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1
Introduction

Thin liquid films can be found in many industrial applications, such as the coa-
ting of large area organic light-emitting diodes (OLEDs, Fig. 1.1(a)) and organic
photovoltaics (OPVs, Fig. 1.1(b)).

(a) (b)

Figure 1.1: Flexible OLED (a) and OPV (b) devices. Images obtained from
https://www.holstcentre.com/innovation-areas/.

These devices can be produced with a method called solution processing [1]. In
this process, functional materials such as light-emitting polymers are dissolved or
dispersed in a solvent and deposited typically as a thin liquid film on a substrate.
After evaporation of the solvent, a dry layer of the functional material remains on
the substrate. Solution processing is compatible with film deposition techniques
that allow for a high throughput, such as slot-die coating, or direct pattern genera-
tion, such as inkjet printing [2]. The performance of the organic electronic devices
depends strongly on the thickness uniformity of the dried layers. Inhomogeneous
layers can lead to short circuits and failure of the device. Compared to other manu-
facturing methods, such as vacuum deposition, solution processing introduces more
challenges to achieve a uniform layer. These challenges are often related to pro-
cesses occurring at the contact line, i.e. the location where the liquid-gas interface
meets the substrate. This thesis focuses on different methods to control pattern
formation, i.e. thickness variations, in thin films. The idea behind this approach is
that understanding the processes that lead to pattern formation can in turn help to
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2 1. Introduction

achieve uniformly thick layers. In order to distinguish the different methods for pat-
tern formation, first some concepts will be introduced by considering the dip-coating
process (i.e. withdrawing a substrate from a liquid reservoir).

1.1. Withdrawing a substrate from a liquid reservoir

Usub

θeq

γγ
SL

γ
SV

x

z

g

(a) (b)

x = 0

z = 0

hLL

θd

Figure 1.2: (a) Meniscus formed by statically immersing a substrate in a liquid reservoir.
(b) Meniscus formed by withdrawing a substrate from a liquid reservoir. The solid line
illustrates the meniscus in the case of a partially wetting substrate, the dashed line the
entrainment of a liquid film.

Figure 1.2(a) illustrates a static substrate immersed in a liquid reservoir. At the
location of the substrate, the liquid-gas interface rises above the reservoir height
and meets the substrate under an equilibrium contact angle θeq. The value of θeq is
determined from the balance of the capillary forces acting on the contact line. These
forces arise due to the surface tensions of the liquid-gas interface γLG ≡ γ, the solid-
liquid interface γSL and the solid-vapor interface γSV. Balancing the projection of
these forces on the substrate results in Young’s relation [3]

cos θeq = γSV − γSL

γ
. (1.1)

The substrate is called fully wetting if θeq = 0 and partially wetting if 0◦ < θeq <
90◦. The wettability of the substrate can also be quantified with the so-called
spreading parameter S, defined as [4]

S = γSV − (γSL + γ) = γ(cos θeq − 1). (1.2)
Partially wetting substrates have a negative value of S. Away from the contact
line, the shape of the liquid-gas interface h(x) is determined by the balance of the
capillary force and gravity (which flattens the interface in the liquid reservoir). The
rise height heq(0) of the contact line above the reservoir is given by [4]

heq(0) = lc

√
2(1− sin θeq), (1.3)
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where the density of the liquid ρ, its surface tension γ and the gravitational acce-
leration g determine the so-called capillary length lc ≡

√
γ/ρg. A fully wetting

substrate promotes spreading of the liquid and has a maximum value of the rise
height. Figure 1.2(b) illustrates the situation when the substrate is withdrawn from
the liquid reservoir. A liquid film is entrained on a fully wetting substrate at any
non zero value of the substrate speed Usub due to the viscosity of the liquid, µ. This
process was studied by Landau and Levich [5], resulting in an expression that relates
the thickness of the entrained film hLL to the capillary number Ca = µUsub/γ for
small values of Ca. This dimensionless number represents the ratio between the
viscous force and the capillary force. A different situation occurs if the substrate is
partially wetting [6–9]. If the capillary number is below a certain critical value Cac,
the liquid meniscus obtains a new steady shape (as illustrated in Fig. 1.2(b)) with
the rise height of the contact line given by

hd(0) = lc
√

2(1− sin θd). (1.4)
θd is the apparent dynamic contact angle and depends on the value of Ca. The
apparent contact angle can be extracted from the rise height using Eq. (1.4). When
the substrate is withdrawn from the liquid reservoir, the apparent contact angle
is smaller than the equilibrium angle, θd < θeq (i.e hd(0) > heq(0)). A transition
occurs at Cac, when θd reaches a value of 0. At this point the rise height reaches its
maximum value of hd(0) =

√
2lc, corresponding to the rise height on a stationary,

fully wetting substrate. When the capillary number exceeds Cac, a liquid film is
entrained on the substrate (indicated by the dashed line in Fig. 1.2(b)) similar
to the film entrained on a fully wetting substrate. Thin liquid films coated on a
partially wetting substrate are unstable towards film rupture [10], depending on
their thickness, since the substrate promotes dewetting of the liquid.

The transition from a dynamic contact line to an entrained film has implications
for technological applications such as immersion lithography and solution processing.
In a photolithography process, which is used in the manufacturing of integrated
circuits, a pattern is transferred from a mask onto a silicon wafer covered with
photoresist. In immersion lithography [11, 12], a layer of water is enclosed in the
scanning lithography apparatus in order to improve the lithography process. If the
scanning speed of the water is larger than a certain critical speed, a thin film of
water will be entrained on the partially wetting wafer. The thin liquid film will
rupture and form droplets on the wafer surface, which have a negative effect on the
lithography process.

In solution processing, a thin liquid film can be entrained on a fully wetting
substrate or on a partially wetting substrate if Ca exceeds a critical value. After
evaporation of the solvent, a layer of solute remains on the substrate. Solution pro-
cessing can also be applied to chemically patterned substrates [13, 14], i.e. surfaces
with fully wetting and partially wetting areas. Liquid film coating in general is a
multidisciplinary field and contains aspects of for instance contact line dynamics,
liquid film stability, rheology and mathematical modelling [15]. The main theme of
this thesis is the controlled modulation of liquid films and contact lines by various
means. Experimental results are compared with numerical simulations. Most of the
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numerical models are based on the lubrication equation, which has been used in
different areas of physics and engineering [16, 17].

1.2. Outline of the thesis
The content of this thesis can be outlined using the phenomena discussed in section 1.1.
Chapter 2 presents the theoretical background for this thesis. The lubrication equa-
tion, which describes the flow in thin liquid films and is used throughout this thesis,
is derived from the Navier-Stokes equations. Furthermore, the implementation of
dynamic contact lines on partially wetting substrates is discussed. This chapter
ends with an overview of the dimensionless numbers appearing in this thesis.

(a)

Usub

(b)

Usub

(c) (d)

Figure 1.3: (a) Controlled solution deposition by means of modulated gas phase convection
(chapter 3). (b) Solution deposition in a receding meniscus (chapter 4). (c) Enhancement
of contact line mobility by means of infrared laser illumination (chapters 5 and 6). (d)
Deformation of a thin liquid film induced by means of infrared laser illumination (chapter 7)
or ultraviolet illumination (chapter 8).

Chapter 3 presents a method to control the drying of a suspension film coated
on a fully wetting substrate (see Fig. 1.3(a)). Controlled thickness variations of the
dried solute layer are achieved by spatially modulating the evaporation rate of the
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solvent. This is achieved by placing a nozzle above the liquid film which locally
introduces dry gas, in order to vary the solvent vapor saturation in the gas phase.
The solute deposit is characterized for different values of the gas flow rate and the
distance of the nozzle from the substrate. The experimental results are compared
with numerical model simulations, which describe the flow and solute transport in
the liquid film induced by the nozzle.

Chapter 4 focuses on the coating of a fully wetting substrate with a polymer
solution (see Fig. 1.3(b)). The drying of the solution film occurs simultaneously
with its coating on the substrate. This is in contrast to the method described in
chapter 3, where the drying stage occurs after the coating stage. This solution
deposition process is known to result in a spontaneously modulated solute deposit
for certain ranges of the substrate speed and evaporation rate of the solvent [18, 19].
These deposits are studied by means of experiments and numerical simulations,
which take into account the dependency of the suspension viscosity and surface
tension on the solute concentration.

Chapters 5 and 6 focus on the entrainment of a chemically pure, non-volatile
liquid on a partially wetting substrate (see Fig. 1.3(c)). Chapter 5 presents an ex-
perimental study to demonstrate the effect of applying infrared laser illumination to
the receding contact line on the critical capillary number Cac (which was introduced
in section 1.1). Chapter 6 presents a comprehensive numerical model that illustrates
the coupling between fluid flow, heat transfer and dynamics of the receding contact
line. Whereas in chapter 6 the contact line is assumed straight (i.e. independent of
the y-direction as illustrated in Fig. 1.2), this is not the case for the experiments of
chapter 5 where the contact line becomes highly curved near Cac.

Chapters 7 and 8 describe the deformation of thin films of a chemically pure, non-
volatile liquid induced by infrared (IR) or ultraviolet (UV) illumination, respectively
(see Fig. 1.3(d)). IR illumination produces a temperature gradient, which drives the
liquid away from the illumination spot. The flow is induced by the temperature de-
pendence of the surface tension and is called thermocapillary flow. UV illumination
induces a photochemical reaction in the liquid, which drives the liquid towards the
illumination spot. The flow is a consequence of the dependence of the surface ten-
sion on the reaction product concentration and is called solutocapillary flow. The
results of numerical model simulations, describing the deformation on fully wetting
substrates, are compared with experiments. Furthermore, chapter 7 demonstrates
the possibility of using IR illumination to control the rupture of a thin film coated
on a partially wetting substrate. Appendix A presents experiments illustrating the
effect of IR illumination on a thin film of a volatile (suspension) film coated on a
fully wetting substrate.

Chapter 9 presents the main conclusions.
The experiments presented in chapter 5 were performed in collaboration with

M. A. van den Tempel in the context of his MSc thesis project. This project was
under the supervision of the author (daily) and of the promotor and co-promotor
(global). The experiments presented in chapter 8 were performed in collaboration
with J. Muller.





2
Theoretical background

This chapter presents the theoretical background for the numerical models used in
the following chapters. The models are based on the lubrication equation, which
describes the flow in thin liquid films. It is used to study the effect of for instance
a non-uniform evaporation rate or a temperature gradient on the evolution of the
thin film. The lubrication equation is derived from the Navier-Stokes equations
in section 2.1. Furthermore, section 2.2 presents an equation that describes the
solute transport in thin solution or suspension films. Dynamic contact lines on
partially wetting substrates are implemented using the so-called disjoining pressure,
a concept which is introduced in section 2.3. Section 2.4 presents an overview of the
dimensionless numbers encountered in this thesis.

2.1. The lubrication equation
Figure 2.1 shows a schematic image of a thin liquid film on a solid substrate. A
two-dimensional Cartesian coordinate system (x, z) is employed, where gravity acts
in the negative z-direction ~g = (0,−g). The thickness of the liquid film, i.e. the
location of the liquid-gas interface, is described by the function h(x, t). The deriva-
tion of this section can easily be extended to a three-dimensional system. u and w
are the horizontal and vertical components of the liquid velocity ~u. The substrate
is assumed to move in the positive x-direction, with speed Usub. The conservation
of mass and momentum for an incompressible, Newtonian liquid is described by the
continuity equation (Eq. (2.1)) and the Navier-Stokes equations (Eqs. (2.2-2.3))

∂u

∂x
+ ∂w

∂z
= 0 (2.1)

ρ

(
∂u

∂t
+ u

∂u

∂x
+ w

∂u

∂z

)
= −∂P

∂x
+ µ

(
∂2u

∂x2 + ∂2u

∂z2

)
(2.2)

ρ

(
∂w

∂t
+ u

∂w

∂x
+ w

∂w

∂z

)
= −∂P

∂z
+ µ

(
∂2w

∂x2 + ∂2w

∂z2

)
, (2.3)

where ρ is the density of the liquid and µ its viscosity. P = p + ρgz is the dy-
namic pressure, which includes the effect of gravity. These equations are non-
dimensionalized by introducing the following dimensionless variables: x̄ ≡ x/L,

7



8 2. Theoretical background

z̄ ≡ z/H, ū ≡ u/U , w̄ ≡ w/W , t̄ ≡ t/T and p̄ ≡ p/Ps. L is the typical length scale
over which the thickness of the thin film changes significantly and H the typical
length scale for the thickness of the film. U and W are typical speeds for the x- and
z-directions, respectively. T ≡ L/U is the convective time-scale and Ps ≡ µUL/H2

the pressure scale which can be derived by considering the Poiseuille flow between
two parallel plates separated by a narrow gap.

Usub

h(x,t)
g

x

z

n

t

Figure 2.1: Schematic image of a thin liquid film with thickness h(x, t) on a moving sub-
strate (not to scale).

Introducing these variables in Eq. (2.1) results in
U

L

∂ū

∂x̄
+ W

H

∂w̄

∂z̄
= 0. (2.4)

The two terms of Eq. (2.4) are assumed to be of comparable magnitude, which
implies that W = (H/L)U . The non-dimensional versions of Eq. (2.2) and Eq. (2.3)
are given by

εReH

(
∂ū

∂t̄
+ ū

∂ū

∂x̄
+ w̄

∂ū

∂z̄

)
= −∂P̄

∂x̄
+ ε2 ∂

2ū

∂x̄2 + ∂2ū

∂z̄2 (2.5)

ε3ReH

(
∂w̄

∂t̄
+ ū

∂w̄

∂x̄
+ w̄

∂w̄

∂z̄

)
= −∂P̄

∂z̄
+ ε4 ∂

2w̄

∂x̄2 + ε2 ∂
2w̄

∂z̄2 . (2.6)

Thin films are characterized by small values of the Reynolds number ReH = ρUH/µ
and of the aspect ratio ε ≡ H/L. Omitting the terms with εReH and ε2 from
Eq. (2.5) and Eq. (2.6) and switching back to dimensional variables results in

0 = − 1
µ

∂P

∂x
+ ∂2u

∂z2 (2.7)

0 = −∂P
∂z

. (2.8)

Eq. (2.8) indicates that the pressure P does not depend on z, which means that
Eq. (2.7) can be integrated twice with respect to z. This results in an expression
for u

u(z) = 1
2µ

∂P

∂x
z2 + zf(x, t) + g(x, t). (2.9)

Two boundary conditions are necessary to specify the unknown parameters f(x, t)



2.1. The lubrication equation 9

and g(x, t). The first condition is the no-slip boundary condition at z = 0, which
results in u(z = 0) = g(x, t) = Usub. The second boundary condition is obtained
from the tangential stress balance [20] at the liquid-gas interface z = h(x, t)

~t ·
(
τgas − τ liq

)
· ~n+ ~t · ∇sγ = 0. (2.10)

Here, ~n = 1
∆ (−∂h/∂x, 1) and ~t = 1

∆ (1, ∂h/∂x) are the unit vectors normal and
tangential to the liquid-air interface (with ∆ ≡

√
1 + (∂h/∂x)2). γ is the surface

tension corresponding to the liquid-gas interface and ∇s the surface gradient ope-
rator [21] which for this geometry is given by ∇s = 1

∆2

(
∂
∂x ,

∂h
∂x

∂
∂x

)
. τ is the viscous

stress tensor and is defined as

τ =
(

2µ∂u∂x µ
(
∂u
∂z + ∂w

∂x

)
µ
(
∂u
∂z + ∂w

∂x

)
2µ∂w∂z

)
. (2.11)

Keeping only the dominant terms of Eq. (2.10) and using ε� 1, results in

µ
∂u

∂z
= µgas

∂ugas

∂z
+ ∂γ

∂x
≡ τ. (2.12)

The shear stress τ acting on the thin film can be induced by a gas flow over the film
(where µgas is the viscosity of the gas and (ugas, wgas) the velocity of the gas) or by
a gradient of the surface tension. Applying Eq. (2.12) as the boundary condition at
z = h(x, t) leads to

u(z) = 1
2µ

∂P

∂x
(z2 − 2hz) + 1

µ
τz + Usub. (2.13)

The normal stress balance describes the pressure jump over the liquid-gas interface
and is given by [20]

p− pgas + ~n ·
(
τgas − τ liq

)
· ~n− γ∇s · ~n = 0. (2.14)

−∇s · ~n is the mean curvature of the liquid-gas interface and is given by

−∇s · ~n =
∂2h
∂x2(

1 + (∂h∂x )2
)3/2 , (2.15)

which reduces to ∂2h/∂x2 using ε� 1. The capillary term −γ∇s ·~n scales as γH/L2,
which must be of comparable magnitude as the pressure scale Ps = µUL/H2. From
the balance of these two scales, the capillary number Ca can be identified as Ca =
µU/γ = ε3. The capillary number represents the ratio between the viscous force
and the capillary force. Keeping only the dominant terms of Eq. (2.14) results in

p = −γ ∂
2h

∂x2 , (2.16)

where viscous normal stresses induced by the gas phase were neglected. The pressure
in the gas phase pgas is assumed constant and is therefore omitted in Eq. (2.16).
According to Eq. (2.8), the dynamic pressure P = p + ρgz does not depend on z.
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Evaluated at the liquid-gas interface, the dynamic pressure is equal to

P = −γ ∂
2h

∂x2 + ρgh. (2.17)

The next step in the derivation of the lubrication equation is to integrate the con-
tinuity equation (Eq. (2.1)) over the film thickness∫ h

0

(
∂u

∂x
+ ∂w

∂z

)
dz =

∫ h

0

∂u

∂x
dz + w(z = h)− w(z = 0)

= ∂

∂x

(∫ h

0
udz

)
− ∂h

∂x
u(z = h) + w(z = h)

= ∂Qliq

∂x
− ∂h

∂x
u(z = h) + w(z = h) = 0

(2.18)

making use of the Leibniz integral rule. The term w(z = 0) is equal to 0 according to
the no-penetration boundary condition. Qliq is the volume flux and can be evaluated
using Eq. (2.13), resulting in

Qliq =
∫ h

0
udz = −h

3

3µ
∂P

∂x
+ h2

2µτ + Usubh. (2.19)

In the case of a volatile liquid, the conservation of mass at the liquid-gas interface
is specified by [20]

J = ρ(~u− ~uint) · ~n = ρgas(~ugas − ~uint) · ~n, (2.20)
where J is the evaporation flux. ~uint = (us, ws) is the velocity of the interface. Its
component normal to the interface is described by the condition [22]

~uint · ~n = 1
∆

(
−∂h
∂x
us + ws

)
= 1

∆
∂h

∂t
. (2.21)

Eq. (2.20) can now be rewritten as
J

ρ
= (~u− ~uint) · ~n

= 1
∆

(
−∂h
∂x
u+ w + ∂h

∂x
us − ws

)
= 1

∆

(
−∂h
∂x
u+ w − ∂h

∂t

)
≈ −∂h

∂x
u+ w − ∂h

∂t
.

(2.22)

The last step is obtained using the approximation ε� 1. The lubrication equation
is obtained by combining Eq. (2.18) with Eq. (2.22), resulting in

∂h

∂t
+ ∂Qliq

∂x
= −J

ρ
(2.23)
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or
∂h

∂t
+ ∂

∂x

(
−h

3

3µ
∂P

∂x
+ h2

2µτ + Usubh

)
= −J

ρ
, (2.24)

when using the full expression for the volume flux Qliq.

