoater control

In Chapter 3 and Chapters 5-7, we used an custom-designed optically accessible spin-
coater for liquid film preparation and dynamic deformation studies.

The rotation movement of the optically accessible spincoater is transmitted by a
tooth belt, connected to a synchronous servomotor (SEW Eurodrive, CMP40M). The
motor is controlled by a controller (SEW Movidrive, MDX61B with DFE33B fieldbus
extension) and can be computer controlled using an ethernet connection. A keypad
(SEW, DBG60B) is available for manual control. The settings of the motor can be
adjusted using the MoviTools Motion Studio software package (SEW). The design and
manufacturing of hardware, electronics and software was performed in collaboration
with the Equipment & Prototype Center (EPC, TU/e).

The motor is computer controlled from LabView (National Instruments, version
2010) through the Modbus/TCP protocol (driver NI Modbus 1.21). There are two
modes of communication. Single parameters can read or written through the param-
eter channel. For the operation of the spincoater, we used the process data (PD)
communication mode.

Parameter channel mode

Single register operation allows the setting or reading of the values of specific inverter
parameters from LabView. The syntax of the parameter channel is described in Sec-
tion 7.6.1 of the unit profile manual1. Figure B.1(a) shows a simplified example of
implementation in LabView. For reading a parameter, the hexadecimal code x3100 is
sent, followed by the parameter number. For setting a parameter, the code x3200 is
sent, followed by the parameter number and the value. The parameter number can be
found in the parameter manual2. Most parameter settings do not need changing dur-
ing motor operation, so they can more conveniently set and read from the MoviTools
Motion Studio software.

Example: for reading the temperature one sends x3100 x2087 x0 x0 and the answer
is x3100 x2087 x0 x28 if the temperature is 28◦C.

1Manual - MOVIDRIVE® MDX60B/61B Communication and Fieldbus Unit Profile, SEW Eu-
rodrive, Edition 04/2009

2Manual - MOVIDRIVE® MDX60B/61B Parameter and Operating Indicators, SEW Eurodrive,
Edition 02/2010
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Figure B.1: Simplified LabView examples illustrating the use of (a) the single register
operation, (b) control word operation for control of the spincoater motor.
/*=============================================

              IPOS Source File

===============================================*/

#include <constb.h>

#include <iob.h>

#pragma var     400 409

#pragma globals 410 449

/*#pragma var     400 409

#pragma globals 410 449*/

// Process data - data structures

GSPODATA10  tPO;

SSPIDATA10  tPI;

//SSPOSSPEED tPosSpeed;

//SSPOSRAMP tPosRamp;

// MoviLink - data structures

MOVLNK  tRefType;

MLDATA  tData;

/*=============================================

      Main Function (IPOS Entry Function)

===============================================*/

main()

  {

  /*-------------------------------------

              Initialisation

  --------------------------------------*/

  tPO.BusType = GS_BT_FBUS;

  tPO.Len = tPI.Len = 10;

// MoviLink bustransfer

  tRefType.BusType = ML_BT_S1;

// Own inverter

  tRefType.Address = 253;

  tRefType.Format = ML_FT_PAR;

// Read

  tRefType.Service = ML_S_RD;

// Index Temperature

  tRefType.Index = 8327;

  tRefType.DPointer = numof(tData);

  H516 = 1;

  tPI.PI9 = 0;  

    /*-------------------------------------

                Main Loop

  --------------------------------------*/

  while(1)

    {

//ENCODER to PI4

    tPI.PI4 = H511 % 4096;

// Index Temperature

    tRefType.Index = 8327;

    _MoviLink( tRefType );

    tPI.PI5 = tData.ReadPar;

//NUMBER OF REVOLUTIONS

    tPI.PI6 = H518;

// Index Operating hours

    tRefType.Index = 8328;

    _MoviLink( tRefType );

    tPI.PI7 = tData.ReadPar;

    _GetSys( tPO ,GS_PODATA );

//HOMING

    if( (tPO.PO9 == 1) && (tPI.PI9 == 0) )

      {

      tPI.PI9 = 1;

      _Go0( GO0_U_W_ZP );

      H518 = 0;

      }

    if( (tPO.PO9 == 0) && (tPI.PI9 == 1) )

      {

      tPI.PI9 = 0;