2.2. Solute transport

The transport of solute in the liquid film is described by the convection-diffusion
equation

∂c

∂t
+ u

∂c

∂x
+ w

∂c

∂z
= D

(
∂2c

∂x2 + ∂2c

∂z2

)
, (2.25)

where c(x, z, t) is the solute concentration and D the diffusion coefficient. The
solute is assumed to be non-absorbing and non-volatile. This leads to the boundary
condition ∂c/∂z = 0 at the solid-liquid interface (z = 0) and the boundary condition

c
J

ρ
= D(~n · ∇c)

= D
1
∆

(
−∂h
∂x

∂c

∂x
+ ∂c

∂z

)
≈ D

(
−∂h
∂x

∂c

∂x
+ ∂c

∂z

) (2.26)

at the liquid-gas interface (z = h(x, t)). The evaporation rate is defined as F ≡ J/ρ
and the corresponding dimensionless variable as F̄ ≡ F/εU . Eq. (2.25) can be made
dimensionless with the same variables as introduced in section 2.1, leading to

∂c̄

∂t̄
+ ū

∂c̄

∂x̄
+ w̄

∂c̄

∂z̄
= 1
ε2Pe

(
ε2 ∂

2c̄

∂x̄2 + ∂2c̄

∂z̄2

)
. (2.27)

The Peclet number describes the ratio between convective and diffusive solute trans-
port and is defined as Pe = UL/D. The boundary condition of Eq. (2.26) in non-
dimensional variables is given by

−ε2 ∂h̄

∂x̄

∂c̄

∂x̄
+ ∂c̄

∂z̄
= ε2Pe c̄ F̄ . (2.28)

In the case of fast vertical diffusion, the following substitution [22] can be made for
c̄

c̄(x, z, t) = c̄0(x, t) + ε2Pe c̄1(x, z, t), (2.29)

with ε2Pe� 1. The average of c̄1 over the film thickness is equal to 0, 1
h

∫ h
0 c̄1(x, z, t)dz =

0, meaning that the parameter c̄0 can be considered as the height-averaged concen-
tration

1
h

∫ h

0
c̄(x, z, t)dz = 1

h

∫ h

0
c̄0(x, t)dz = c̄0(x, t). (2.30)
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Substituting Eq. (2.29) in Eq. (2.27) and Eq. (2.28) and keeping only the dominant
terms leads to

∂c̄0
∂t̄

+ ū
∂c̄0
∂x̄

= 1
Pe

∂2c̄0
∂x̄2 + ∂2c̄1

∂z̄2 (2.31)

∂c̄1
∂z̄

(z̄ = h̄) = 1
Pe

∂h̄

∂x̄

∂c̄0
∂x̄

+ c̄0F̄ . (2.32)

Integration of Eq. (2.31) over the liquid film thickness while applying the boundary
condition Eq. (2.32) results in

h̄
∂c̄0
∂t̄

+ Q̄liq
∂c̄0
∂x̄

= 1
Pe

∂

∂x̄

(
h̄
∂c̄0
∂x̄

)
+ c̄0F̄ , (2.33)

where Q̄liq is the dimensionless version of the volume flux Qliq from Eq. (2.19).
Switching back to dimensional variables leads to

h
∂c0
∂t

+Qliq
∂c0
∂x

= D
∂

∂x

(
h
∂c0
∂x

)
+ c0F. (2.34)

The flow and solute transport in thin liquid films is described by the coupling of
Eq. (2.23) and Eq. (2.34).

2.3. Moving contact lines
The implementation of moving contact lines on partially wetting substrates in the
thin film model deserves some special attention [23]. The difficulty lies in the fact
that the viscous stress, exerted by the liquid on the substrate, diverges upon appro-
aching the contact line (which will be shown below). One common way to resolve
this issue is to allow slippage between the liquid and the substrate, as described by
the Navier-slip boundary condition

u(z = 0) = Usub + λs
∂u

∂z
(z = 0), (2.35)

where λs is called the slip length.

Usub

x

z

Figure 2.2: Schematic image of a receding contact line on a partially wetting moving
substrate.

Figure 2.2 shows a schematic illustration of a receding contact line on a moving sub-
strate. Within the lubrication approximation, the horizontal velocity that satisfies
the Navier-slip condition Eq. (2.35) and the condition of no external stress acting
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on the liquid-gas interface (τ = 0) is given by

u(z) = 1
2µ

∂P

∂x
(z2 − 2hz − 2λsh) + Usub. (2.36)

In order for the contact line to remain stationary in the reference frame, the volume
flux Qliq must be equal to 0. From this condition it follows that the pressure gradient
in Eq. (2.36) is given by

∂P

∂x
= 3µUsub

h(h+ 3λs)
. (2.37)

The viscous stress that the liquid flow exerts on the substrate is given by

µ
∂u

∂z
(z = 0) = − 3µUsub

h+ 3λs
. (2.38)

In the case of no-slip (λs = 0), the shear stress shows a non-integrable singularity
at the contact line h → 0. Allowing for slip between the liquid and the substrate
relieves the singularity.
Another option is to assume the presence of an ultrathin precursor film [23]. This
resolves the stress singularity issue, since the liquid thickness never reaches a value of
0. A precursor film can be achieved by introducing the so-called disjoining pressure
Π in Eq. (2.17) according to

P = −γ ∂
2h

∂x2 + ρgh−Π(h). (2.39)

The disjoining pressure is related to intermolecular interactions between the liquid
and the adjoining phases [24]. The energy associated with these interactions is called
E. It describes the transition from the energy associated with a thick film, γSL + γ,
to the energy associated with a bare substrate, γSV [4]. If the energy of the film is
given by γSL + γ + E(h), the two requirements are thus that E(h → ∞) = 0 and
E(h→ 0) = γSV− (γSL +γ) = S (where S is the spreading parameter as introduced
in chapter 1). The disjoining pressure is related to E via Π ≡ −∂E/∂h. In this
thesis, fluids on partially wetting substrates are described using a phenomenological
model for Π(h),

Π(h) = γ(1−cos θeq) (n−1)(m−1)
(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
, (2.40)

as introduced by Schwartz and Eley [25]. n and m are positive integer numbers,
with n > m. θeq is the equilibrium contact angle. The thickness of the precursor
film is approximately equal to h∗, which satisfies Π(h = h∗) = 0. Figure 2.3 shows
the disjoining pressure of Eq. (2.40) with parameters n = 10, m = 4, h∗ = 10 nm,
θeq = 29◦ and γ = 45.6mN/m. The disjoining pressure contains a longe-range
attractive part (described by the exponent m) and a short-range repulsive part
(described by the exponent n). The prefactor of Eq. (2.40) is chosen in order to
satisfy the relation∫ ∞

h∗
Π(h)dh = −

∫ ∞
h∗

∂E

∂H
dh = γ(cos θeq − 1) = S. (2.41)
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Figure 2.3: Disjoining pressure of Eq. (2.40) with n = 10, m = 4, h∗ = 10nm, θeq = 29◦

and γ = 45.6mN/m.

2.4. Dimensionless numbers
This section presents an overview of some dimensionless numbers that appear through-
out this thesis.

The Reynolds number represents the ratio of inertial forces to viscous forces and
is defined as

ReL = ρUL

µ
. (2.42)

The capillary number represents the ratio of viscous forces to capillary forces
and is defined as

Ca = µU

γ
. (2.43)

The Weber number is the product of Re and Ca. It represents the ratio of
inertial forces to capillary forces and is defined as

WeL = Ca Re = ρU2L

γ
. (2.44)

The Peclet number represents the ratio of convective transport to diffusive trans-
port. In the case of mass transfer it is defined as

PeL = UL

D
. (2.45)

where D is the diffusion coefficient. In the case of heat transfer PeL is defined as

PeL = UL

κ
. (2.46)

where κ is the thermal diffusivity.



3
Active control of evaporative solution
deposition by means of modulated gas
phase convection

In solution processing, functional materials are dissolved or dispersed in a solvent
and deposited typically as a thin liquid film on a substrate. After evaporation of
the solvent, a dry layer remains. This chapter describes an ‘active’, non-contact
technique for evaporative pattern formation that does not require any substrate mo-
dification. It is based on an array of nozzles, some of which introduce a dry carrier
gas in the air space above the liquid film. By spatially modulating the solvent vapor
saturation above the liquid, patterns in the dry layer thickness can be induced in a
controlled fashion. The goal of this chapter is to study the pattern formation due
to a single pixel of such a nozzle array, by means of quantitative experiments and
numerical simulations.

15
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3.1. Introduction
Pattern formation in drying liquid films of suspensions and solutions can be achieved
by spatially modulating the evaporation rate of the solvent. This was first demon-
strated by Routh and Russel[26]. They placed a cover with regularly spaced holes
over an initially uniform film of an aqueous latex particle suspension, to locally hin-
der the evaporation. They reported a rise in film height in the evaporating region
and a drop in the nonevaporating region. Harris et al. [27, 28] performed similar
experiments and called this technique ‘evaporative lithography’. The authors iden-
tified the flow towards the evaporating region, driven by surface tension to keep the
evaporating film flat, as the driving mechanism for the pattern formation process.
The same authors [29] also studied the effect of Marangoni flows, induced by evapo-
rative cooling, and reported solute accumulation in the nonevaporating regions for
low solute volume fraction. Parneix et al. [30] placed an obstacle over a suspension
film and found that the size of the resulting dip in the dried film matched the size of
the obstacle. Tarasevich et al. [31] modeled the flow of solute in a droplet under a
mask using a thin film model and studied the effect of diffusion and sedimentation.

Vakarelski et al. [32] avoided the need to fabricate a mask by using a 2D cry-
stalline layer of latex particles, deposited on a substrate, as the evaporation mask.
A suspension of gold nanoparticles formed a network of liquid bridges between the
latex particles and the substrates and subsequent evaporation of the solvent resul-
ted in a conducting network of microwires. Instead of a template consisting of latex
particles, Tang et al. [33] produced a photoresist template using photolithography.
Zhao et al. [34] used the evaporative lithography technique to control the formation
of liquid droplets in a polymer matrix.

The evaporation rate can also be varied with infrared (IR) irradiation, which
locally increases the temperature of the solvent. Georgiadis et al. [35, 36] directed
IR irradiation through a mask, onto a wet latex film. They reported particle accu-
mulation under the holes in the mask, where the IR irradiation induces a strong
increase of the evaporation rate and also sintering of the latex particles. Compa-
red to standard evaporative lithography, this technique resulted in a faster drying
time. Utgenannt et al. [37] used the same technique to direct the assembly of gold
nanoparticles within the drying latex film. Vieyra Salas et al. [38] designed a sy-
stem based on a digital multimirror device to spatially modulate the IR irradiation,
eliminating the need for a mask. They reported solute accumulation in either the
irradiated or the nonirradiated regions, depending on the initial film thickness. Ta
et al. [39] focused an IR laser beam in an evaporating drop of a colloidal suspension
and reported solute deposition at the beam location. More complicated structures
were fabricated by translating the droplet with respect to the laser beam.

Arshad and Bonnecaze[40] introduced ‘templated’ evaporative lithography, where
a solvent-permeable membrane of non-uniform thickness is put not above the liquid
dispersion film, but rather in direct contact with it. The varying thickness of the
membrane results in a spatially modulated evaporation rate and thus a patterned
deposit. Cavadini et al. studied the inhomogeneous drying of a thin polymer film
by using a composite substrate with inhomogeneous thermal conductivity [41] or by
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partially covering the film [42]. In both cases they reported solute transport towards
the region of higher evaporation rate, due to Marangoni flow induced by the solute
concentration gradient. Yamamura et al. [43] numerically studied the drying of a
polymer solution film on a moving substrate, induced by impinging air dryers.

This study describes an ‘active’, non-contact technique for evaporative pattern
formation that is based on an array of nozzles, some of which introduce a dry carrier
gas in the air space above the liquid film [see Fig. 1(a)]. In this fashion, evaporative
mass transfer is enhanced by reducing and spatially modulating the solvent vapor
saturation in the gas phase above the liquid film. A local balance between positive
and negative flow rates (i.e. between neighboring nozzles that respectively introduce
dry gas and suck away solvent-vapor saturated gas) can prevent undesirable, gas-
flow-induced solute redistribution over distances exceeding the array period. This
technique is compatible with moving substrates - as required e.g. for roll-to-roll
processing [1, 44, 45] of organic electronic devices - if the gas flow distribution is
made time-dependent in accordance with the substrate displacement.

This chapter, however, focuses on pattern formation induced by a single pixel of
such a nozzle array on a stationary substrate. This allows for the characterization
of the pattern formation process using a combination of well-controlled experiments
and numerical model simulations. Section 3.2 describes the details of the experi-
mental setup. Section 3.3 focuses on the coupled numerical models for the solvent
vapor transport and the solute redistribution dynamics. Experimental and numeri-
cal results are presented in section 3.4. Section 3.4.4 presents a comparison between
the current model, based on the full Navier-Stokes equations, and the thin film mo-
del, as derived in chapter 2. This chapter ends with an overview of the relevant
dimensionless parameters and the implications for lithographic applications.

3.2. Experimental setup and procedures
Figure 3.1(b) shows a schematic image of the experimental setup. A liquid film
of an aqueous dispersion of poly(3,4-ethylene-dioxythiopene):poly(styrenesulfonate)
(PEDOT:PSS, initial concentration of 0.51 wt%, without co-solvents and surfac-
tants, supplied by Agfa-Gevaert N.V.) nanoparticles was prepared on a chemically
patterned substrate. Glass substrates (with a size of 75x50 mm and a thickness
of approximately 1 mm) were cleaned by subsequent immersion into a detergent
solution (Contrad 70), de-ionized water, acetone, ethanol and isopropanol in an ul-
trasonic bath for 15 min each. The substrates were dried using a nitrogen jet. A
monolayer of 1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS) was applied on
the substrate by immersion in a PFOTS-heptane solution for 2 min, followed by
immersion in pure heptane and rinsing with de-ionized water. The substrate, now
with a hydrophobic surface, was covered with a mask (2 mm thick metal plate with a
25 mm diameter circular opening) and placed in a UV/ozone cleaner (Jelight model
42-220) for 15 min. This rendered the substrate fully hydrophilic over a 25 mm dia-
meter circular area. The PEDOT:PSS dispersion was deposited on the hydrophilic
pattern using a Hamilton syringe. The chemical pattern allowed for a reproducible
initial wet layer thickness.
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substrate
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dry air
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Figure 3.1: (a) Sketch of an active evaporative lithography process. An array of nozzles
provides local control of the solvent vapor saturation above an evaporating solution layer.
(b) Sketch of the experimental setup (not to scale). Dsub denotes the distance between
the bottom of the concentric nozzles and the top of the substrate. Dry air is pumped at a
constant flow rate through the inner nozzle, humid air is removed through the outer nozzle
at the same flow rate. The red arrows indicate the direction of the flow in the inner and
outer nozzles. The yellow curves represent streamlines of the induced air flow. (c) Optical
transmission image of a typical dry solute distribution.
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Two concentric nozzles (Linari Engineering, product number COAX_2DISP),
consisting of an inner nozzle (inner radius R1 = 0.25mm, outer radius R2 =
0.42mm) and an outer nozzle (inner radius R3 = 0.69mm, outer radius R4 =
0.92mm) were placed above the center of the liquid film. The substrate was pla-
ced on a Kohzu ZM10A-C3C z-translation stage, which allowed precise control over
Dsub, the distance between the bottom of the nozzles and the top of the substrate.
This distance was measured with a Mitutoyo ID-C125B digital indicator. Dry air
(Linde, product number 3580110, N2/O2 mixture, humidity level ≤ 5 ppm) was sup-
plied through the inner nozzle (the arrows in Fig. 3.1(b) indicate the flow direction).
For flow rates Q lower than 4 ml/min, a large volume syringe (Hamilton, product
number 86020, 100 ml) placed on a syringe pump (KDS Gemini 88) was used to
drive the flow. During a typical measurement, the syringe was refilled with dry air
a few times. For larger flow rates, the flow was controlled with a needle valve and
measured with a flow meter (Omega, FMA3301ST). The outer nozzle extracted air,
with a flow rate equal to that through the inner nozzle. During the experiment,
the substrate and the nozzles were covered with a transparent enclosure. After
evaporation of the solvent, the dry layer thickness profiles hdry(x, y) were obtained
by measuring the optical absorption profiles A(x, y) in a transmission configura-
tion. Figure 3.1(c) shows a typical example of the dry film thickness distribution
after solvent evaporation. The black dot in the center, of approximate diameter 1
mm, corresponds to the induced solute accumulation, which gives rise to stronger
absorption.

3.3. Numerical model
This section describes a numerical model to study the effect of the modulated gas
phase convection on the solution deposition process. The model consists of two
different parts. The first part, the gas phase model (section 3.3.1), solves for the
velocity of the air and the solvent vapor concentration in the vicinity of the nozzles.
The evaporation flux of the solvent J0(r) and the pressure pair(r) and shear stress
τair(r) exerted by the air flow are obtained from this model. These quantities are
inserted in the second model, the liquid film model (section 3.3.3), which solves for
the transport of the solute in the liquid film.

3.3.1. Gas phase model

Figure 3.2 shows the computational domain for the axi-symmetric gas phase model.
The two white rectangles near r = 0 represent the inner and outer nozzles. Dsub
denotes the distance between the nozzles and the top of the substrate (located at
z = 0) and Dfilm the distance between the nozzles and the liquid-air interface, i.e.
Dfilm = Dsub − h where z = h is the location of the liquid-air interface. The
computational domain extends from z = h to z = zdom = 5mm in the z-direction
and from r = 0 to r = rdom = 14mm in the r-direction. The nozzle axis is located
at r = 0. The steady-state velocity of the air ~u is described by the incompressible
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Figure 3.2: Schematic representation of the computational domain and the boundary con-
ditions of the axisymmetric gas phase model.

Navier-Stokes equation
ρair (~u · ∇~u) = −∇p+ µair∇2~u, (3.1)

due to the low Mach numbers involved. The velocity consists of a radial component
ur and a vertical component uz. µair is the viscosity of air and ρair the density. ρair is
assumed constant, i.e. independent of the solvent vapor concentration. Convection
driven by variations in density is thus neglected. This is valid owing to the small
dimensions and the relatively high gas inlet velocity in the order of 0.1 to 1 m/s.
The steady-state solvent vapor concentration s (in units of kg/m3) is described by
the convection-diffusion equation

~u · ∇s = Ds,air∇2s. (3.2)
Ds,air is the diffusion coefficient of solvent vapor in air.

The boundary conditions (BCs) used for solving Eq. (3.1) and Eq. (3.2) are
indicated in Fig. 3.2. The left boundary at r = 0 corresponds to the symmetry
boundary. The walls of the nozzles have no-slip and no-penetration boundary con-
ditions (ur = uz = 0) and are assumed to be non-absorbing (~n · ∇s = 0). The
velocity profile at the top boundary of the inner nozzle (i.e. at z = zdom) is assumed
to be fully developed and is given by

uz(r) = 2Q
πR4

1

(
r2 −R2

1
)
, (3.3)

where Q is the flow rate and R1 the inner radius of the inner nozzle. The velocity
in the inner nozzle is in the negative z-direction, towards the liquid film. A uniform
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velocity profile was assumed at the top boundary of the outer nozzle,

uz = Q

π(R2
3 −R2

2) , (3.4)

where R3 is the inner radius of the outer nozzle and R2 the outer radius of the inner
nozzle. The exact shape of this velocity profile was found to have no effect on the
results of the gas phase model. The velocity in the outer nozzle is in the positive
z-direction, as indicated by the arrow in Fig. 3.2. The solvent vapor concentration
at the top boundary of the inner nozzle is assumed to be 0. A so-called convective
boundary was applied at the top boundary of the outer nozzle, i.e. the diffusive flux
Ds,air∂s/∂z is assumed negligible compared to the convective flux uzs. The right
boundary (at r = rdom) and the top boundary (at z = zdom and R4 < r < rdom,
where R4 is the outer radius of the outer nozzle) are assumed to be free from
viscous stress and of ambient pressure. The no-slip and no-penetration boundary
conditions are also applied at the location of the liquid-air interface, z = h. The
velocities at this boundary are assumed negligibly small since the viscosity of air is
much smaller than the viscosity of the liquid. The solvent vapor concentration at
this boundary is assumed to be equal to the saturation concentration, s = ssat. By
this assumption, the evaporation process is limited by the convection and diffusion of
solvent vapor in the gas phase. At the top boundary, the solvent vapor concentration
is proportional to the saturation concentration multiplied by the relative humidity,
s = ssatHrel. The following material parameters are assumed in the gas phase
model ρair = 1.204 kg/m3, µair = 1.81 · 10−5 Pa s, Ds,air = 2.51 · 10−5 m2/s, ssat =
0.0172 kg/m3 and Hrel = 40%.

For most simulations, the liquid-air interface is assumed flat and the value of
Dfilm assumed fixed, i.e. the evaporation and subsequent deformation of the liquid
film does not influence the evaporation rate of the solvent. This assumption is valid
for large nozzle heights, Dsub � hi, where h(t = 0) = hi is the initial thickness of
the liquid film. For simulations where this assumption is not valid, it is assumed
that Dfilm(r, t) = Dsub−h(r, t). The model is solved with the finite-element software
Comsol 3.5a. The mesh size increases from 10 µm directly below the nozzles, to 100
µm far away from the nozzles. Further decreasing the mesh size has no significant
effect on the numerical results of the gas phase model.

3.3.2. Typical results of the gas phase model
Figure 3.3(a) shows the simulated velocity field of the air in the vicinity of the
concentric nozzles. The color represents the magnitude of the velocity vector, |~u|,
while the white lines represent streamlines. The flow rate Q is 1ml/min, resulting
in a maximum speed |~u|max = 2Q/πR2

1 of 0.16m/s. The Reynolds number Re =
ρair|~u|maxR1/µair has a numerical value of approximately 3. h is assumed equal to
0, i.e. Dfilm = Dsub = 1mm. For Fig. 3.3(b), the flow rate is increased to 8ml/min,
while for Fig. 3.3(c) the nozzle height is decreased to 0.25mm.

Figure 3.4 shows the simulated solvent vapor concentration in the vicinity of the
concentric nozzles. The settings of the flow rate and the nozzle height correspond
to those indicated for Fig. 3.3. The white lines represent the same streamlines of
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Figure 3.3: Simulated velocity field in the vicinity of the concentric nozzles. The color
shows the magnitude of the velocity, the white lines represent streamlines. For (a) and (c),
Q = 1ml/min, while for (b) Q = 8ml/min. For (a) and (b), Dfilm = 1mm, while for (c)
Dfilm = 0.25mm. h is assumed equal to 0. The maximum speed |~u|max is 0.16m/s for (a)
and (c) and 1.3m/s for (b). For all images, the color scale ranges from 0 (dark blue) to
|~u|max (dark red).
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Figure 3.4: Simulated solvent vapor concentration in the vicinity of the concentric nozzles.
The white lines represent streamlines of the velocity field. For (a) and (c), Q = 1ml/min,
while for (b) Q = 8ml/min. For (a) and (b), Dfilm = 1mm, while for (c) Dfilm = 0.25mm.
h is assumed equal to 0. For all images, the color scale ranges from 0 (dark blue) to ssat
(dark red).
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the velocity field as shown in Fig. 3.3. For a flow rate of Q = 1ml/min, the Peclet
number Pe = |~u|maxR1/Ds,air has a numerical value of approximately 2. When the
flow rate is increased to 8ml/min (Pe ≈ 16), as shown in Fig. 3.4(b), the convection
of dry air towards the liquid-air interface increases. This results in a larger vertical
gradient of the water vapor concentration s at z = h. A similar increase in this
vertical gradient of s can also be achieved by lowering the height of the nozzles, as
shown in Fig. 3.4(c).
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Figure 3.5: Numerical results of the gas phase model. Evaporation flux J0 (a,b) and shear
stress τair (c,d) for different values of the flow rate Q and nozzle height Dfilm. For (a) and
(c), Dfilm = 1mm, while for (b) and (d) Q = 1ml/min. The dotted lines indicate the
radial position, r = R3, of the inner radius of the outer nozzle.

The evaporation flux of the solvent J0 (in units of kg/(m2 s)) is obtained from the
gas phase model by evaluating J0(r) = −Ds,air(∂s/∂z) at z = h. This parameter
is used as a BC for the liquid film model. Figure 3.5(a) shows J0 for different
flow rates Q when Dfilm = 1mm. The maximum evaporation flux occurs directly
below the center of the concentric nozzles, at r = 0. A larger value of Q results
in an increased evaporation flux, due to the enhanced transport of dry air towards
the liquid film. Figure 3.5(b) shows J0 for different nozzle heights Dfilm when
Q = 1ml/min. The evaporation flux strongly depends on the nozzle height; lowering
Dfilm increases the maximum value and narrows the width of the evaporation flux
profile. The evaporation flux far away from the concentric nozzles (r � R4) is
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primarily determined by the value of Hrel (which was always 40%).
The shear stress τair exerted on the liquid film is obtained from the gas phase

model by evaluating τair(r) = µair(∂ur/∂z) at z = h. This parameter is also used
as a BC for the liquid film model. Figure 3.5(c) shows τair for different flow rates Q
when Dfilm = 1mm. The location of maximum shear slightly shifts towards r = 0
for increasing values of Q. Figure 3.5(d) shows τair for different nozzle heights Dfilm
when Q = 1ml/min. The pressure pair at the liquid film interface is also obtained
from the gas phase model (data not shown).

3.3.3. Liquid film model
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Figure 3.6: Schematic representation of the computational domain (not to scale) and the
boundary conditions of the axi-symmetric liquid film model.

Figure 3.6 shows the computational domain for the axisymmetric liquid film
model. This model is used to study the transport of solute in the liquid film,
induced by the evaporation flux as well as the shear stress and pressure distributions
as obtained from the gas phase model. The incompressible Navier-Stokes equation
describes the time-dependent velocity of the liquid ~v,

ρliq

(
∂~v

∂t
+ ~v · ∇~v

)
= −∇p+ µliq∇2~v + ρliq~g, (3.5)

where the velocity consists of a radial component vr and a vertical component vz.
ρliq is the density of the liquid and is assumed to be constant. The viscosity of
the liquid µliq increases with increasing solute concentration c (as illustrated in
Fig. 3.7). The Navier-Stokes equation is coupled to a convection-diffusion equation
that describes the solute transport,

∂c

∂t
+ ~v · ∇c = Dliq∇2c. (3.6)

The diffusion coefficient of the solute, Dliq, is assumed to be independent of the
solute concentration. In order to take into account the deformation of the 2D
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computational domain, due to the evaporation of the liquid film, Eqs. (3.5) and
(3.6) are solved with an Arbitrary-Lagrangian-Eulerian (ALE) method [46]. The
top surface of the domain, the liquid-air interface, is initially located at z = hi at
t = 0, where hi is the initial wet layer thickness. ci is the initial solute concentration.
A comparison between the current model and the thin film model as derived in
chapter 2 is presented in section 3.4.4.

The boundary conditions that are used for solving Eqs. (3.5) and (3.6) are shown
in Fig. 3.6. The solid-liquid interface at z = 0 has a no-slip and no-penetration
boundary condition (vr = vz = 0) and is assumed to be non-absorbing (~n · ∇c = 0).
Symmetry boundary conditions are applied at r = 0 and at r = rdom. The velocity
of the liquid-air interface ~vint (located at z = h) depends on the evaporation flux J
and is given by

~n · (~v − ~vint) = J/ρliq, (3.7)
where ~n is the unit normal vector. Here, J(r, t) is the evaporation flux relevant
to the liquid film model. It decreases with increasing solute concentration at the
liquid-air interface [47, 48], ctop, and is assumed to be

J = J0(r)
(

1− ctop

cmax

)
, (3.8)

where cmax = 100wt%. A value of cmax smaller than 100wt% would be appropriate
for strong electrolytes at a nonzero ambient relative humidity. An alternative option
would be to modulate the saturation concentration ssat in the gas phase model [49]
and solving this model simultaneously with the liquid film model. For reasons of
numerical efficiency, however, it was chosen to directly modulate the evaporation
flux, Eq. (3.8).

The effect of the gas-flow-induced pressure pair is included by using the normal
stress discontinuity condition at the liquid-air interface, described by

p− ~n · τ · ~n = pair + γ∇s · ~n. (3.9)
Here, τ is the viscous stress tensor, γ the surface tension of the liquid and ∇s is
the surface gradient operator [21]. Normal stresses in the gas phase are neglected.
The effect of the shear stress τair is included by implementing the tangential stress
condition, described by

~t · τ · ~n = τair. (3.10)

Here, ~t is the unit vector tangential to the liquid-air interface. It is assumed that
the surface tension γ is constant, i.e. it does not depend on the solute concentra-
tion, which is realistic for PEDOT:PSS dispersions not containing co-solvents and
surfactants.

The following material parameters are assumed in the liquid film model ρliq =
1000 kg/m3, Dliq = 10−10 m2/s and γ = 72mN/m. Figure 3.7 shows the liquid
viscosity µliq as a function of solute concentration c. Its value at the initial solute
concentration ci = 0.51wt% is approximately 7 mPa s. µliq sharply increases at ccrit
= 5wt%. While PEDOT:PSS is nominally a nanoparticle dispersion, it behaves in
many respects more like a polymer solution than a hard-sphere particle suspension.
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Figure 3.7: Viscosity µliq as a function of solute concentration c.

The viscosity of PEDOT:PSS dispersions depends very sensitively on concentration
- a comparatively small solid fraction of just a few percent suffices to boost the
viscosity by a factor of 100 [50, 51]. The model is solved with the finite-element
software Comsol 3.5a. The mesh size is 2.5 µm in the vertical direction and increases
from 2.5 µm (at the center) to 45 µm in the radial direction. Further decreasing the
mesh size has no significant effect on the numerical results of the liquid film model.

3.3.4. Typical results of the liquid film model
Figure 3.8(a) shows the thickness of the liquid film h(r, t) at different times (the
arrow indicates the direction of increasing time). The initial thickness is hi =
124 µm, the initial solute concentration ci = 0.51wt%, the flow rate Q = 4ml/min
and the nozzle height Dfilm = 1mm. The thickness decreases due to the evaporation
of the solvent, but remains approximately uniform for some time. This suggests the
occurrence of a liquid flow, due to gravity and capillary pressure, towards the center,
the location of maximum evaporation flux. This inward directed flow results in an
accumulation of solute. Figure 3.8(b) shows the solute concentration, averaged over
the liquid film thickness, 〈c〉(r, t) = 1

h

∫ h
0 c(r, z, t)dz. The solute concentration at

the center increases to the maximum value cmax. At this time, the evaporation
flux at the center becomes negligible, owing to Eq. (3.8). This is illustrated in
Fig. 3.8(c), which shows the evaporation flux J(r, t) from the liquid film model.
The dotted line shows the initial evaporation flux J0(r) from the gas phase model.
In time, J decreases due to the accumulation of the solute. At the time when
J(r = 0) vanishes, the liquid film thickness h locally reaches a steady value because
the viscosity approaches a large value. After this time, the solvent in the rest of the
domain evaporates. The liquid film profile ultimately reaches a global steady-state
when the solute concentration is uniform and equal to cmax everywhere. The film
thickness in steady-state is called the dry film thickness hdry.
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Figure 3.8: Numerical results of the liquid film model; profiles of (a) film thickness h, (b)
height-averaged solute concentration 〈c〉 normalized by cmax and (c) evaporation flux J at
different times [ranging from 0 to 1800 s with 200 s intervals for (a) and from 1200 s to
1500 s with 25 s intervals for (b,c)] for Dfilm = 1mm and Q = 4ml/min. The dashed lines
show the profiles at t = 1400 s.

3.4. Results and discussion
3.4.1. Effect of the flow rate Q

Figure 3.9(a) shows experimental dry layer thickness hdry(r) profiles, for different
values of the flow rate Q, Dsub = 1mm, hi = 124 µm, R1 = 0.25mm and R3 =
0.69mm. The inset of Fig. 3.9(a) illustrates an optical absorption measurement
of a typical experiment. The dry layer thickness hdry(x, y) is obtained from the
local optical absorption A(x, y), using an experimentally determined calibration
curve. The radial profiles hdry(r) were obtained from hdry(x, y) by performing a
radial averaging procedure. This procedure consists of finding the center of the
solute deposit and averaging all pixel values at a certain radial distance from the
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Figure 3.9: (a) Experimental dry layer thickness profiles, for Dsub = 1mm, hi = 124 µm
and different values of the flow rate Q. The inset shows an optical absorption measure-
ment, from which hdry(r) is determined. (b) Dry layer thickness profiles obtained from
corresponding numerical simulations. (c) Solute thickness hsol profiles for different times,
ranging from 100 to 700 s with 100 s intervals (for Q = 6ml/min). (d) Contrast of the
solute deposit. The solid lines are obtained from numerical simulations with either τair = 0
(green line) or τair 6= 0 (blue line). (e) Width at half maximum of the solute excess deposit.
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center. The red circles in Fig. 3.9(a) schematically illustrate this procedure. The
experiments were repeated several times for each value ofQ, the profiles of Fig. 3.9(a)
show typical results . The experiment with Q = 4ml/min was done in two different
ways, either with the large volume syringe (cyan curve) or with the needle valve
(magenta curve). For low values of Q, the maximum value of hdry(r) occurs at
r = 0. A larger value of Q results in an increase of the dry layer thickness, owing
to the increase in the evaporation flux (as observed in Fig. 3.5(a)). For flow rates
of 6 and 8 ml/min, the maximum value of hdry does not occur at r = 0, but slightly
off-center.

Figure 3.9(b) shows the dry layer thickness hdry(r) profiles obtained from the
corresponding numerical simulations. In all simulations, the liquid film thickness
was observed to be approximately uniform during a large part of the evaporation
time of the film (as illustrated in Fig. 3.8(a)). The required inwards directed liquid
flow sets up the solute transport, that results in the dry layer thickness profiles of
Fig. 3.9(b). The increase in the dry layer thickness for larger values of Q compares
favorably to that observed for the experimental results of Fig. 3.9(a). However, the
maximum value of hdry(r) always occurs at r = 0. Figure 3.9(c) shows the time-
dependent solute thickness hsol, defined as hsol = h〈c〉/cmax, where h is the liquid
film thickness and 〈c〉 the height averaged solute concentration. In steady state, hsol
is equal to hdry. The flow rate is Q = 6ml/min. Figure 3.9(c) illustrates that just
after the start of the evaporation process, the maximum value of hsol does not occur
at the center. In time, however, the maximum value moves towards r = 0 due to
the relatively high value of Dliq that was used. The steady-state solute thickness,
i.e. the dry layer thickness, profiles are shown in Fig. 3.9(b).

The occurrence of this off-center maximum solute thickness is caused by the gas
flow induced shear stress τair and pressure pair. Figure 3.10 illustrates the distri-
bution of the solute concentration in the liquid film at t = 100 s. The parameters
are the same as those mentioned for Fig. 3.9(c). The white lines are streamlines of
the flow field in the liquid film. For Figure 3.10(a), the pressure and shear forces
were omitted from Eqs. (3.9) and (3.10), respectively. The streamlines illustrate
the inward oriented flow, that transports the solute towards the center. The solute
accumulates at the liquid-air interface. The pressure and shear forces were included
for Figure 3.10(b). The streamlines indicate the appearance of a vortex structure,
that counteracts the transport of the solute towards the center. For Fig. 3.10(a)
the maximum value of hsol occurs at r = 0, for Fig. 3.10(b) it occurs away from the
center. For the numerical simulations of Fig. 3.9(b), τair and pair were taken into
account.

Figure 3.9(d) shows the contrast Co of the solute deposit, defined as the ratio
between the dry film thickness at the center and the thickness at r∞ = 10R1 (2.5
mm). The red triangles show the results of all the experiments that were performed
for each value of Q. The contrast of the deposit increases with larger values of
Q. The solid lines are obtained from numerical simulations, the green line when
τair and pair are omitted from the liquid film model, the blue line when they are
taken into account. The gas-flow induced shear stress and pressure slightly diminish
the contrast of the deposit, for larger values of Q. The contrast Co approaches 1
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Figure 3.10: Numerical simulation of solute concentration c(r, z) in the liquid film at
t = 100 s, for Dfilm = 1mm and Q = 6ml/min. The effect of the gas-flow induced pressure
pair and shear stress τair is omitted in (a), while it is taken into account in (b). The white
lines represent streamlines of the flow field. The color scale ranges from 0.53 (dark blue)
to 1.34 wt% (dark red) for (a) and from 0.53 to 0.73 wt% for (b).

(indicated by the dashed line in Fig. 3.9(d)) for Q → 0 because the evaporation
rate is uniform in this case. Overall, the numerical simulations show quantitative
agreement with the experimental results. Figure 3.9(e) shows the width w at half
maximum of the solute excess deposit, hdry − hdry(r∞), as a function of Q. Both
the results from the experiment and from the numerical simulations show that the
width decreases with larger values of Q. The numerical results, however, display a
somewhat steeper decrease.

3.4.2. Effect of the nozzle height Dsub

Figure 3.11(a) shows experimental dry layer thickness hdry(r) profiles, for Q =
1ml/min and hi = 124 µm and different values of the nozzle height Dsub. The expe-
riments were repeated several times for each value ofDsub, the profiles of Fig. 3.11(a)
show typical results. Figure 3.11(a) illustrates that the dry layer thickness increases
with smaller values of Dsub. This corresponds to the enhanced evaporation flux
with decreasing nozzle height, as observed in Fig. 3.5(b).

Figure 3.11(c) displays dry layer thickness profiles from numerical simulations for
Dsub = 0.5mm and Q = 1ml/min. For the numerical calculation of the evaporation
flux and shear stress profiles of Fig. 3.5, it was assumed that in the gas phase model
Dfilm = Dsub = const. holds (i.e. the changing liquid layer thickness was not taken
into account in the gas phase model). These profiles were used as input for the liquid
film model calculations of Fig. 3.9(b). The dashed line of Fig. 3.11(c) shows the dry
layer thickness with the assumption that Dfilm = Dsub = const. in the gas phase
model. This assumption, however, results in an underestimation of the evaporation
flux J0 and the shear stress τair. The dotted line of Fig. 3.11(c) shows the dry layer
thickness with the assumption that Dfilm = Dsub − hi = const.. This assumption
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Figure 3.11: (a) Experimental dry layer thickness profiles, for Q = 1ml/min, hi = 124 µm
and different values of the nozzle heightDsub. (b) Dry layer thickness profiles obtained from
corresponding numerical simulations with the assumption that Dfilm(r, t) = Dsub − h(r, t)
in the gas phase model. (c) Dry layer thickness profiles for Dsub = 0.5mm and different
assumptions for Dfilm in the gas phase model.

leads to an overestimation of the evaporation flux and shear stress and as a result
an increased dry layer thickness compared to the Dfilm = Dsub case. The solid line
of Fig. 3.11(c) shows the dry layer thickness with the assumption that Dfilm(r, t) =
Dsub − h(r, t) in the gas phase model. This means that the gas phase model and
the liquid film model are fully coupled and solved simultaneously, resulting in a
time-dependent J0 and τair (as illustrated in Fig. 3.12). This assumption results
in a dry layer thickness inbetween the cases Dfilm = Dsub and Dfilm = Dsub − hi.
Figure 3.12 shows the evaporation flux J0 and shear stress τair profiles corresponding
to the different cases of Fig. 3.11(c). The blue lines show the profiles from the
Dfilm(r, t) = Dsub − h(r, t) case (obtained by simultaneously solving the gas phase
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model and the liquid film model). At t = 0 they overlap with the evaporation flux
and shear stress profiles from the Dfilm = Dsub−hi case (green line) and in time they
approach the profiles from theDfilm = Dsub case (red line). Figure 3.11(b) shows dry
layer thickness profiles from numerical simulations for Q = 1ml/min, hi = 124 µm
and different values of Dsub with the assumption that Dfilm(r, t) = Dsub − h(r, t).
It illustrates a similar increase in the dry layer thickness for smaller values of Dsub
as the experimental results of Figure 3.11(a).