      }

//GO_ABS

   if( (tPO.PO8 != 0) && (tPI.PI8 == 0) )

     {

   H0=18;

    _SetSys(SS_OPMODE,H0);   // SERVO AND IPOS MODE

    _GoAbs(GO_WAIT, tPO.PO8);

    tPI.PI8 = 1;

    }

    if( (tPO.PO8 == 0) && (tPI.PI8 == 1) )

       {

       H0=16;

        _SetSys(SS_OPMODE,H0);   // SERVO AND IPOS MODE

       tPI.PI8=0;

       }

 // communication test

    tPI.PI10 = tPO.PO10;

    _SetSys( SS_PIDATA, tPI );

    }

  }

Figure B.2: The IPOS code with the definitions of the the PI and PO control words
for communication with the spincoater motor.
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Table B.1: PO and PI parameters for spincoater control.
PO-number description PI-number description
PO1 Control word 1 PI1 Status word 1
PO2 Setpoint speed PI2 Actual speed
PO3 Ramp PI3 No function
PO4 No function PI4 Encoder
PO5 No function PI5 Temperature
PO6 No function PI6 Number of revolutions
PO7 No function PI7 Operating hours
PO8 Positioning (Abs.) PI8 Positioning (Abs.)
PO9 Homing PI9 Homing
PO10 Test input PI10 Test output

Process data mode
Control word operation allows a set of process data (PD) to be set or read. The
process input data (PI) are written to the controller, while process output data (PO)
are received. In our implementation, both PO and PI comprised of ten parameters
PO1-10 and PI1-10.

The parameters represented by PO1-3 and status values PI1-3 can be selected
in the MoviTools Motion Studio software (parameters 870-875). The parameters in
PO4-10 and PI4-10 can be defined in the IPOS Positioning and Sequence Control
programming environment of MoviTools3. Figure B.2 shows the listing of the IPOS
program for our spincoater. Table B.1 shows the parameters and commands that we
selected in the definition of PO and PI. Figure B.1(b) shows a simplified example of
implementation in LabView.

Control word 1 (PO1) is a 16-bit code setting starting and stopping the motor
and controlling the brake. Similarly PI1 (Status word 1) gives the status of the motor
and possible errors. The exact function of the bits can be found in Section 7.4 of
the unit profile manual1. The most important Control Word 1 settings are 0 or 1 for
stopping and 6 for turning. Errors, like in the case of a displaced lid triggering the
safety switch are comprised in the Status Word 1 (PI1).

The Setpoint speed/Actual speed is 5 times the actual number of rotations per
minute (RPM). A negative value indicates rotation in the counterclockwise.

PI4 shows the encoder value, going from 0 to 4096 for one revolution and PI6
counts the number of revolutions. Due to our IPOS code (Fig. B.2, the motor moves
to the ’home’ position and the encoder value is set to zero.

To set the stage to a specific angle, the operating mode has to be changed from
speed control (16) to positioning (18), using the command _SetSys() described in
Section 17.3.22 of the IPOS Manual3. This is done by the IPOS code when PO8 is
set to a target encoder value larger than zero. The command _GoAbs() performs the
rotation. When PO8 is set back to 0, the mode is changed back to speed control (16).
A relative rotation can be applied by changing the IPOS code to include the command
_GoRel() (See Sections 17.3.10 and 17.3.11 in the IPOS manual3).

3More information: IPOSplus® Manual - Positioning and Sequence Control System, SEW Euro-
drive, Edition 11/2009
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Summary

Controlled deformation, rupture and dewetting of
thin liquid films on partially-wetting substrates

Thin liquid films with film thicknesses in the micrometer range play an important
role in biology and technological applications. One of those applications is immersion
lithography, an optical technique for pattern transfer in the production of integrated
circuits, in which water resides between the lens and the photoresist-coated silicon
wafer to be exposed. At high scan speeds, a thin film of water is entrained on the
partially-wetting wafer. These films rupture at multiple locations and the liquid film
dewets, leaving patterns of droplets on the surface. Residual droplets are undesirable,
since they can cause air-entrainment upon collision with the returning meniscus or
non-uniform temperature distributions when they evaporate (Chapter 1).