3.4.3. Effect of the initial layer thickness hi

Figure 3.13(a) shows dry layer thickness profiles from numerical simulations for
Dfilm = Dsub = 1mm, Q = 4ml/min and different values of the initial liquid layer
thickness hi. The profiles are scaled with the initial solute thickness, (hici)/cmax.
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Figure 3.13: (a) Dry layer thickness profiles (scaled with the initial solute thickness) obtai-
ned from numerical simulations for Dsub = 1mm, Q = 4ml/min and different values of the
initial liquid layer thickness hi. (b,c) Contrast and width at half maximum of the solute
deposit as a function of hi.

The scaled dry layer thickness is approximately independent of hi for values of hi
larger than 40 µm (regime I). For values smaller than 40 µm, the scaled dry layer
thickness decreases with smaller values of hi (regime II). Figures 3.13(b,c) present
the corresponding contrast and width w of the solute deposit. The contrast Co
approaches 1 for hi → 0. This is because a small film thickness implies a low liquid
mobility, thus diminishing lateral transport and corresponding solute accumulation.
The transition between regimes I and II in Fig. 3.13(b) is characterized by a qualita-
tive change in the time-evolution of the liquid-air interface. As shown in Fig. 3.8(a)
for hi = 124µm, the wet layer thickness h(r, t) remains essentially uniform for a
significant fraction of the process time. In contrast, for a much smaller value of hi,
the liquid-air interface immediately develops a depression underneath the nozzles,
the concentration and viscosity increase much faster, thus limiting lateral transport
and reducing the value of Co.
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3.4.4. Comparison between thick film and thin film models
All the numerical results in this chapter have been obtained by solving Eq. (3.5)
and Eq. (3.6) on the deformable domain of Fig. 3.6. To study the necessity of this
approach, these results are compared with those obtained with the thin film model
(as described in chapter 2). In this model, the wet layer thickness h is described by
the lubrication equation [16]

∂h

∂t
+ 1
r

∂

∂r

(
r

(
h2

2µliq
τair −

h3

3µliq

∂P
∂r

))
= −J

ρ
, (3.11)

where the augmented pressure is given by

P ≡ pair + ρliqgh− γ
1
r

∂

∂r

(
r
∂h

∂r

)
. (3.12)

The height-averaged solute concentration c0 is described by

h
∂c0
∂t

+
(

h2

2µliq
τair −

h3

3µliq

∂P
∂r

)
∂c0
∂r

= 1
r

∂

∂r

(
rDliqh

∂c0
∂r

)
+ c0

J

ρ
, (3.13)

where the evaporation flux J still depends on the solute concentration via Eq. 3.8.
Symmetry boundary conditions are applied at r = 0 and at r = rdom. In the thin
film model, the height averaged concentration c0 does not vary over the thickness
of the film. In contrast, the model described in section 3.3.3 does allow a variation
of the concentration over the film thickness and is therefore called the thick film
model.
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Figure 3.14: (a) Dry film thickness profiles from both the thin film model (solid lines) and
the thick film model (dashed lines) for three different cases. (b) Center concentration as
a function of time from the thin film model (solid line) and the thick film model (dashed
or dotted line for top or averaged concentration, respectively) with Dsub = 1mm, Q =
8ml/min and τair = 0.
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Figure 3.14(a) shows dry layer thickness profiles obtained with the two models,
where the solid lines are obtained with the thin film model and the dashed lines
with the thick film model. The two green lines (which essentially overlap) illustrate
hdry for Q = 1ml/min, Dfilm = Dsub = 1mm and τair = 0. In this case, the
two models give identical results. However, when the flow rate is increased to
Q = 8ml/min, the two models give different results. The two red lines are obtained
when τair = 0, where the thin film model displays a stronger increase in hdry at r = 0
than the thick film model. Figure 3.14(b) shows the concentration at r = 0 as a
function of time for the thin film model (solid line) and the thick film model (dashed
line for the concentration at the liquid-air interface, ctop, and dotted line for the
concentration averaged over the liquid film thickness, 〈c〉). ctop from the thick film
model increases faster than the concentration from the thin film model. The thick
film model allows for the formation of a skin of increased concentration [52, 53]
at the liquid-air interface, while the thin film model does not. This skin hinders
the evaporation of the solvent, limiting the transport of solute towards the center
and thus decreases the dry film thickness hdry. By comparing the red (obtained
when τair is not taken into account) and the blue lines (obtained when τair is taken
into account), it can be concluded that the thin film model also does not correctly
describe the effect of the air shear stress. Since c is assumed uniform over the film
thickness in the thin film model, a structure such as that observed in Fig. 3.10(b)
cannot be reproduced by the thin film model.

3.4.5. Key parameters for evaporative lithography
For the purpose of precise pattern generation, the important parameters are the
process time ∆t, the contrast h(r = 0)/h(r = ∞) and the achievable resolution.
The latter can be quantified by the width of the accumulated material as presented
in Fig. 3.9(e), as well as the distance over which the material is transported inwards.
As illustrated in Fig. 3.11, both resolution and contrast are diminished, if the nozzle
height Dsub increases. Increasing Q is beneficial for both the contrast and the
resolution, as shown in Fig. 3.9, at least for the flow rate range studied. Above a
critical value, the initial film thickness hi appears to have a relatively weak effect
on the contrast and resolution, as shown in Fig. 3.13. No attempt was made to
minimize ∆t in the experiments. In general, a smaller initial film thickness and
a larger evaporation rate result in a reduction of ∆t. The parameters effecting
the achievable resolution are the lateral diffusion length

√
Dliq∆t and the nozzle

dimensions R1 and R3. The latter determines both the lateral length scale of the
vapor saturation modulation (see Fig. 3.4) as well as that of the gas shear induced
liquid flow patterns [see Fig. 3.10(b)].

3.4.6. Dimensionless parameters governing evaporative litho-
graphy

Due to the complexity of the system, there is a wealth of non-dimensional numbers
that influence the solute redistribution process. As was pointed out in Fig. 3.9, a
higher flow rate benefits resolution and contrast. However, if the Reynolds number
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far exceeds unity, Re � 1, the liquid film develops a depression [54, 55] and gas-
flow induced redistribution by far overwhelms any effect due to vapor saturation
modulation. Equivalently, evaporative lithography requires the Weber numbers

We = ρair|~u|2maxR1

γ
or We = ρair|~u|2max

ρliqghi
, (3.14)

depending on the value of the Bond number Bo = ρliqgR
2
1/γ, to be small.

The most important aspect ratio is given by ε = R1/Dsub. For large values of
ε, the relevant length scale of the gas flow near the gas-liquid interface is governed
by the pixel size R1, resulting in a pattern size correlated with R1. On the other
hand, for very small values of ε, the flow field is governed by the nozzle height and
the flow speed near the gas-liquid interface is diminished which tends to reduce the
modulation of the evaporation rate.

Many solutions exhibit a highly non-linear dependence of viscosity on the solute
concentration. Particles suspensions typically exhibit a jamming transition [56–
61], whereas polymer solutions can exhibit gelation [62–66]. In both cases, the
viscosity increases by orders of magnitude above a certain volume fraction, which
effectively prevents any lateral redistribution. Consequently, as elucidated by Eales
et al. [67] the ratio of ci/ccrit limits the achievable contrast. For the same reason the
dimensionless number ∂µ∂c

ci

µi
which quantifies the viscosity change with concentration

affects Co.
The achievable material accumulation also depends on the evaporation flux ra-

tio J0(r = r∞)/J0(r = 0), which is proportional to 1 − Hrel. The value of the
evaporation Peclet number

Peevap = J0hi
ρliqDliq

(3.15)

determines whether skin formation occurs [52, 53]. The value of the lateral Peclet
number PeR = vr,maxR1/Dliq quantifies the competition between convective solute
accumulation and lateral diffusion. If the surface tension of the solution depends on
concentration, then the ratio of the surface-tension-gradient-induced velocity and
the lateral evaporation-induced flow velocity becomes important [38]. This ratio
is equivalent to the ratio of the solutocapillary Marangoni number and the lateral
Peclet number. For systems where evaporative cooling is substantial an analogous
thermocapillary parameter can be defined.

3.5. Summary
The pattern formation during solution-deposition of a thin layer of functional ma-
terial was studied by spatially modulating the evaporation rate of the solvent. Two
concentric nozzles are placed above a liquid solution film. Through the inner nozzle
dry air is supplied, whereas air saturated with solvent vapor from the evaporating
film is extracted through the outer nozzle. The non-uniform evaporation rate in-
duces lateral transport of solute towards the nozzle axis. This results in material
accumulation and thus a local maximum of the dry layer thickness. Systematic se-
ries of experiments were conducted, where the gas flow rate as well as the distance
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between nozzle exit and substrate were varied. Moreover, two coupled numerical
models for the gas phase convection and solvent vapor concentration around the
nozzles as well as the solute transport in the liquid film were developed. The expe-
rimental results were well reproduced by the simulations. Based on these results,
implications for the key performance parameters of evaporative lithography such
as the achievable resolution and the dry layer thickness modulation were discus-
sed. Moreover, the influence of the dimensionless parameters that govern the mass
transfer process were considered.



4
Solution deposition processes in a
receding meniscus

This chapter describes a solution deposition process which produces a line pattern of
solute on a chemically and topographically homogeneous substrate, using a receding
meniscus of a volatile solvent. The drying of the polymer solution occurs simulta-
neously with its coating on the substrate, i.e. the dry deposit directly emerges from
the receding meniscus. This is in contrast to the method described in the previous
chapter, where the pattern formation takes places during the drying step, after the
solution has been coated on the substrate. The shape of the periodic deposit and
the average film thickness can be controlled by varying the coating speed and the
evaporation rate of the solvent. The goal of this chapter is to study the effect of
these two parameters on the solution deposition process, by means of experiments
and numerical simulations.

39
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4.1. Introduction
The coating of a solid substrate with a thin film of non-volatile solute by a dip coating
process in the presence of evaporation has received considerable interest in the past
years. Berteloot et al. [68] identified the existence of two different regimes of dip-
coating. For high substrate speed Usub, the thickness of the dried film hdry follows
the classical Landau-Levich theory [5] hdry ∼ U

2/3
sub , since the evaporation rate is

insufficient to directly dry the film. For low substrate speed, a cross-over occurs and
hdry is found to decrease with increasing Usub. In this so-called ‘evaporative’ regime,
the dry deposit directly emerges from the contact line. Based on the occurrence of
a stagnation point near the receding contact line, Berteloot et al. [68] deduced
that in this regime, the thickness should scale as hdry ∼ U−2

sub. Later, the same
authors adjusted this scaling relation to hdry ∼ U−1

sub by taking into account the
gradient of the solute concentration near the contact line [69]. The same exponent
of -1 was found experimentally by a number of authors, using different material
systems [70–74]. Variations of the conventional dip-coating process include a non-
constant substrate speed [75, 76] and chemically [77] or topographically patterned
surfaces [78].

Even on a chemically and topographically homogeneous surface, the dip coating
process can result in an inhomogeneous, patterned deposit. Masuda et al. [79]
placed a substrate vertically in a colloidal suspension and evaporated the solvent at
a controlled temperature. The colloidal particles formed an array of particle lines,
with the lines aligned parallel to the liquid meniscus. The width and spacing of the
lines could be modulated by controlling the temperature of the solution. Similar
experiments were conducted by Abkarian et al. [80]. They suggested ‘self-pinning’ of
the contact line by the deposit as the mechanism for the pattern formation process.
Ghosh et al. [81] found analogous patterns while dip-coating a colloidal suspension
with a low substrate withdrawal rate. They reported a disordered particle deposit
in the case of a high substrate speed. The deformation and rupture of the liquid
meniscus, leading to the line formation, were monitored in situ by Mino et al. [82]
and Nadir Kaplan et al. [83].

Bodiguel et al. [84, 85] measured the pinning force, induced by the solute deposit
to pin the contact line. Noguera-Marín [86] studied the effect of the wetting proper-
ties of the substrate and found that the pinning of the contact line is enhanced by
contact angle hysteresis of the substrate. Later, the same authors also varied the
pH of the colloidal suspension, in order to alter the particle interactions and thus
the solute diffusion coefficient [87]. Similar experiments were conducted by Hsueh et
al. [88]. Lee et al. [89] varied the diameter of the colloidal particles and related the
distance between two deposit lines to the particle size using a geometrical model. A
similar correlation between the line width and spacing was found by Watanabe et
al. [90].

Microwires produced by a dip-coating process have been used for various applica-
tions, especially in the field of flexible electronics. Park et al. fabricated microwires
for the production of conductive wire arrays [91], field-effect transistor arrays [92]
and pn heterojunction diode arrays [93]. Farcau et al. [94] also produced conductive
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microwires and could change the direction of the wires (either perpendicular or
parallel to the substrate speed) by varying the temperature. Li et al. [95] used col-
loidal stripe patterns as etching masks, creating substrates with anisotropic wetting
properties.

Patterned deposits have also been observed using material systems other than
colloidal suspensions, such as a phospholipid solution [70], sol-gel films [96] and po-
lymer solutions. Yabu and Shimomura [97] studied the pattern formation process
from a receding meniscus of a polymer solution. Depending on the initial concen-
tration of the polymer, they found different deposition patterns, namely dot arrays,
stripes parallel to the contact line and ladder structures. Park et al. [98] created an
array of polymer stripes over a distance of several cm by confining a polymer solu-
tion between the substrate and a roll, which was moving over the substrate. They
demonstrated the possibility to control the size of the stripes by varying the speed
of the roll. Kim et al. [99] prepared a micropatterned film of a diblock copolymer.
Upon thermally annealing this structure, they demonstrated the alignment of the
block-copolymer in a lamellar morphology on the nanoscale.

The formation of patterned deposits from a dip coating process has also been
studied with numerical simulations, based on different methods. Colosqui et al. [100]
used the lattice Boltzmann method to study the flow field in the receding meniscus
and its effect on suspended spherical particles. They demonstrated that the particles
could form regular structures, by assembling within the receding meniscus. Lee
and Son [101] used a level-set method with a convection-diffusion equation for the
solute concentration, while limiting the range of possible contact angles to achieve
a stick-slip motion of the contact line. Frastia et al. [102] used a thin film model
to study the solution deposition process in a receding meniscus. The contact line
receded by evaporation (which was assumed to be limited by the kinetics of the phase
transition) and by convection (due to the wettability of the substrate). They also
included a nonlinear dependence of the viscosity on the solute concentration. Unlike
in a dip-coating process, there was no imposed (average) speed of the contact line.
They found that the contact line receded by a periodic pinning-depinning cycle
and identified various deposition patterns depending on the system parameters.
Doumenc and Guerrier [103] studied the drying of polymer solution in a receding
meniscus in a dip-coating geometry, i.e. with an imposed speed of the contact line.
The evaporation rate was assumed to be limited by the diffusion of solvent vapor in
the gas phase, while the hydrodynamics in the solution was described with a thin film
model. They identified the evaporative regime and the Landau-Levich regime and
obtained only homogeneous deposits. However, by including the solutal Marangoni
stress [18, 19], they obtained patterned deposits in the evaporative regime for certain
ranges of the control parameters. This shear stress is the result of the difference in
surface tension between the solvent and the solute.

This chapter focuses on the periodic pattern formation that results from drying
a polymer solution in a receding meniscus, in a horizontal die-coating geometry.
Section 4.2 describes the details of a numerical model that is similar to the one
developed by Doumenc and Guerrier [18, 19, 103]. This model is used to study the
effect of the two main control parameters, the substrate speed and the evaporation
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rate, in the case of homogeneous deposits (section 4.2.1) and patterned deposits
(section 4.2.2). The material parameters used in the numerical model are based on
the material system that was used for the experiments. Section 4.3 focuses on the
experimental setup and procedures while experimental results for the variation of the
substrate speed and evaporation rate are described in section 4.4.1 and section 4.4.2,
respectively.

4.2. Numerical model
Figure 4.1 shows the 1D computational domain that is used to model the solution
deposition process in a receding meniscus. The model is similar to that developed
by Doumenc and Guerrier [18, 19, 103].

h(x)

∂h
∂x

= 0

∂c
∂x

= 0

h = h0
c = ci

Usub

c(x) F(x)

x = 0 x = x1x = L

Figure 4.1: Schematic representation of the computational domain and boundary conditi-
ons for the solution deposition model.

The thickness profile h of the volatile solvent film is described by the lubrication
equation [16],

∂h

∂t
+ ∂

∂x

(
h2

2µ(c)τ −
h3

3µ(c)
∂P
∂x
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)
= −J

ρ
= −F. (4.1)

The three terms inside the brackets describe the flow induced by a shear stress, by
a pressure gradient and by the motion of the substrate, respectively. Eq. (4.1) is
coupled to an equation that describes the height-averaged concentration c of the
non-volatile solute,
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3µ(c)
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(
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∂c

∂x

)
+ cF. (4.2)

The solute concentration is assumed uniform over the thickness of the liquid film.
The first term on the right hand side of Eq. (4.2) describes the diffusion of the
solute, while the second term appears since the solute is assumed non-volatile. The
evaporation rate F (in m/s) is assumed to decrease linearly with the local solute
concentration and is represented by the phenomenological model equation

F = F0

(
1− c

cmax

)
, (4.3)

where F0 is the evaporation rate of the pure solvent and cmax = 100wt%. This is
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different from the original model by Doumenc and Guerrier [18, 19, 103], where the
evaporation rate is obtained by solving a diffusion equation for the solvent vapor in
a separate 2D computational domain for the gas phase. In this case the evaporation
rate F strongly increases near the contact line. This effect, which was first described
by Deegan et al. [104], cannot be captured using Eq. (4.3). However, Dey et al. [19]
compared the 2D and 1D evaporation models (i.e. the model from Doumenc and
Guerrier and Eq. (4.3), respectively) and found very similar deposit patterns for
comparable values of F . The capillary pressure

P ≡ −γ(c)∂
2h

∂x2 (4.4)

represents the influence of surface tension, the effect of gravity is neglected. The
viscosity µ(c) depends on the local solute concentration c according to the following
function [103]

µ [Pa s] = 105.27+13.1x+6.99x2+1.25x3
, (4.5)

where x = log10(c/cmax). Eq. (4.5) is based on experimentally measured values,
displayed in Fig. 4.8. The surface tension γ(c) linearly increases with the solute
concentration according to

γ = γ0 + dγ

dc
c, (4.6)

where γ0 = 28mN/m. For most of the simulations, dγ/dc = 10−2 mN/m(wt%).
τ ≡ (dγ/dc)(∂c/∂x) is the solutal Marangoni shear stress, that arises due to the
difference in surface tension between the solvent and the solute. Doumenc and
Guerrier [18] showed that patterned deposits can only be obtained when τ 6= 0. The
substrate moves with speed Usub in the positive x-direction. L is the location of the
drying front, which can also occur outside of the computational domain. D = 1 ·
10−10 m2/s is the diffusion coefficient of the solute in the solvent and is assumed to
be independent of c. The initial concentration is ci = 1wt%.