In this dissertation we study the deformation of liquid films due to impinging gas
jets, infrared laser irradiation and non-uniform electrical surface charges and compare
the results to numerical simulations. Moreover, we characterize the film rupture and
dewetting characteristics and estimate the magnitude of the responsible surface forces.
Finally we investigate whether and to what extent the breakup and dewetting process
can be influenced or steered.

In Chapter 2 we provide a theoretical framework for the description of the dy-
namics of thin liquid films. We derive the lubrication equation and introduce and
estimate the disjoining pressure isotherm Π(h), an additional pressure originating
from intermolecular and surface forces, for a polar liquid on a partially wettable
substrate. Based on an empirical model for the disjoining pressure, we calculate
the stability criteria of a thin liquid film on a partially wetting substrate due to
infinitesimal and finite amplitude disturbances.

Chapter 3 introduces the materials and methods used in the experiments. The
transparent polymer material polycarbonate (PC) is selected as partially wettable
substrate for the non-volatile polar liquid tri(ethylene glycol) (3EG). We deposit the
thin films by spin coating and measure film thickness and film height profiles by
optical interference techniques.

The deformation and rupture of thin liquid films by impinging air-jets is the topic
of Chapters 4, 5 and 6. In Chapter 4, the liquid film is deformed by a stationary, lami-
nar, round impinging air-jet and the time of film rupture is determined experimentally
and numerically. We use a two-step numerical model to evaluate the stagnation pres-
sure and wall shear stress profiles of the jet and implement these external forces in
the thin film model. Using an empirical model for the disjoining pressure we find
quantitative agreement in the film rupture time between experiments and thin film
simulations. For low values of the jet Reynolds number, we find that the dip shape
depends strongly on the presence of minute quantities of surface active agent.

In Chapter 5 we consider the dynamic case of a round air-jet impinging on thin
liquid films on moving substrates using a custom designed open-axis spin coater. We
find good agreement between experiments and simulations and scaling relations for the
minimum film thickness hmin. The dry-spot density NH is shown to depend strongly
on film thickness, but seems independent of the viscosity and volatility of the liquid.
A robust scaling was found for the dry spot density NH ∼ h−4

min for low values of hmin,
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changing to NH ∼ h−2
min due to confinement effects. In the regime where the average

distance between dry spots becomes larger than the width of the track of lower film
thickness, the film rupture geometry becomes quasi-one-dimensional. We developed a
geometrical model for the residual droplet distribution corresponding to the observed
dry-spot density and obtain a good match with the experimental observations.

To investigate the confinement effect of Chapter 5, we perform a similar study
using a slot jet in Chapter 6. Experiments and simulations agree very well and show
that the residual film thickness is mainly determined by the shear stress from the slot
jet. The dry spot density follows a power law NH ∼ hαres with exponent α between −3
and −4 for residual film thicknesses hres ranging from 10 nm to 1 µm. Even films with
a thickness of micrometers, obtained by spin-coating only, exhibit dry spot densities
not far off this line. Interestingly, published experimental data for polymer melts on
silicon wafers [55,57,59] almost quantitatively collapse with our data for the polar liquid
3EG on polycarbonate.

Chapter 7 focuses on thermocapillary deformation and rupture of thin liquid films
due to localized infrared(IR)-laser irradiation. Surface tension gradients due to tem-
perature gradients drive a flow in a liquid film towards the colder areas. We perform
experiments and numerical simulations of this effect for focused IR-laser irradiation
on stationary and moving substrates. The model consists of a coupled heat transfer
model and a thin film model using temperature dependent material parameters.

At the end of Chapter 7, we measure film rupture in thin liquid films deformed by
IR-laser irradiation. The same disjoining pressure isotherm as determined in Chap-
ter 4 again provides an excellent match between numerical and experimental rupture
times. Finally, we present a technique to achieve spatially modulated film height
profiles using a digital micromirror array.

In Chapter 8, we investigate the influence of static surface charge distributions
on the deformation of thin dielectric liquid films. Surface charge distributions are
created by dragging an electrified water droplet over a partially wetting dielectric
substrate. When a film of a dielectric liquid is spin-coated over the deposited charge
pattern, deformation due to dielectrophoresis occurs. Experiments and simulations
of the deformation as a function of time match well and reveal the critical influence
of sharp peaks in the charge distribution.

Chapter 9, summarizes the main findings from the different chapters and presents
topics for further research. The density of dry spots in our experiments corresponds
to a disjoining pressure close to the theoretical estimate. However, the low timescale
of film rupture reproducibly suggests a much stronger disjoining pressure isotherm if
the surfaces are considered perfectly homogeneous. Whether or not this discrepancy
can be explained by heterogeneities could not yet be established.

Finally, Chapter 10 presents valorization opportunities, based on the results of
this dissertation.



211

Samenvatting

Beheerste vervorming, doorbraak en herverdeling van
dunne vloeistoffilms op gedeeltelijk bevochtigbare oppervlakken

Dunne vloeistoffilms met een laagdikte in de orde van micrometers spelen een be-
langrijke rol in de biologie en in technologische toepassingen. Eén van deze toepassin-
gen is immersielitografie, een optische techniek voor het overbrengen van een patroon
in de productie van computerchips, waarbij zich water bevindt tussen de lens en de
te belichten siliciumschijf, bedekt met een fotogevoelige laag. Bij hoge productiesnel-
heden blijft er een dunne waterfilm achter op de gedeeltelijk bevochtigbare (’partially
wettable’) schijf. Deze films breken op meerdere plaatsen door en herverdelen zich,
waarna patronen van druppels achterblijven op het oppervlak. Achterblijvende drup-
pels zijn ongewenst, omdat deze bij het botsen met de terugkerende vloeistofmeniscus
bellen kunnen vormen of tijdens het verdampen temperatuursgradiënten veroorzaken
in het substraat (Hoofdstuk 1).

In dit proefschrift bestuderen we de vervorming van dunne vloeistoffilms onder in-
vloed van luchtstromingen, infrarood laserlicht en niet-unforme elektrische oppervlak-
telading en vergelijken de resultaten met numerieke simulaties. Bovendien brengen
we de doorbraak- en herverdelings-karakteristieken in kaart en geven een afschatting
van de sterkte van de verantwoordelijke oppervlaktekrachten. Tenslotte onderzoeken
we of en hoe het proces van opbreken en herverdelen kan worden beïnvloed.

In Hoofdstuk 2 geven we een theoretisch kader voor de beschrijving van de dy-
namica van dunne vloeistoffilms. We leiden de lubricatievergelijking af en introduc-
eren en schatten de scheidingsdruk (’disjoining pressure’) Π(h), een bijkomende druk
afkomstig van intermoleculaire- en oppervlaktekrachten. Met een fenomenologisch
model voor de scheidingsdruk, berekenen we de stabiliteitsvoorwaarden voor een
dunne vloeistoffilm op een gedeeltelijk bevochtigbaar oppervlak onder invloed van
infinitesimale en eindige verstoringen.

Hoofdstuk 3 introduceert de materialen en technieken voor de experimenten. Het
transparante kunststofmateriaal polycarbonaat (PC) is geselecteerd als gedeeltelijk
bevochtigbaar oppervlak voor de niet-verdampende vloeistof triethyleen-glycol (3EG).
We brengen de dunne laag aan door spincoating en meten de laagdikte en hoogteprofiel
van de film met optische interferentietechnieken. De vervorming en doorbraak van
dunne vloeistoffilms door luchtjets het onderwerp van de Hoofdstukken 4, 5 en 6. In
Hoofdstuk 4 wordt de dunne film vervormd door een stilstaande, laminaire, ronde
luchtjet en het opbreektijdstip wordt experimenteel en numeriek bepaald. We maken
gebruik van een tweevoudig numeriek model, waarbij we als eerste de stagnatiedruk-
en de schuifspanningsprofielen van de jet bepalen en vervolgens deze externe krachten
in het dunne-filmmodel implementeren. Met een fenomenologisch model voor de schei-
dingsdruk vinden we kwantitatieve overeenstemming tussen experimenten en simu-
laties voor de opbreektijd van de film. Voor lage waarden van het Reynoldsgetal,
vinden we dat de vervorming sterk wordt veranderd door de aanwezigheid van mini-
male hoeveelheden oppervlakte-actieve stoffen.