The following boundary conditions are used

h(x = 0) = h0,
∂2h

∂x2 (x = 0) = C0, c(x = 0) = ci (4.7)

∂h

∂x
(x = x1) = 0, ∂p

∂x
(x = x1) = 0, ∂c

∂x
(x = x1) = 0. (4.8)

At the reservoir side (Eq. (4.7)), the film thickness is fixed at h0 = 100 µm, the film
curvature at C0 = 2mm−1 and the solute concentration at the initial concentration
ci. The right side of the computational domain is located at x1 = 1mm. It is
assumed that at this outlet, the gradients of the film thickness, the pressure and
the solute concentration are equal to 0. The model is solved with the finite-element
software Comsol 3.5a on a mesh with an element size of 1 µm. Lowering the element
size was found to have no significant effect on the dry deposit thickness hdry = hc.

4.2.1. Numerical results: homogeneous deposits
Figure 4.2(a) shows profiles of the liquid film thickness (on a log-linear scale) for
different values of the substrate speed Usub. The solutal Marangoni stress is not ta-
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ken into account, τ = 0, and F0 = 1 µm/s. Figure 4.2(b) displays the corresponding
profiles of the solute concentration, normalized by cmax.
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Figure 4.2: (a) Liquid film thickness profiles and (b) solute concentration profiles for
different values of Usub, where ci = 1wt%, F0 = 1 µm/s and τ = 0 .

For the highest values of the substrate speed (Usub & 1mm/s), the concentration
remains close to the reservoir concentration ci. A liquid film is pulled out of the
reservoir and the evaporation rate is insufficient to immediately dry the film. In this
regime, the layer thickness h increases with increasing Usub. This is the so-called
Landau-Levich regime [5], where the film thickness is proportional to Ca2/3. The
capillary number Ca = µUsub/γ describes the ratio between viscous and capillary
forces. When Usub = 4mm/s, Ca is equal to 1.3 · 10−4. The boundary conditions
of Eq. (4.8) are strictly speaking not valid in the Landau-Levich regime, since the
parameters h and c are still varying at x = x1 due to the ongoing evaporation.
However, extending the size of the computational domain to x1 = 2mm had no
significant effect on hdry in the original domain.
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When the substrate speed is reduced to lower values (Usub . 1mm/s), a drying
front appears. The drying front is the location where the concentration reaches the
maximum value, cmax. The evaporation rate is now sufficient to have a strong effect
on the flow in the receding meniscus. Figure 4.2(a) illustrates that in this regime of
the substrate speed, the layer thickness increases with decreasing Usub. This regime
is called the evaporative regime [72], where the dry film thickness is described by

hdry ∼
Ftotci
Usub

. (4.9)

Ftot =
∫ L

0 Fdx is the total evaporation rate over the meniscus, where there is no
evaporation beyond the drying front. Eq. (4.9) can be derived from the mass ba-
lances of the solvent and the solute over the meniscus [72]. The mass balance of the
solvent is given by

Qsolvent(x = 0)−Qsolvent(x = L)− Ftot = 0 (4.10)
and that of the solute by

Qsolute(x = 0)−Qsolute(x = L) = 0. (4.11)
Qsolvent is the solvent flux and Qsolute = cQsolvent the solute flux. It is assumed that
the solute does not evaporate and that the diffusive flux of the solute is negligible.
From Eq. (4.11) it follows that ciQsolvent(x = 0) = cmaxQsolvent(x = L). Beyond the
drying front the film moves along with the same speed as the substrate, due to the
strong increase in the viscosity. This can be expressed as Qsolvent(x = L) = hUsub =
hdryUsub/cmax. Using these expressions in Eq. (4.10) and rearranging results in

hdry = Ftot

Usub

cmaxci
cmax − ci

. (4.12)

Since ci � cmax this expression reduces to Eq. (4.9). Hsueh et al. [105] perfor-
med 2D numerical simulations on the dip-coating geometry and demonstrated the
occurrence of a flow that transports the solute back to the reservoir, at relatively
high substrate speed. This resulted in a value of hdry lower than expected from
Eq. (4.12). Doumenc et al. [106] studied the evaporative dip-coating of colloidal
suspensions where even in the evaporative regime, the film that is drawn from the
meniscus can be saturated with solvent. This film subsequently dries over a certain
drying length, which depends on the process parameters according to Lev ∼ ci/Usub.
This modified the scaling relation of Eq. (4.9) to hdry ∼ Ftotc

2
i /U

2
sub.

Figure 4.3(a) shows the dry film thickness hdry = hc (evaluated at x = x1) as
a function of Usub for different values of the evaporation rate constant F0. In the
Landau-Levich regime (where hdry increases with increasing substrate speed), the
dry film thickness is independent of F0. In this regime, a wet film is entrained on the
substrate and the evaporation rate is insufficient to dry the film (i.e. c(x = x1) ∼ ci).
The same data is displayed in Fig. 4.3(b) where hdry is now scaled by the factor
Ftotcmaxci/(cmax − ci) from Eq. (4.12). The dashed line in Fig. 4.3(b) illustrates
that in this regime, the dry film thickness scales as hdry ∼ U

2/3
sub . The evaporation

rate does have a strong effect on the dry film in the evaporative regime (where hdry
decreases with increasing substrate speed). Increasing F0 in this regime results in an
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Figure 4.3: (a,b) (Scaled) Dry film thickness hdry as a function of Usub for different values
of the evaporation rate constant F0. (c) Total evaporation rate Ftot as a function of Usub
for the same values of F0. (d,e) (Scaled) Dry film thickness hdry as a function of Usub for
different values of the reservoir concentration ci.

increase of the dry film thickness, as shown in Fig. 4.3(a). Scaling hdry with the total
evaporation rate Ftot collapses all the data points on a single curve, as illustrated in
Fig. 4.3(b). The dotted line in Fig. 4.3(b) displays that in the evaporative regime
the dry film thickness scales as hdry ∼ Ftot/Usub as was expected from Eq. (4.9).
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Figure 4.3(c) shows the total evaporation rate Ftot as a function of Usub (on a linear-
log scale) for the different values of F0. In the evaporative regime, Ftot depends on
the substrate speed since the location of the drying front moves towards the reservoir
upon decreasing Usub (as can be seen in Fig. 4.2(b)). This limits the length over
which the evaporation takes place. Doumenc and Guerrier [103] showed that in
the case of 2D diffusion-limited evaporation, the total evaporation rate Ftot is to
good approximation independent of Usub, while the location of the drying front does
depend on the substrate speed.

Figure 4.3(d) shows hdry as a function of Usub for different values of the reservoir
concentration ci. Both in the evaporative regime and the Landau-Levich regime, the
dry film thickness increases by increasing ci. In Fig. 4.3(e), the dry film thickness is
scaled by Ftotcmaxci/(cmax− ci). This collapses all the data points on a single curve
in the evaporative regime, as was expected from Eq. (4.12). However, it does not
result in a single curve in the Landau-Levich regime. In this regime, the dry film
thickness is proportional to the reservoir concentration since hdry ∼ cih. However,
the thickness of the liquid film h that is entrained on the substrate also depends
on ci via the liquid viscosity µ(c). The viscosity does not influence the dry film
thickness in the evaporative regime. Figure 4.3(e) also illustrates the effect of the
diffusion coefficient D. The red down- and up triangles are obtained from numerical
simulations with 5 · 10−11 m2/s and 2 · 10−10 m2/s, respectively (with F0 = 1 µm/s
and ci = 1wt%). It does not influence the dry film thickness in the Landau-Levich
regime. In the evaporative regime, where the drying front as illustrated in Fig. 4.2(b)
appears, hdry shows a weak dependence on the value of D.

4.2.2. Numerical results: stripe deposits
The solution deposition process in the receding meniscus in the absence of the
solutal Marangoni stress (τ = 0) was discussed in section 4.2.1. For all values
of the parameters Usub and Ftot, the profile of the meniscus reached a stationary
configuration and a homogeneous solute deposit was obtained. In the case of τ 6=
0, the receding meniscus can display a periodic displacement cycle, depending on
the values of Usub and Ftot. Figure 4.4(a) shows liquid film thickness profiles and
Fig. 4.4(b) corresponding solute concentration profiles at different moments in time
during one cycle, with ci = 1wt%, F0 = 2 µm/s, Usub = 25 µm/s and dγ/dc =
10−2 mN/m(wt%). At the start of the cycle (illustrated by the curves labeled with
’0’), the liquid film thickness profile displays a bulge, in contrast to the curves of
Fig. 4.2(a). In time, the bulge grows and the drying front moves in the direction
of the substrate speed. After this, the bulge dries out and the drying front quickly
moves against the substrate speed direction. The deposited bulge is advected along
with the substrate, due to the strong increase in its viscosity. The receding meniscus
develops a new bulge and the periodic cycle repeats itself.

Figure 4.5(a) shows one period of the dry deposit thickness hdry for different
values of Usub. The values of the other parameters are the same as those used in
Fig. 4.4. The profiles are shifted along the x-axis so that the maximum thickness
occurs at x = 0. Both the amplitude and the period of the deposit are reduced by
an increase of the substrate speed. Also the film thickness at the start of the period
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Figure 4.4: (a) Liquid film thickness profiles and (b) solute concentration profiles with time
differences of 0.425 s between subsequent curves (ci = 1wt%, F0 = 2 µm/s, Usub = 25 µm/s
and dγ/dc = 10−2 mN/m(wt%)).

varies with Usub. It is assumed that the evaporation rate F is equal to 0 when the
liquid film thickness drops below a certain value h∗ = 20nm. The amplitude and
period of the deposit do not depend strongly on the exact value of h∗. Although the
solute deposit now displays a periodic pattern, the average layer thickness havg still
follows the same scaling relation as that illustrated in Fig. 4.3(b). havg is defined as∫
hdry(x)dx/P , where the integral is taken over the period P . Figure 4.5(c) displays

havg, scaled by the factor Ftotcmaxci/(cmax − ci), as a function of Usub. Due to
the periodic displacement of the contact line, the total evaporation rate Ftot now
becomes time-dependent. The value of Ftot that is used in Fig. 4.5(c) corresponds
to the time-average over one period. For values of Usub outside of the range used
in Fig. 4.5(a), the receding meniscus reaches a stationary state and a homogeneous
deposit is obtained. The red circles in Fig. 4.5(c) are obtained in the periodic regime,
the blue down triangles outside of this regime. The green up triangles are obtained
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Figure 4.5: (a) Dry film thickness profiles hdry for different values of Usub (ci = 1wt%,
F0 = 2 µm/s and dγ/dc = 10−2 mN/m(wt%)). (b) hdry for different values of F0 and
Usub = 10 µm/s. (c) Scaled average layer thickness havg as a function of Usub (same
parameters as in (a)). (d) Scaled average layer thickness havg as a function of Ftot (same
parameters as in (b)).
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when the solutal Marangoni stress is not taken into account and thus illustrate the
same data as in Fig. 4.3(b). Figure 4.5(b) displays dry thickness profiles obtained
with different values of the evaporation rate constant F0 and Usub = 10 µm/s. The
period of the dry deposit increases with F0, while its amplitude does not depend
strongly on the value of F0. The deposit profile develops a ‘tail’ at the side that
points away from the liquid reservoir (positive value of x). Figure 4.5(d) shows havg,
scaled by the factor cmaxci/Usub(cmax − ci), as a function of Ftot. As in Fig. 4.5(c),
the red circles are obtained in the periodic regime. The average layer thickness
depends linearly on Ftot, also in the regime of the periodic deposits.
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Figure 4.6: (a,c) Period and amplitude of dry deposit profile as a function of Usub and
different values of F0. (b,d) Period and normalized amplitude of dry deposit profile as a
function of F0 (with Usub = 10 µm/s) and two different values of dγ/dc.

Figure 4.6(a) shows the period of the dry deposit as a function of Usub and
different values of F0. The occurrence of the periodic regime shifts to larger values
of the substrate speed when F0 is increased. The period diverges near the lowest
values of Usub where periodic deposits are still observed. Figure 4.6(c) displays the
corresponding amplitude of the dry deposit. For the highest values of Usub that
still result in a periodic deposit, the amplitude diminishes with the substrate speed,
while the period remains approximately constant. Figures 4.6(b,d) show the period
and amplitude as a function of F0 (with Usub = 10 µm/s) and for two different values
of dγ/dc. This parameter describes the dependence of the surface tension on the
solute concentration. The range of F0 where periodic deposits are observed depends
on the value of dγ/dc. Figure 4.6(b) illustrates that the period diverges near the
highest values of F0 that result in a periodic deposit. The amplitude in Fig. 4.6(d)
is normalized by the maximum value that occurs in the periodic regime, which is
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1.17 µm and 2.49 µm, for the blue and red circles, respectively.
In order to study the origin of the stripe formation process, numerical simulations

were performed with a constant viscosity, i.e. µ = µ(ci). These calculations resulted
in only homogeneous deposits, also in the parameter range where the original model
(with µ = µ(c)) resulted in patterned deposits. This illustrates that both the solutal
Marangoni stress and the concentration dependence of the viscosity are necessary
factors for the stripe formation process.

4.3. Experimental setup and procedures
Figure 4.7(a) shows a sketch of the experimental setup. A custom-made slot-die is
placed at a height of approximately 500 µm above a glass substrate. This height
can be changed manually. The slot-die is connected to several stages, that allow it
to be tilted around three perpendicular axes of rotation. The substrate is placed
on a sample holder, which is connected to a computer-controlled translation stage
(Newport XMS 160). The direction of substrate motion is in the positive x-direction.
The inset of Fig. 4.7(a) shows a bottom view of the slot-die. The slot-die consists
of two parts, both with a width wsd = 1mm in the x-direction. One of the parts
contains a slot with a width wl = 0.1mm in the x-direction and wy = 1 cm in the y-
direction. The coating liquid is injected through this slot and is confined between the
slot-die and the substrate. The receding coating meniscus is monitored from below
using a microscope, consisting of a long working distance objective (Mitutoyo, M
Plan Apo 10X/0.28) and a CCD camera (AVT Pike F-145B). The microscope is
directed along the y-direction and extends into a cavity in the sample holder. A
small mirror is connected to the objective, under an angle of 45° in the yz-plane.
The microscope is placed so that its field of view occurs halfway along the length of
the slot-die in the y-direction. A separate air nozzle can be connected to the slot-die
on the side of the receding meniscus. This creates a slot with a width wa = 0.75mm
in the x-direction. The exit of the air nozzle is placed 500 µm above the exit of the
slot-die. A large volume syringe (Hamilton, product number 86020, 100 ml) placed
on a syringe pump (KDS Gemini 88) is used to drive the flow of air through the
nozzle. The entire setup is placed in an enclosure, to minimize dust contamination.

The coating liquid is a polymer solution of poly(methyl methacrylate) (PMMA,
Sigma Aldrich 182230, average molecular weight approximately 120.000), dissolved
in toluene (Sigma Aldrich, 34866) or in o-xylene (Sigma Aldrich, 95662). For both
solvents, the initial concentration used in all experiments is 1 wt%. Solutions with
higher concentrations were prepared in order to measure the viscosity and surface
tension. The viscosity was measured with a Brookfield lvdv-ii+pro viscometer
and the surface tension with a Krüss K10ST digital tensiometer (Wilhelmy plate
method). The circles in Fig. 4.8 illustrate the viscosity of the toluene based solution
at different solute concentrations, while the solid line represents the fitting function
Eq. (4.5). The surface tension of pure toluene was measured to be 28.1 mN/m at
a temperature of 23◦C. An increase of the surface tension by 0.2 mN/m and 0.7
mN/m was found at PMMA concentrations of 14.9 wt% and 29.2 wt%, respectively.

The substrate is a glass cover slip (Gold Seal, dimensions 48x60 mm, thickness
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Figure 4.7: (a) Sketch of the experimental setup (not to scale). The coating liquid is
confined between the slot-die and the substrate. The substrate moves with a speed Usub
underneath the slot-die. Air is pumped through the air nozzle, with a flow rate Qair and
flows over the receding meniscus. The inset shows a bottom view of the slot-die and air
nozzle (also not to scale) (b,c) Typical microscope images of the receding meniscus. The
substrate moves from top to bottom, with a speed Usub = 9 µm/s. Image (c) was made 4
s after image (b).

150 µm). It is cleaned by subsequent immersion into a detergent solution (Contrad
70) and de-ionized water in an ultrasonic bath for 15 min each. The substrates
are dried using a nitrogen jet and placed in a UV/ozone cleaner (Jelight model 42-
220) for 15 min. For each experiment, the substrate is displaced over a distance of
at least 5 mm. Multiple experiments are performed on one substrate. During each
experiment, coating liquid is injected through the slot-die in order to keep the volume
of liquid confined between the substrate and the slot-die approximately constant in
time. The liquid is added using a syringe (Hamilton, product number 81220, 500
µl) placed on a syringe pump (KDS Gemini 88). After the experiment, the polymer
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Figure 4.8: Solution viscosity µ as a function of solute concentration c. The circles represent
experimentally measured values, the solid line is obtained from Eq. (4.5).

deposit is imaged with an Olympus BX51 microscope (M Plan Apo 1.25X/0.04 and
U Plan FI 10X/0.3 objective lenses). The topography of the deposit is measured
with an atomic force microscope (AFM, Park XE7, PPP-NCHR probe, 90x90 µm
scan range).

4.4. Experimental results
Figures 4.7(b,c) show typical microscope images of the receding meniscus during an
experiment with Usub = 9 µm/s. The air nozzle is not connected to the slot-die. The
substrate speed direction is from the top to the bottom of the image. The receding
meniscus is located in between the two dotted lines in Fig. 4.7(b,c). It extends
from the slot-die onto the substrate. In this experiment, the polymer deposit on the
substrate is not a homogeneous layer but consists of lines directed perpendicular to
the substrate speed. The lines are deposited during a periodic displacement cycle
of the receding meniscus, similar to the cycle illustrated in Fig. 4.4. Figure 4.7(b)
shows the meniscus at the start of a cycle, Fig. 4.7(c) 4 s later. During this period,
the polymer transported to the contact line causes the meniscus to elongate along
the substrate speed direction. After some time, this elongation reaches a maximum
value, a polymer line is deposited on the substrate and the meniscus relaxes back
to its position at the start of the cycle (Fig. 4.7(b)). The polymer line moves along
with the substrate.

Figure 4.9 shows an AFM topography scan, i.e. the layer thickness profile
hdry(x, y), of a polymer line formed during the experiment illustrated in Fig. 4.7(b,c).
The substrate speed direction is from the left to the right of the image. The scan is
made halfway along the length of the line in the y-direction and is leveled in both
the x- and the y-direction.
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Figure 4.9: AFM topography scan of a polymer line formed during the experiment illus-
trated in Fig. 4.7(b,c).

4.4.1. Variation of the substrate speed Usub

Figure 4.10 shows microscope recordings of the deposit patterns for different values
of Usub. The substrate speed direction is from the top to the bottom of the image.
The air nozzle was not connected to the slot-die. The solvent was toluene. The
recordings were made after the experiments. An increase of the substrate speed
results in a decrease of the width of the individual lines and a decrease of the
period of the line pattern. This is illustrated more quantitatively in Fig. 4.11.
Figure 4.11(a) shows dry layer thickness profiles hdry(x) of individual lines from
deposit patterns made with different values of Usub. A 1D layer thickness profile is
obtained by averaging the corresponding 2D profile (an example of which is shown
in Fig. 4.9) in the y-direction. The profiles are shifted along the x-axis so that the
maximum layer thickness occurs at x = 0. Furthermore, it is assumed that the
minimum layer thickness is equal to 0. Both the width and the amplitude of the
line deposit are found to decrease with increasing substrate speed, a trend which is
also observed in the simulations of Fig. 4.5. Figure 4.11(b) shows the average layer
thickness havg as a function of Usub. havg is defined as

∫
hdry(x)dx/P , where the

integral is taken over the period P of one individual line. Figure 4.11(b) displays
multiple values for the same Usub. They represent different lines from the same
deposit pattern and indicate the typical spread in the average layer thickness. The
solid line is a power-law fit of the form havg ∼ U−αsub , with an exponent α = 1.13.
This is close to the expected value of α = 1 from Eq. (4.9). The agreement between
the experiments and the scaling relation from section 4.2.1 also implies that the total
evaporation rate Ftot is approximately constant in the range of Usub used for the
experiments. Figure 4.11(c) displays the period P of individual lines as a function
of the substrate speed. For Usub . 20 µm/s, P is found to decrease with increasing
Usub, while for larger substrate speeds it remains approximately constant. This
qualitatively compares well with the trend observed in Fig. 4.6(a).

Periodic patterns consisting of lines perpendicular to the substrate speed di-
rection are observed for all values of Usub in the range illustrated in Fig. 4.11.
When the substrate speed is increased beyond this range, a different deposit pat-
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Figure 4.12: (a) Microscope image of deposit patterns for Usub = 67.5 µm/s. (b) AFM
topography scan at the location indicated with a white square in (a).

tern appears. Figure 4.12(a) shows a microscope image of the pattern obtained
with Usub = 67.5 µm/s. Lines running almost parallel to the substrate speed di-
rection can be observed. Two neighbouring lines can coalesce into a single line. The
space in between the parallel lines is filled with lines perpendicular to the substrate
speed direction. The period of these lines is smaller compared to those illustrated in
Fig. 4.11(c). Figure 4.12(b) displays an AFM topography scan of a location where
two parallel lines coalesce (indicated with a white square in Fig. 4.12(a)). The pa-
rallel lines connect the lines perpendicular to the substrate speed direction and have
a larger thickness.

Similar structures were observed by Liu et al. [107], which they attributed to
the solutal Marangoni flow. The parallel lines of Fig. 4.12 are caused by variati-
ons of the solute concentration in the receding meniscus. This was demonstrated
by adding a fluorescent dye (meso-Tetraphenylporphyrin, Sigma Aldrich 88071) to
the polymer solution. The coating liquid was illuminated by a UV LED (Roithner
LaserTechnik VL425-5-15, peak wavelength 425 nm). A suitable longpass filter was
placed in the microscope, in order to observe the emission signal (with a wavelength
of approximately 650 nm) and to block the excitation signal. Figure 4.13(a) shows
a fluorescence image, obtained during the coating process with Usub = 9 µm/s. The
substrate moves from top to bottom and the image is obtained at a moment when
the meniscus is about to move back to its equilibrium position. The fluorescent
intensity shows a ‘fingering’ structure in the receding meniscus. Multiple fingers
can be observed in the red square in Fig. 4.13(a), which is placed inside the rece-
ding meniscus. The fluorescent intensity was then averaged along the x-direction
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Figure 4.13: (a,c) Fluorescence images obtained during the coating process with Usub = 9
(a) and 67.5 (c) µm/s. (b,d) Corresponding intensity profile (averaged along the x-direction
over the red squares in (a,c)) as a function of time.

over the red square. Figure 4.13(b) shows the resulting intensity profile (along
the y-direction, perpendicular to the substrate speed), as a function of time. The
fingering structures appear during every deposition cycle and disappear when the
meniscus relaxes back to its equilibrium position. The fingering structures cannot
be observed in the resulting dry deposit. Figure 4.13(c) shows a fluorescence image,
obtained during the coating process with Usub = 67.5 µm/s. It illustrates that the
vertical lines in the dry deposit (which are also observed in Fig. 4.12(a)) are directly
linked to the fingering structures in the receding meniscus. Figure 4.13(d) shows the
corresponding x-averaged fluorescent intensity, as a function of time. The center of
the slot-die along the y-direction is located at approximately y = 0.75 mm/s. The
fingering structures first appear near the center of the slot-die and then move to-
wards the sides of the deposit. Such two-dimensional effects cannot be reproduced
by the 1D model of section 4.2. When the substrate speed is increased to even larger
values (Usub & 100 µm/s), all line structures disappear and a homogenous deposit
is obtained.

4.4.2. Variation of the evaporation rate
The experiments described in section 4.4.1 were performed without the air nozzle
attached to the slot-die. Placing the air nozzle reduces the amount of open space
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above the receding meniscus. Figure 4.14(a) shows layer thickness profiles of line
deposits, obtained when the air nozzle is attached to the slot-die but without an air
flow through the nozzle (Qair = 0 ml/min). The green symbols in Fig. 4.14(d) show
the corresponding average layer thickness havg as a function of Usub, while the red
symbols repeat the data of Fig. 4.11(b). Comparing these two data sets illustrates
that havg is reduced by the presence of the air nozzle. Since the air nozzle is located
closely above the receding meniscus, it hinders the diffusion of the solvent vapor
and thus the evaporation rate over the receding meniscus (when Qair = 0 ml/min).
A similar observation was made by Chen et al. [108].
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Figure 4.14: hdry profiles for different values of Usub and (a) Qair = 0 or (b) 10 ml/min.
(c) hdry profiles obtained when the polymer is dissolved in o-xylene (Qair = 0 ml/min).
(d) Average thickness havg as a function of Usub for four different cases.

Figure 4.14(b) shows layer thickness profiles when there is an air flow through the
nozzle, withQair = 10 ml/min. This results in an average air speed of approximately
2 cm/s at the exit of air nozzle and a Reynolds number (based on the slot width of the
nozzle) of Re ≈ 1. The regime where the pattern consists of only lines perpendicular
to the substrate speed direction now extends up to Usub = 67.5 µm/s. The blue
symbols in Fig. 4.14(d) show the corresponding values of havg. Comparing the green
and blue data sets in Fig. 4.14(d) indicates that the average layer thickness increases
due to the air flow over the receding meniscus. This flow enhances the convection
of solvent vapor away from the meniscus and thus the total evaporation rate.

The evaporation rate over the receding meniscus also depends on the solvent
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that is used. Figure 4.14(c) shows layer thickness profiles obtained from experiments
where the polymer was dissolved in o-xylene instead of toluene and the cyan symbols
in Fig. 4.14(d) display the corresponding values of havg. The air nozzle was attached
to the slot-die and Qair = 0 ml/min. Comparing the green and cyan data sets in
Fig. 4.14(d) illustrates that the average layer thickness also strongly depends on the
solvent that is used. The vapor pressure of o-xylene is more than four times lower
than that of toluene [109], which results in a lower evaporation rate.

Table 4.1: Exponent α of power-law fit and total evaporation rate Ftot for the different
cases illustrated in Fig. 4.11 and Fig. 4.14.

Case α Ftot (µm2/s)
Fig. 4.11(a) 1.13 414
Fig. 4.14(a) 1.19 269
Fig. 4.14(b) 1.15 632
Fig. 4.14(c) 1.06 26

The experimental results were fitted with a power-law function havg = βU−αsub .
In all cases the power-law exponent (as listed in table 4.1) is close to the expected
value α = 1. The total evaporation rate Ftot is obtained from the parameter β
by comparing the power-law fit with Eq. (4.12). The resulting values are listed in
table 4.1 and confirm the observations that the evaporation rate can be enhanced
by an air flow over the receding meniscus and reduced by using a different solvent.
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Figure 4.15: (a) hdry profiles for different values of Qair and Usub = 20 µm/s. (b) Average
thickness havg as a function of Qair.

The fact that the solution deposition process is strongly affected by the air flow
over the receding meniscus, suggests that the layer thickness can also be controlled
by varying the strength of the air flow. Figure 4.15(a) shows layer thickness profiles
for different values of the air flow rate Qair and Usub = 20 µm/s. The polymer
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was dissolved in toluene. Both the width and the amplitude of the line deposit are
found to increase with increasing Qair. Figure 4.15(b) illustrates that the average
layer thickness scales linearly with the air flow rate, havg ∼ Qair. Comparing this
relation to Eq. (4.9) suggests that the total evaporation rate over the meniscus Ftot
is proportional to Qair. The solid line in Fig. 4.15(b) is drawn as a guide to the
eye. When the flow rate is increased to values much larger than those illustrated
in Fig. 4.15 (Qair & 20 ml/min), the line structures disappear and a homogeneous
deposit is obtained.

4.5. Comparison between experimental and nume-
rical results

In all experiments, the average layer thickness was found to scale according to
havg ∼ U−αsub with the exponent α close to the expected value of 1 (see table 4.1).
The same scaling was also obtained from the numerical model, irrespective of the
morphology of the deposit (i.e. homogeneous or stripe deposits, see Fig. 4.5(c)).
This implies that a solvent flow directed back to the reservoir, as predicted by
Hsueh et al. [105], does not occur (i.e. all the solute that enters the meniscus ends
up in the dry film). For the numerical results, havg had to be scaled by the total
evaporation rate Ftot, which depends on Usub (see Fig. 4.3(c)), in order to observe
the exponent α = 1. The fact that this was not necessary for the experimental
results implies that, in the experiment, Ftot is to good approximation independent
of Usub. Doumenc and Guerrier [103] made the same observation, using their 2D
diffusion-limited evaporation model.

Regarding the variation of the substrate speed, the numerical model correctly
describes the observed trend of decreasing stripe amplitude and period with increa-
sing Usub (see Fig. 4.5(a) and Fig. 4.11(a)). However, the numerical model predicts
a decrease in stripe amplitude when approaching the lowest values of Usub in the
periodic regime (this can be observed clearly for the green symbols in Fig. 4.6(c)).
In this case, the stripe pattern should be considered as thickness variations on a
thicker film rather than isolated stripes (i.e. the thickness in between the lines be-
comes comparable to the amplitude of the lines). This effect was not observed in the
experiments, but could perhaps be observed at lower values of Usub than those used
in the experiments of Fig. 4.11. Overall, the range of substrate speeds that result
in a patterned deposit in the experiment is larger than predicted by the numerical
model.

Regarding the variation of the evaporation rate, the numerical model predicts a
change in the morphology of the stripe deposit (i.e. the deposit develops a ‘tail’)
with a stripe amplitude that does not depend strongly on Ftot (see Fig. 4.5(b)).
This is not observed in the experiments, where the stripe amplitude does increase
with increasing Ftot (see Fig. 4.15(a)). This difference could perhaps be linked
to the use of the simple 1D evaporation model, compared to the full 2D diffusion-
limited evaporation model. However, Dey et al. [19] report obtaining similar deposit
morphologies with the 1D and 2D evaporation models. In their 2D evaporation
model, Dey et al. vary Ftot by changing the saturation vapor pressure. In order
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to make a better comparison with the experiments of section 4.4.2, a possibility
for further study is to include the forced convection over the meniscus in the 2D
evaporation model.

The homogeneous deposit, as predicted by the numerical model for large values
of Usub or Ftot was also observed in the experiments. The experiments also dis-
played a 2D deposit pattern consisting of lines parallel and perpendicular to the
substrate speed direction (see Fig. 4.12). In an attempt to study this pattern with
the numerical model, a 2D version of the thin film model described in section 4.2
was developed. This model resulted in similar structures in the receding meniscus
as those observed in the fluorescence measurements of Fig. 4.13. However, due to an
unresolved problem with the conservation of solute in the receding meniscus these
results are not included here.

4.6. Summary
The drying of a polymer solution in a receding meniscus was studied, by means
of experiments and numerical simulations. The substrate speed Usub and the total
evaporation rate of solvent Ftot were identified as the two main control parame-
ters. In the experiment, Ftot was varied by applying an air flow over the receding
meniscus. Periodic deposit patterns, consisting of stripes parallel to the receding
contact line were observed for certain ranges of the control parameters. The results
of the numerical model suggested that these periodic patterns are caused by a so-
lutal Marangoni flow towards the receding contact line and the strong dependence
of the solution viscosity on the solute concentration. Systematic series of experi-
ments were conducted by varying the two control parameters and by measuring the
resulting dry layer thickness hdry with atomic force microscopy. hdry was found to
scale according to a relation derived for the so-called evaporative regime of coating,
where the flow in the receding meniscus is strongly influenced by the evaporation
of the solvent. This relation was derived in the case of a homogeneous deposit, but
appears to be also valid for periodic stripe deposits.





5
Enhancement of contact line mobility by
means of infrared laser illumination I:
Experiments

The shape of a droplet moving on a solid substrate is largely determined by the
mobility of its contact line. Above a certain critical speed, the droplet typically dis-
integrates and leaves residual liquid behind. This chapter describes an experimental
method to stabilize the droplet against the progressive loss of liquid by means of
localized infrared laser illumination. The substrate speed, the laser power and the
laser spot position with respect to the receding contact line were identified as the key
parameters and varied systematically in the experiments. The critical speed of the
droplet can be substantially increased with infrared illumination, which is potentially
important for increasing throughput in immersion lithography systems.

63
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5.1. Introduction
The motion of droplets along solid surfaces has been studied in a great variety of
contexts. Podgorski et al. [110] studied the shape of a droplet sliding down an
inclined plane. They showed that the shape of the receding contact line changes
from rounded to cornered with increasing sliding speed, to avoid a forced wetting
transition. They proposed that the corner formation occurs at a receding contact
angle of zero. Beyond a critical speed, smaller droplets detached from the cornered
contact line. Le Grand et al. [111] performed similar experiments and demonstrated
that the receding contact angle has a non-zero value at the moment the corner
appears. Rio et al. [112] measured the receding contact angle around the cornered
structure and concluded that its value depends on the velocity normal to the contact
line. Snoeijer et al. [113] studied the flow field inside the cornered contact line, using
lubrication theory. It was demonstrated that the decreasing radius of curvature of
the corner tip postpones the destabilization of the contact line. In a following
study, Snoeijer et al. [114] presented a theory for the opening angle of the corner
as a function of the sliding speed of the drop, while Peters et al. [115] studied the
radius of curvature as a function of the speed. Xu et al. [116] used a variational
method to study drops sliding on a substrate and obtained similar shapes as in the
experiments of Podgorski et al.

Winkels et al. [117] and Kim et al. [118] studied the receding contact line using a
setup similar to that used in the technique of immersion lithography. In immersion
lithography [11, 12], a layer of water is enclosed between the objective lens and a
wafer covered with photoresist, in order to increase the optical resolution. However,
above a critical speed between the wafer and the projection optics the receding
contact line becomes unstable (similar to the droplets sliding on an inclined plane)
and loss of liquid occurs. Several approaches for increasing the mobility of droplets
have been investigated, such as air flow [119, 120], mechanical vibration [121–123],
AC electrowetting [124, 125], lubricant films [126], surface patterning [127] and gas
flow through a supporting porous substrate [128].

Temperature gradients induce gradients in the liquid surface tension, which gi-
ves rise to thermocapillary stresses [129, 130]. This phenomenon has been used as
a contact line actuation mechanism by several authors. Brzoska et al. [131] ex-
perimentally studied the motion of droplets on hydrophobic surfaces induced by a
thermal gradient and reported that the displacement speed, towards the cooler side,
depended on the droplet radius and the applied temperature gradient. Droplets
only moved when their radius exceeded a critical value, due to contact angle hyste-
resis. Chen et al. [132] performed similar experiments and compared their results
to a hydrodynamic model for the thermocapillary migration speed, developed by
Ford and Nadim [133]. This model includes contact angle hysteresis and assumes a
constant liquid viscosity. In contrast to Brzoska et al. and Chen et al., Pratap et
al. [134] found that the critical droplet radius was independent of the applied tem-
perature gradient. Chakraborty et al. [135] studied the displacement of liquid drops
along a wettability gradient, while varying the (uniform) substrate temperature. An
enhancement of the droplet speed was found with increasing substrate temperature,
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which the authors related to a decreasing contact line friction. Pradhan et al. [136]
experimentally studied the 3D flow field inside a water droplet on a substrate with
a temperature gradient, illustrating a buoyancy-driven flow for larger droplets.
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Figure 5.1: Side-views (a-d) and bottom-views (e-h) of droplets resting on moving substra-
tes for values of Usub � Uc (a,e), Usub . Uc (b,f), Usub > Uc (c,g). The pointy morphology
of the receding contact line can be smoothened and the loss of liquid prevented by IR
illumination (d,h). The droplets are kept stationary at the top by means of two concentric
nozzles. The receding contact angle θr, the opening angle ϕ, and the angle of incidence of
the laser beam β are indicated.

In this chapter, the effect of a non-uniform temperature distribution near the
receding contact line on the critical speed has been studied by means of experi-
ments. Figure 5.1 illustrates the experimental geometry as well as droplet shape
distortions for different values of the substrate speed. A droplet is attached to a
pair of stationary, vertical concentric nozzles, which constantly supply and extract
liquid, as indicated by arrows in Fig. 5.1(a). The droplet is in contact with a ho-
rizontal substrate moving with speed Usub. At speeds substantially lower than
the critical speed, the receding contact line of the droplet maintains a round shape
(Fig. 5.1(a,e)). At speeds approaching the critical speed Uc, the shape of the rece-
ding side of the droplet becomes more and more acute (Fig. 5.1(b,f)). At speeds
above the critical speed Usub > Uc, the droplet loses liquid that is left behind on
the substrate (Fig. 5.1(c,g)). Using an infrared (IR) laser beam of sufficient power,
the receding contact line of the droplet regains a round shape and the occurrence of
residual droplets is prevented.

Section 5.2 describes the experimental setup and procedures. Section 5.3 pre-
sents the experimental results for variations of the substrate speed, the laser power
and laser spot position. A discussion of the experimental results as well as their
application potential regarding immersion lithography follows in section 5.4.

5.2. Experimental setup and procedures
For the experiments described in this chapter, a droplet is placed on a rotating
substrate using a turntable setup. The droplet is positioned close to the perimeter
of the substrate and kept in place using two concentric nozzles. The ratio of the
droplet diameter and the distance from the rotation axis is much smaller than 1.
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Figure 5.2: Sketch of the experimental turntable setup. The arrows labeled with ’bottom
view’ and ’side view’ indicate the viewing direction of the bottom- and side view cameras.
H denotes the distance of the concentric nozzles above the substrate surface.

Thus, the circular motion of the substrate underneath the droplet can be considered
effectively rectilinear. The critical speed Uc is found by increasing Usub until loss
of liquid occurs. IR illumination of the receding contact line is used to increase the
value of Uc.