In Hoofdstuk 5 beschouwen we het dynamische geval van een ronde luchtjet die
blaast op een dunne vloeistoffilm op een bewegend substraat. Hierbij maken we
gebruik van een speciaal-ontworpen spincoater met een open as. We vinden goede
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overeenstemming tussen experimenten en simulaties en bepalen het schalingsgedrag
van de minimale filmdikte hmin. De dichtheid van droge vlekkenNH hangt sterk af van
de filmdikte, maar blijkt onafhankelijk te zijn van de viscositeit en verdampingseigen-
schappen van de vloeistof. We vinden een robuust schalingsgedrag voor de dichtheid
van droge vlekken NH ∼ h−4

min voor lage waarden van hmin, en zien een overgang
naar NH ∼ h−2

min door begrenzingseffecten bij hogere laagdikte. In het bereik waar
de gemiddelde afstand tussen doorbraakposities de breedte van het spoor met lagere
laagdikte overstijgt, wordt de doorbraakgeometrie min of meer één-dimensionaal.

Om het begrenzingseffect uit Hoofdstuk 5 te voorkomen, voeren we in Hoofdstuk
6 een vergelijkbare studie uit met een luchtjet uit een smalle spleet. Experimenten
en simulaties kloppen zeer goed en tonen aan dat de laagdikte voornamelijk door de
schuifspanning van de jet wordt veroorzaakt. De dichtheid van droge vlekken volgt
een machtsfunctie NH ∼ h−αres met de exponent α tussen 3 en 4 voor restlaagdik-
tes hres tussen de 10 nanometer en 1 micrometer. Zelfs films met een laagdikte van
enkele micrometers, verkregen door alleen spincoating, vertonen doorbraakdichthe-
den vergelijkbaar met dit verband. Opmerkelijk is dat eerder gepubliceerde experi-
mentele gegevens voor dunne films van gesmolten polymeer op siliciumschijven bijna
kwantitatief overeenkomen met onze gegevens voor de polaire vloeistof 3EG op poly-
carbonaat. Hoofdstuk 7 focusseert op het thermocapillair vervormen en doorbreken
van dunne vloeistoffilms door middel van het plaatselijk beschijnen met infrarood(IR)
licht. Gradiënten in oppervlaktespanning, veroorzaakt door temperatuursgradiënten,
leiden tot een stroming in de vloeistoffilm richting de koudere gebieden. We vo-
eren experimenten en numerieke simulaties uit van dit effect voor belichting met een
gefocusseerde IR-laser op stilstaande en bewegende substraten. Het model omvat een
gekoppeld warmteoverdrachtsmodel en een dunne-filmmodel en gaat uit van tempera-
tuursafhankelijke materiaaleigenschappen.

Aan het einde van Hoofdstuk 7 meten we de doorbraak van dunne vloeistoffilms,
vervormd door IR-laser belichting. Dezelfde scheidingsdruk die we in Hoofdstuk 4
vonden, levert weer een uitstekende overeenstemming op tussen experimentele en
berekende opbreektijden. Tenslotte presenteren we een techniek om hoogtepatronen
in de dunne film aan te brengen met behulp van een digitale matrix van microspiegels.

In Hoofdstuk 8, onderzoeken we de invloed van statische oppervlaktelading voor
de vervorming van dunne diëlektrische vloeistoffilms. We brengen oppervlakteladings-
verdelingen aan door een druppel water onder elektrische spanning over een gedeel-
telijk bevochtigbaar diëlektrisch substraat te slepen. Nadat een vloeistoffilm is aange-
bracht door spincoating, vindt vervorming van de film door diëlektrophorese plaats.
Experimenten en simulaties van de vervorming als functie van tijd komen goed overeen
en onthullen de belangrijke rol van scherpe pieken in de ladingsverdeling.

Hoofdstuk 9 vat de belangrijkste ontdekkingen van de verschillende hoofdstukken
samen en presenteert onderwerpen voor verder onderzoek. De dichtheid van droge
vlekken in onze experimenten komen overeen met een scheidingsdruk die dicht bij
de theoretische schatting ligt. Echter, de lage tijdsschaal van filmdoorbraak duidt
reproduceerbaar op een veel sterkere scheidingsdruk in het geval van een homogeen
oppervlak. Of deze tegenstrijdigheid verklaard kan worden door oneffenheden is nog
niet aangetoond.

Hoofdstuk 10 presenteert tot slot enkele valorisatiemogelijkheden, gebaseerd op de
resultaten van dit proefschrift.
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