Figure 5.2 shows a sketch of the experimental turntable setup. A circular po-
lycarbonate (PC) substrate (Makrofol, Bayer, thickness 480 µm, diameter 30 cm)
rests on a 3.90mm thick glass plate. Due to the small aspect ratio, air bubbles
were frequently trapped between the PC substrate and the glass plate. A soft roller
was used in order to squeeze out the trapped air. The glass plate is subsequently
placed on four air-bearings (New Way, product number 8003941046) and connected
to the motor (Maxon Motor, product number 136292) via a gearbox (Maxon Motor,
product number 166182, ratio 636:1). The angular velocity can be adjusted by a
controller (Maxon Motor, product number hedl-5540a11).

The liquid is ethylene glycol (EG), which is partially wetting on PC. EG has a
relatively low vapor pressure in order to minimize evaporation effects. Moreover,
the critical speed of ethylene glycol is in the accessible range of the turntable se-
tup. Figure 5.3 shows the viscosity, surface tension and mass density of EG as a
function of the temperature T , normalized by their values at T = 20◦C (21.3mPas,
48.4mN/m and 1114 kg/m3, respectively). The viscosity of EG shows by far the
largest variation as function of temperature. The displayed curves are obtained from
the following equations [137, 138]

µ [mPa s] = exp(−3.61 + 986.52/(T + 127.86)) (5.1)
γ [mN/m] = 50.21− 0.09T (5.2)
ρ [kg/m3] = 1127.68− 0.65816T − 6.1765·10−4 T 2, (5.3)

where T is the temperature in degrees Celsius.
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Figure 5.3: The temperature-dependency of the viscosity (solid black line), surface tension
(dotted red line) and mass density (dashed blue line) of ethylene glycol, normalized by
their corresponding values at 20oC.

The concentric nozzles consists of two hollow concentric cylinders with separate
fluid connections. The inner cylinder has an inner radius of R1 = 0.4mm and an
outer radius of R2 = 0.6mm. The outer cylinder has an inner radius of R3 =
0.8mm and an outer radius of R4 = 1.3mm. The nozzles are placed at a height
H = 0.65mm above the PC substrate. Liquid is supplied at constant flow rate
through the inner cylinder, while the outer cylinder constantly extracts a liquid-air
mixture. The liquid in the droplet is therefore continuously refreshed. The arrows
superimposed on the nozzles in Fig. 5.1(a) indicate the flow directions. The liquid
supply is contained in a jar positioned approximately 40 cm above the setup. Gravity
provides the supply pressure and the flow rate is controlled using a valve. The
extracted mixture is pumped into a gas-liquid separator by means of a vacuum pump
(KNF, product number N811KT.18) connected to the air outlet of the separator.
A pressure regulator (SMC, product number irv2000-F02BG) controls the pressure
in the separator. A droplet is obtained and stabilized by iteratively adjusting the
supply and extraction rates. Typically, the supply rate is set to (7± 1)ml/min and
the air extraction rate to (1.5± 0.5) l/min.

An important mechanical characteristic of turntables is the stability of distance
H. A confocal sensor (micro-epsilon, ifs 2405) was used to measure variations H ±
∆H of the vertical position of the moving substrate with respect to the concentric
nozzles at the position of the nozzles. This sensor measures the absolute distance
from the sensor to the top surface of the substrate, while the substrate is rotating.
Typical variation amplitudes ∆H were found to be 50 µm when the PC substrate
was initially placed on the supporting glass plate. After removal of the air bubbles
by means of a soft roller, ∆H was typically 10-15 µm, which is much smaller than
H.

An IR laser beam (Lumics, LU1470C20-C, wavelength 1470 nm, max. optical
power 20W) coupled into an optical fiber (core diameter 400µm, numerical aperture
0.22) illuminates the substrate and the droplet. A custom-designed optical system
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comprising a cylindrical lens (Thorlabs, diameter 22mm, numerical aperture 0.138)
provides an elliptical laser spot at a position close to the receding contact line of
the droplet. The intensity profile I of the infrared laser beam has been measured
using a scanning slit setup. A metal plate with a small slit (width 56µm) has been
placed above a power sensor (Thorlabs, S314C), which was translated at a constant
speed of 20 µm/s by means of a motorized linear translation stage (Standa, 8MTF).
For a Gaussian beam profile and a sufficiently small ratio of slit-width and beam-
width, the measured profile has the same shape as the beam profile [139]. The
full width at half maximum (FWHM) along the long axis is 3.80mm, and 0.70mm
along the short axis. The angle of incidence of the laser beam is set to β = 45◦,
such that the concentric nozzles do not obstruct the laser beam (see Fig. 5.1(d)).
The FWHM along the short axis for this angle of incidence was 0.96mm. The
long axis of the ellipse is oriented in the radial direction (dotted line in Fig. 5.2)
with respect to the substrate rotation axis. The position of the laser spot on the
substrate was calibrated using a thermocouple (Omega, CHAL-0005, head diameter
13 µm). The laser power was adjusted by modulating the operating signal of the
laser controller with a periodic duty cycle (50Hz), i.e. a square-wave signal with
variable ‘on’-fraction. The operating current was maintained at a constant value of
3A.

The droplet is monitored by means of two CCD cameras from underneath the
transparent substrate (AVT Pike F-145B) and from the side (AVT Guppy F-146B),
i.e., viewing radially-inwards with respect to the substrate rotation. Both cameras
are protected against the infrared radiation with a short-pass filter (Schott KG-3),
which is transparent for visible light. The frame rate of both cameras is set to 7.5
frames per second. The receding contact angle θr (see Fig. 5.1(b)) was extracted
from the side-view images, while the opening angle ϕ of the tip (see Fig. 5.1(f))
was extracted from the bottom-view images. In both cases edge detection routi-
nes in MATLAB based on a Canny filter [140] were used to determine the pixels
corresponding to the perimeter of the droplet. The receding contact angle θr is de-
termined by fitting a straight line through the tip of the droplet extracted from the
side-view images. θr is calculated from the slope of this line. The opening angle ϕ
is determined by fitting of two straight tangent lines through the side of the droplet
extracted from the bottom-view images. ϕ is determined from the slopes of the two
lines. Even for a perfectly circular contact line, the extracted value of ϕ will remain
below 180◦. This is, however, not an impediment as the opening angle is a sensible
parameter only for pointed contact line shapes corresponding to larger values of
Usub. The data for θr and ϕ in section 5.3 represent averages determined from 100
camera frames. The error bars correspond to the standard deviation of these sets
of 100 datapoints.

The quasi-static advancing and receding contact angles (CAs) were determined
using a custom-built thermostatted CA-goniometer. For these measurements, a PC
substrate was placed on a hotplate and a droplet of EG was deposited on it using
a syringe needle, which remains submerged in the liquid. The needle is connected
to a syringe pump (KDS Gemini 88) that slowly adds or removes liquid to/from
the droplet until the contact line starts to advance or recede, respectively. The
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droplet was imaged from the side with a CCD camera (Thorlabs, DCC1645C) and
illuminated from the opposite side. An aluminium enclosure with two glass windows
was placed over the substrate and the droplet to minimize evaporation effects and
to improve and accelerate thermal equilibration. The contact line speed was (26±
4) µm/s during the measurements.

5.3. Experimental results
The temperature-dependence of the CAs of EG on PC was measured using a custom-
built thermostatted CA-goniometer (as described in section 5.2). Figure 5.4 shows
the experimental results for the quasi-static advancing (circles) and receding CAs
(squares). The temperatures reported are the set values on the hotplate controller.
The solid lines are guides to the eye. The advancing and receding CAs slightly
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Figure 5.4: Quasi-static receding (squares) and advancing (circles) contact angles as a
function of temperature measured on a stationary substrate.

increase and decrease with temperature, respectively. Petke and Ray [141] found
that the quasi-static advancing and receding CAs vary approximately linearly with
temperature with rates of −0.03deg/K and 0.12deg/K, respectively. The straight
lines in Fig. 5.4 have slopes of (0.04 ± 0.02) deg/K and (−0.05 ± 0.03)deg/K, re-
spectively, i.e. the values described here have similar magnitude but opposite signs
compared to Petke and Ray’s results. One possible reason could be different surface
conditions of the PC substrates.

5.3.1. Variation of laser power
First the influence of the laser power P on the shape of the droplet, which was
parametrized by the receding CA θr and the opening angle ϕ of the receding contact
line, was studied. The substrate speed was kept constant at Usub = 4.3 mm/s, which
corresponds to a capillary number of Ca ≡ µUsub/γ = 1.6 · 10−3, using values of
µ = 17.9 mPa s and γ = 48.1 mN/m. The distance d between the outer edge of
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Figure 5.5: (a-c) Bottom-views and (d-f) side-views of an EG droplet for Usub = 4.3 mm/s,
d = 0.5mm and different laser powers P . (g,h) Opening angle ϕ (g) and receding contact
angle θr (h) as a function of laser power P (Usub = 4.3 mm/s and d = 0.5mm). The solid
lines are guides to the eye.

the nozzle on the receding side and the center of the laser spot was kept constant
at 0.50mm (see Fig. 5.5(c)). Figures 5.5(a-c) show bottom-views of a droplet for
different laser powers. The red-shaded areas in Fig. 5.5(c) indicate the laser intensity
levels of ≥43% and ≥72% of the maximum value. The droplet shape is pointed at the
receding side when the laser is off due to the high substrate speed (Fig. 5.5(a)) and
obtains a progressively more circular shape for increasing laser powers (Fig. 5.5(b,c)).
Figures 5.5(d-f) show side-views of a droplet for different laser powers. For clarity,
the nozzle is overlayed with a white square. The droplet is pinned at the outer edge
of the outer nozzle. The dotted line indicates the location of the substrate. Below
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this line, the reflection of the droplet in the substrate is visible. Figure 5.5(g,h)
present ϕ and θr as a function of P , which both increase with laser power. A
larger value of ϕ reflects a rounder, more circular droplet shape. For P > 2.5W, the
opening angle ϕ approaches a constant value, while θr increases over the entire power
range. The vertical error bars are primarily caused by weak surface heterogeneities,
contamination and defects that induce variations of the receding contact angle and
the contact line shape.

5.3.2. Variation of the laser spot distance
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Figure 5.6: (a-c) Bottom-views and (d-f) side-views of EG droplets for P = 1.9 W,
Usub = 4.3 mm/s and different laser spot distances d. (g,h) Opening angle ϕ (g) and rece-
ding contact angle θr (h) as a function of laser spot distance d (P = 1.9 W and Usub = 4.3
mm/s). The solid lines are guides to the eye.
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Figures 5.6(a-c) show bottom-view images of EG droplets for P = 1.9 W, Usub = 4.3
mm/s and different values of d. The droplet shape is pointed when the laser is either
turned off or positioned at a large distance from the receding contact line. For small
values of d, the droplet shape becomes rounder and the droplet length decreases.
This decrease of droplet length can also be observed in the side-view images in
Figs. 5.6(d-f). Figures 5.6(g,h) show ϕ and θr as a function of d, including their
values when the laser is off. For increasing d, both parameters approach their off-
value. The rate of change diminishes for d & 1.4mm, which equals approximately
1.5 times FWHM of the laser spot for β = 45◦; i.e., for IR-laser illumination to be
effective, the laser beam must be positioned sufficiently close to the contact line.

5.3.3. Variation of substrate speed
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and (b) 5mm/s. (c,d) Opening angle ϕ and receding contact angle θr as a function of Usub
for d = 0.5mm and four different values of the laser power.

Lastly, the combined influence of Usub and P on the droplet shape is presented in
Fig. 5.7. Figures 5.7(a,b) show bottom-views of unirradiated droplets (i.e. P =0 W)
for Usub ≈ 2mm/s and 5mm/s. After switching on the IR laser at different power
settings, the substrate speed has been progressively increased, while monitoring the
receding contact angle θr and the opening angle ϕ, as shown in Figs. 5.7(c,d). The
procedure was stopped as soon as residual liquid droplets were left behind on the
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substrate. The last data points in Figs. 5.7(c,d), i.e. those with the highest value
of Usub in each series, are the highest substrate speeds that did not induce droplet
shedding. The vertical arrows in Fig. 5.7(c) indicate the approximate values of
the corresponding critical velocities Uc. The opening angle is constant for small
substrate velocities and decreases for higher substrate velocities. A smaller opening
angle corresponds to a more acute contact line shape. The substrate speed at which
the opening angle starts to decrease increases with laser power. Residual droplets
are left behind on the substrate once ϕ is smaller than approximately 60◦. Figure
5.7(d) shows the receding contact angle θr as a function of Usub. The receding
contact angle continuously decreases for an increasing substrate speed to a terminal
value of approximately (5± 3)◦.

Figure 5.8 shows the relative increase of the critical speed Uc as a function of
laser power P . The critical speed increases by a factor of almost 2 when applying a
laser power of P ≈ 4W.
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Figure 5.8: The relative increase of the critical substrate speed as function of laser power.
The solid line is a guide to the eye.

5.4. Discussion
The influence of non-uniform temperature distributions on a receding contact line
could be due to the following three phenomena. Firstly, temperature gradients
induce gradients in the surface tension, which gives rise to thermocapillary stres-
ses [129, 130]. These stresses can provide an additional driving force for contact line
motion. Secondly, an increased temperature results in the reduction of the liquid’s
viscosity, i.e., a reduction in viscous friction. Lastly, the temperature dependence
of the liquid-solid, the liquid-vapor and the solid-vapor surface tensions may cause
changes in the contact angle, as expressed by Young’s law [141, 142].

The measurements of the temperature-dependent CAs shown in Fig. 5.4 were
performed in order to evaluate the third option. Considering the measurement
uncertainty of the CA data and the small numerical values of the rates, the CAs
can be considered essentially independent of temperature and consequently do not
affect the droplet mobility strongly. Moreover, Fig. 5.7(d) shows that θr increases
with laser power and for decreasing values of Usub. Both effects tend to increase the
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temperature rise and according to Fig. 5.4, a smaller value of θr would be expected,
contrary to the experimental results.

Podgorski et al. [110] measured the shape of isothermal sliding droplets as a
function of speed and found that the opening angle at the critical substrate speed
equalled ϕ = 60o. To good approximation, the same value of ϕ ≈ 60o is also
observed in Fig. 5.7(c) at the termination points of the curves, i.e. at the respective
critical speeds. This is an indication that Marangoni stresses are probably not
the dominant mechanism behind the substantial increase of the critical speed, but
rather the thermally-induced decrease in viscosity. Figure 5.3 illustrates the strong
temperature dependence of µ.

In Fig. 5.7(d) it is observed that θr at low speeds Usub ≈ 0.2mm/s increases
with increasing laser power and thus with increasing temperature. Using a very
similar setup, Riepen measured the dynamic receding contact angle of a droplet
stabilized by continuous in- and outflow through concentric nozzles as a function of
substrate speed [119, 120]. There is one crucial difference, however, compared to the
experiments presented in this chapter: in Riepen’s experiments the droplet contact
line was pinned at the inner nozzle, whereas here it was pinned at the outer nozzle.
Consequently, the extraction flow through the outer nozzle caused a significant air
flow near the receding contact line, which in turn induced an inwards-oriented shear
stress at the liquid-air interface. Riepen observed that the receding contact angle was
systematically higher with airflow than without airflow. This is consistent with the
interpretation that inwards-oriented Marangoni flow tends to increase θr. However,
for the experiments presented here the magnitude of the shear stress is coupled to
the substrate speed and diminishes with increasing Usub. In the experiments by
Riepen, the shear stress was approximately independent of Usub, and thus the effect
was observed for the entire range of substrate speeds.

A comprehensive and conclusive investigation into the dominant mechanism be-
hind the contact line mobility enhancement is presented in chapter 6.

5.4.1. Application perspectives
The achievable resolution in immersion lithography can be improved by introducing
a liquid in between the objective lens and the photoresist-covered semiconductor
wafer [11, 12]. The overall throughput benefits from a high speed of the wafer re-
lative to the projection optics. However, above a critical speed liquid is entrained
on the surface, which negatively affects the lithography process [119, 120]. This
entrainment-induced occurrence of residual liquid could be suppressed by IR irradi-
ation. Compared to the IR power levels reported in this manuscript, the required
laser intensity can be substantially reduced by more tightly focusing the laser at
the apex position of the receding contact line and by selection of a laser wavelength
close to a maximum of the optical absorption of the liquid.

5.5. Summary
This chapter describes a non-contact technique for increasing the mobility of sta-
tionary droplets on moving, partially wetting substrates that does not require any
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substrate modification. An experimental setup was developed, where a droplet was
positioned on a rotating turntable. The droplet was attached to concentric nozzles
that constantly supply and extract liquid. An elliptical infrared laser spot was used
to locally increase the temperature in the vicinity of the receding contact line. The
deformation of the droplet was monitored by two cameras in side- and bottom-view
perspectives. The receding contact angle and the shape of the contact line were
determined as a function of substrate speed and laser illumination.

Above a certain critical speed, the droplet typically disintegrates and leaves re-
sidual liquid behind. By means of infrared laser illumination the critical speed of
the droplet can be substantially increased and the occurrence of residual liquid left
behind on the substrate can be suppressed. A priori it was unclear whether the ob-
served effect was caused by thermocapillary shear, a temperature-induced reduction
of viscosity or a change of the equilibrium contact angles. The third option was eli-
minated by measurements of the quasistatic advancing and receding contact angles,
which exhibited only a minute temperature dependence. The following chapter (part
II) presents a comprehensive numerical model that elucidates the strong coupling
between fluid flow, heat transfer and contact line dynamics. With the combination
of the experimental and numerical results, the dominant mechanisms behind the
IR-induced enhancement of the contact line mobility can be determined.





6
Enhancement of contact line mobility by
means of infrared laser illumination II:
Numerical simulations

A droplet that moves on a solid substrate with a velocity higher than a certain critical
velocity disintegrates, i.e. leaves behind residual droplets. Infrared laser illumination
can be used to increase the droplet mobility and suppress the shedding of droplets.
The effect of a non-uniform temperature distribution on the dynamics of straight
receding contact lines is studied by means of two-dimensional numerical simulations.
A streamfunction-vorticity model is used to describe the liquid flow in the vicinity of
the receding contact line. The model takes into account the temperature dependent
liquid viscosity and density and the thermocapillary shear stress. A second, coupled
model describes the laser-induced displacement of the contact line. The results show
that the reduction of the liquid viscosity with increasing temperature is the dominant
mechanism for the increase of the critical velocity. Thermocapillary shear stresses
are important primarily for low capillary numbers.

77
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6.1. Introduction
In recent years, the motion of a liquid droplet on a substrate has been studied
by means of numerical simulations, using several different methods. Schwartz et
al. [143] used lubrication theory combined with a disjoining pressure model to resolve
the stress singularity at the contact line. They studied the shape of droplets of
different volume sliding on a vertical wall and reported all the shapes observed in the
experiments of Podgorski et al. [110]. A similar numerical approach was employed
by Engelnkemper et al. [144]. Koh et al. [145] quantitatively compared numerical
results with the experimental results from Podgorski et al. [110] and Le Grand et
al. [111] and studied the effect of the precursor film thickness, a parameter in the
disjoining pressure model. Benilov and Benilov [146] resolved the stress singularity
with a Navier-slip boundary condition. Other approaches to study the motion of
drops include a phase field method [147], the lattice Boltzmann method [148] and
molecular dynamics [149].

The spreading of droplets on uniformly heated or cooled substrates has been
studied by Ehrhard and Davis [150]. They used lubrication theory combined with a
Navier-slip boundary condition and a model for the contact line speed as a function
of the difference between the dynamic and equilibrium contact angles. Heating of
the substrate resulted in a thermocapillary flow directed from the contact line to
the center of the droplet, slowing down the spreading process. Instead of lubrication
theory, Sui and Spelt [151] used direct numerical simulation of the Navier-Stokes
equations and demonstrated that for sufficiently large contact angles the effect of
the thermocapillary stress reverses (i.e. cooling the substrate slows down droplet
spreading).

On non-uniformly heated substrates, liquid droplets can move in the direction
of decreasing temperature, a process often called thermocapillary migration [152–
154]. Smith [155] studied this process as an extension of the model by Ehrhard and
Davis and reported the droplet speed as a function of the temperature gradient and
contact angle hysteresis. Karapetsas et al. [156] take into account a varying sub-
strate wettability (i.e. equilibrium contact angle), due to the temperature gradient.
Gomba and Homsy [157] studied the thermocapillary migration using lubrication
theory combined with a disjoining pressure model. Sui [158] demonstrated that for
sufficiently large contact angles the droplet can migrate in the direction of increasing
temperature.

The previous chapter (part I) presented experimental results regarding the incre-
ase of mobility of a stationary contact line on a moving, partially wetting substrate
by means of localized infrared (IR) laser irradiation. This chapter presents two
coupled numerical models which are used to identify the dominant mechanism of
the mobility enhancement and to detail the influence of both thermocapillary shear
stresses and viscosity reduction.

The first model solves for the coupled problem of heat-transfer and fluid flow
near the receding contact line in a two-dimensional geometry. Anderson and Da-
vis [159] presented an analytical model accounting for heat conduction and the effect
of thermocapillary stresses on the convection pattern. The numerical model descri-
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bed here in addition takes into account the convection of heat as well as the effect
of temperature induced reductions of density and viscosity. In the second model,
the one-dimensional lubrication equation is solved to describe the contact line dis-
placement in response to the thermocapillary stress and the variation of the liquid
material properties. The stress singularity at the moving contact line is resolved
using a disjoining pressure model.

In section 6.2 the details of the two models are presented. Section 6.3 presents
results from the heat-transfer model alone. In section 6.4, the coupling between the
two models is considered. This section presents the dynamic receding contact angle
as a function of substrate speed and laser power and the corresponding increase in
critical velocity.

6.2. Numerical models

∂T(x)
∂x

θr , d

heat-transfer

model

contact line

displacement

model

T(x),
∂T(x)
∂x

θr

d

T(x),

Figure 6.1: Iteration diagram illustrating the coupling of the heat-transfer model and the
contact line displacement model.

In order to study the effect of a non-uniform temperature distribution on a
receding contact line, a model for the heat-transfer in the vicinity of the contact line
is coupled with a separate model for the displacement of the contact line. Figure 6.1
shows how the two models are coupled. The process is started with some initial
values for the receding contact angle θr and distance between the contact line and
the point of maximum laser intensity, d. Using these values, the heat-transfer model
is solved for the temperature distribution around the contact line. This temperature
distribution is then used in the contact line displacement model to update θr and d.
The two models are solved iteratively until a self-consistent receding contact angle
results. In the following subsections the details of the two models are presented.

6.2.1. Heat-transfer model
Figure 6.2 shows the 2D computational domain for the thermal model. It consists
of three separate geometries: the wedge represents a receding meniscus of ethylene
glycol (EG), the upper rectangle the polycarbonate (PC) substrate and the lower
rectangle the glass plate. The coordinates (x, y) = (0, 0) correspond to the receding
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Figure 6.2: Schematic representation of the computational domain and boundary conditi-
ons of the heat-transfer model (not to scale).

contact line position. The shape of the liquid-air interface is assumed to be a
straight line, the slope of which is determined by the value of θr. The thickness
of the PC substrate in the y-direction is dPC = 0.5mm and that of the glass plate
dglass = 3.9mm. The height of the wedge at xL is determined by the value of θr.
The left boundaries of the three domains are located at xL = −16mm. The right
boundaries of the PC substrate and the glass plate are located at xR = 16mm.

The steady-state temperature distribution T (x, y) is described by the heat-
transfer equation [160]

ρcp~u · ∇T = k∇2T + q̇. (6.1)
The left-hand side represent the convection of heat, where the liquid velocity ~u
in the EG wedge is calculated using a separate model (as outlined below). The
PC substrate and the glass plate are moving in the x-direction with a constant
velocity ~u = (Usub, 0). The density of EG, ρ(T ), depends on the local temperature
and is given by Eq. (5.3) of chapter 5. The specific heat capacity and thermal
conductivity are assumed constant and are given by cp,EG = 2300 J/(kg-K) and
kEG = 0.24W/(m-K). Regarding the two other materials, the following parameters
are assumed: ρPC = 1200 kg/m3, ρglass = 2550 kg/m3, cp,PC = 1240 J/(kg-K),
cp,glass = 750 J/(kg-K), kPC = 0.22W/(m-K) and kglass = 1.0W/(m-K). The first
term on the right-hand side of Eq. (6.1) describes the conduction of heat, while
the second term q̇ ≡ αI represents a heat source due to absorption of the infrared
(IR) laser beam [161–163]. The following IR absorption coefficients are assumed:
αEG = 700m−1, αPC = 30m−1 and αglass = 100m−1. The intensity distribution
I(x, y) of the IR laser beam is discussed below. The initial condition is a uniform
temperature T0 = 293K. The temperature of the PC substrate and the glass plate
at x = xL is kept at T0. Heat losses occur at the top boundary of the PC substrate
(at x > 0), at the bottom boundary of the glass plate and at the liquid-air interface,
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which are a superposition of Newtonian convective cooling and thermal radiation
φloss = hN (T − T∞) + σB(T 4 − T 4

∞). (6.2)
Here, hN = 5W/(m2-K) is the convective heat transfer coefficient [164], σB =
5.67 · 10−8 W/(m2-K4) the Stefan-Boltzmann constant and T∞ = T0 = 293K the
ambient temperature. For the boundaries at x = xR and the boundary of the
EG wedge at x = xL, so-called convective boundary conditions are used, i.e. in
the expression for the total heat flux ~n · ~q = (ρcp~u T − k∇T ) · ~n the diffusive flux
−~n · k∇T is assumed negligible compared to the convective flux ~n · ρcp~u T (where
~n is the unit normal vector of the computational domain). The model is solved
with the finite-element software Comsol 3.5a. The mesh size decreases towards the
contact line, with a minimum size of approximately 1 µm.

Streamfunction-vorticity model
For the liquid velocity in the EG wedge, a typical value of the Reynolds number is
ReL = ρLUsub

µ ≤ 2, where L = xL tan(θd) ≈ 5 mm is the maximum height of the
wedge and Usub ≈ 5 mm/s. Consequently, the inertial terms in the Navier-Stokes are
negligible. In the following, the Stokes equation is solved using a streamfunction-
vorticity formalism. Although the liquid is assumed incompressible, temperature
variations of the density are taken into account, leading to the steady-state con-
tinuity equation

∇ · (ρ~u) = 0. (6.3)
For this reason the variable density is incorporated in the definition of the stream-
function ψ. The Cartesian velocity components ~u = (ux, uy) are given by

ux = 1
ρ

∂

∂y
(ρψ) (6.4)

uy = −1
ρ

∂

∂x
(ρψ) . (6.5)

The viscosity of EG, µ = µ(T ) also depends on the temperature according to
Eq. (5.1) of chapter 5. Introducing ωz as the z-component of the vorticity ~ω ≡ ∇×~u,
the Stokes equation results in the following coupled second-order equations,

ωz = −∇2ψ −∇ ·
[
ψ

ρ
∇ρ
]

(6.6)

µ∇2ωz = g
∂ρ

∂x
+
(
∇
[
∇2ψ

])
· ∇µ+∇2

(
ψ

ρ
∇ρ
)
· ∇µ. (6.7)

The terms on the right-hand side of Eq. (6.7) account for the effect of gradients of the
density and the viscosity on the velocity field. For a uniform density, Eqs. (6.4-6.7)
reduce to (ux, uy) = (∂ψ/∂y,−∂ψ/∂x) and

ωz = −∇2ψ (6.8)

∇2ωz = 1
µ

(
∇
[
∇2ψ

])
· ∇µ = − 1

µ
(∇µ) · ∇ωz. (6.9)
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The flow in the liquid wedge is driven by the motion of the PC substrate and the
thermocapillary shear stress along the liquid-air interface. The boundary conditions
in the case of uniform density are given by

ψ = 0, ∂ψ

∂y
= Usub for (x < 0, y = 0) (6.10)

ψ = 0, ωz = −τ
′

µ
for (x < 0, y = − tan(θr)x) (6.11)

∂ψ

∂x
= 0, ∂ωz

∂x
= 0 for (x = xL, y > 0). (6.12)

The solid-liquid interface at y = 0 is a streamline, where the value of ψ is arbitrarily
set to zero. The horizontal velocity ∂ψ/∂y is given by Usub (Eq. (6.10)). At the left
boundary of the liquid wedge at x = xL, it is assumed that ∂ωz/∂x and the vertical
velocity ∂ψ/∂x are equal to 0 (Eq. (6.12)). These correspond to mirror-symmetry
conditions for the scalar fields ψ and wz, which strictly speaking do not apply to
the system studied [165]. However, the value of xL (and similarly of xR) is chosen
sufficiently large such that there is no influence of this boundary condition neither
on the temperature distribution nor on the velocity field near the contact line. This
boundary condition ensures that the streamlines are horizontal, i.e. parallel to ~n at
x = xL. The liquid-air boundary is also a streamline for a non-volatile liquid. The
non-uniform temperature along this boundary results in a thermocapillary shear
stress [130]

τ ′ = dγ

dT
~t · ∇T, (6.13)

due to the temperature dependence of the surface tension. Here, ~t is the tangential
unit vector of the computational domain and dγ/dT = −0.089mN/(m-K) the tem-
perature dependence of the surface tension of EG. This shear stress is taken into
account by setting the vorticity [166] to ωz = −τ ′/µ (Eq. (6.11)).

Intensity distribution of infrared laser beam
The angle of incidence of the IR laser beam with respect to the PC substrate is kept
fixed at β = 45◦ as illustrated in Fig. 6.2. The intensity profile of the IR laser beam
is defined in a separate beam coordinate system (xb, yb) illustrated schematically in
Fig. 6.3,

θr
x

y

xb

yb

d

β
(0,0)

Figure 6.3: Schematic illustration of the laser beam coordinate system.
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xb ≡ (x− d) cosβ − y sin β (6.14)
yb ≡ (x− d) sin β + y cosβ. (6.15)

The intensity profile of the IR laser beam is given by

I =
√

2P√
πw

exp
(
−2 x

2
b
w2

)
exp (S) . (6.16)

The width w is given by
w = w0 + |yb| tan θd, (6.17)

where w0 = 0.6mm is the minimum waist width and θd = 8◦ quantifies the di-
vergence of the laser beam. The value of w0 is determined from the measurements
of the intensity profile of the IR beam used in the experiments, as described in
section 5.2. The prefactor of Eq. (6.16) ensures that the x-integrated intensity is
equal to P exp(S), where P is the power per unit length in the z-direction. d
is the distance between the contact line and the position of maximum laser in-
tensity. The last term of Eq. (6.16), exp (S), represents the absorption of the
beam in the EG wedge, the PC substrate and the glass plate. The parameter
S = S(αj , xb, yb, d, θr, β, dPC) describes the optical path length through these dif-
ferent domains. αj is the IR absorption coefficient of the three different materials,
where j =EG, PC or glass. In the EG wedge (xb < −d cosβ), the parameter S is
given by

SEG = αEG(yb − h1), (6.18)
where h1 is given by

h1 = (xb + d cosβ) tan (β − θr)− d sin β. (6.19)
In the PC substrate, S is given by

SPC = αEG(h2 − h1) + αPC(yb − h2), (6.20)
where h1 for xb < −d cosβ is given by Eq. (6.19) and for xb ≥ −d cosβ by

h1 = xb tan β (6.21)
and h2 is given by

h2 = xb tan β. (6.22)
In the glass plate, S is given by

Sg = αEG(h2 − h1)− αPC
dPC
cosβ + αglass(yb − h3), (6.23)

where h1 is given by Eq. (6.19) or Eq. (6.21), h2 is given by Eq. (6.22) and h3 is
defined as

h3 = xb tan β − dPC
cosβ . (6.24)

Refraction effects and partial reflections at the dielectric interfaces are not taken
into account.
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6.2.2. Contact line displacement model
Figure 6.4 shows the 1D computational domain that is used to model the displa-
cement of the contact line (CL), induced by the IR illumination. The liquid film

h(x)

θr

∂h
∂x

= 0

∂P
∂x

= ρg

h = h0

P = P0

Usub

d

x = x1 x = x2

g

x = xIR

x = xCL (Usub, P)

Figure 6.4: Schematic representation of the computational domain and boundary conditi-
ons of the contact line model.

profile h(x) is governed by the so-called lubrication equation [16]
∂h

∂t
+ ∂

∂x

(
h2

2µ(T )τ −
h3

3µ(T )
∂P
∂x

+ Usubh

)
= 0. (6.25)

The augmented pressure

P ≡ −γ(T )∂
2h

∂x2 + ρ(T )gx−Π(h), (6.26)

represents the influence of capillary pressure, hydrostatic pressure and the disjoining
pressure Π [24]. As the x-dependence of the hydrostratic pressure term in Eq. (6.26)
indicates, the direction of the gravitational acceleration is in the negative x-direction.
This corresponds to a dip-coating geometry where a substrate is withdrawn vertically
from a liquid bath, in contrast to the experiments described in chapter 5. Since the
overall viscous friction is dominated by the contribution from the contact line region,
the details of the meniscus shape outside of the contact line region are not critically
important. The viscosity µ(T ), surface tension γ(T ) and density ρ(T ) are given by
Eq. (5.1), (5.2) and (5.3) of chapter 5. The disjoining pressure Π is given by the
phenomenological expression [25]

Π(h) = γ(1−cos θeq) (n−1)(m−1)
(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
. (6.27)

The parameters (n,m, h∗) are chosen as (6,4,20 nm). The contact angle θeq is fixed
at 20◦ . The boundary conditions are given by

h(x = x1) = h0 P(x = x1) = P0 (6.28)
∂h

∂x
(x = x2) = 0 ∂P

∂x
(x = x2) = ρg. (6.29)

The width of the computational domain x2 − x1 = 1mm is chosen sufficiently large
so that it does not influence the CL dynamics. At x = x2, the gradient of the film
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thickness, ∂h/∂x is set to 0 and the gradient of the augmented pressure ∂P/∂x is
set equal to ρg (Eq. (6.29)). At x = x1, the film thickness is fixed at h0 = 50 µm
(Eq. (6.28)). The pressure is fixed at the reservoir pressure

P0 = −
√

2γρg(1− sin θeq). (6.30)

The model is solved with the finite-element software Comsol 3.5a. The mesh size
decreases towards the contact line, with a minimum size of 10 nm.

6.2.3. Coupling of the two models
The temperature T (x) and the temperature gradient ∂T

∂x (x) along the liquid-air in-
terface and the PC-air boundary are extracted from the heat-transfer model. These
profiles are used in the CL model to obtain the temperature dependent material
parameters and the thermocapillary shear stress τ = (dγ/dT )(∂T/∂x). The loca-
tion of the contact line xCL, obtained by solving the CL model, is defined as the
position of maximum curvature ∂2h/∂x2. This position corresponds to x = 0 in
the heat-transfer model. The parameter xCL is used in the heat-transfer model to
update the distance d between the CL and the position of maximum laser intensity
xIR. It is also used to update the approximate receding contact angle θr

θr = arctan
(

h0

xCL − x1

)
. (6.31)

6.3. Results from heat-transfer model
This section presents typical results of the heat-transfer model alone, i.e. it is not
coupled with the CL model and the values of d and θr are fixed. Eqs. (6.1), (6.6)
and (6.7) were solved for several representative cases. It turned out that the effect
of thermal expansion, i.e. a non-uniform density ρ(T ), was negligibly small. Con-
sequently, ρ is assumed constant and all results presented correspond to solutions
of Eqs. (6.1), (6.8) and (6.9). Figure 6.5(a) shows the magnitude of the velocity
vector |~u| in the liquid wedge, in the absence of laser illumination, i.e. P = 0W/m.
The white lines represent the streamlines of the flow field. For validation the nu-
merical results were compared with the analytical solutions for the isothermal flow
in a corner by Moffatt [167], with and without the presence of a constant shear
stress along the liquid-air interface, τ ′. This resulted in a perfect agreement. The
black lines in Figs. 6.5(a,b) represent the locations where the radial velocity vanishes
ur = 0, i.e. the turning points of the streamlines. The radial velocity is defined as
ur = ux cosϕ+ uy sinϕ, where ϕ is the polar angle.

Figure 6.5(b) shows an example of the temperature increase ∆T (x, y) ≡ T (x, y)−
T0 in the liquid wedge for a low substrate speed Usub = 0.1mm/s (with P =
500W/m and θr = 15◦ ). The white lines represent the streamlines of the flow field.
For simplicity, the angle of incidence β and the divergence angle θd are set to 0.
The distance between the contact line and the position of maximum laser intensity
is d = 0.2mm. Furthermore, the glass plate is assumed absent and dPC = 4.4mm.
The temperature increases along the liquid-air boundary towards the CL. The point
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Figure 6.5: Numerical results of the heat-transfer model for parameters Usub = 0.1mm/s,
d = 0.2mm and θr = 15◦ . (a) Pseudo-color plot of the magnitude of the velocity |~u|
in the liquid wedge for P = 0W/m. (b) Pseudo-color plot of the temperature increase
∆T (x, y) = T (x, y) − T0 in the liquid wedge for P = 500W/m. The white lines in (a,b)
represent the streamlines. (c) Pseudo-color plot of the magnitude of the velocity |~u| in the
liquid wedge for P = 500W/m.

of maximum temperature rise (indicated with a circle in Fig. 6.5(b)) coincides with
the CL position up to a speed of approximately 0.4 mm/s. The spacing of the stre-
amlines indicates that the flow speed along the liquid-air boundary is larger than the
flow speed along the liquid-substrate boundary. As a consequence, the position of
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the ur = 0 line is elevated compared to Fig. 6.5(a). This is illustrated more clearly
in Fig. 6.5(c), which presents the magnitude of the velocity vector |~u| in the liquid
wedge. It shows a thin region with an increased flow speed adjacent to the liquid-air
boundary. The maximum speed in this region |u|max ≈ 1.7 cm/s (indicated with
a circle in Fig. 6.5(c)), while the substrate speed is only Usub = 0.1mm/s. The
amplified flow in this region is induced by the thermocapillary shear stress, due to
the high temperature gradient along the liquid-air boundary.
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Figure 6.6: Numerical results of the heat-transfer model for parameters Usub = 3.2mm/s,
P = 500W/m, d = 0.2mm and θr = 15◦ . (a) Pseudo-color plot of the temperature increase
∆T (x, y) in the liquid wedge. The white lines represent the streamlines. (b) Pseudo-color
plot of the magnitude of the velocity |~u| in the liquid wedge.

Fig. 6.6(a) shows the temperature increase ∆T for a higher substrate speed
Usub = 3.2mm/s. The temperature rise is now much smaller. The point of maximum
temperature rise (indicated with a circle in Fig. 6.6(a)) is still located along the
liquid-air boundary, but now left of the contact line. The streamline pattern is very
similar to the isothermal case in Fig. 6.5(a). Figure 6.6(b) indicates that the flow
speed along the liquid-air boundary is of the same order as Usub. The flow induced
by the thermocapillary shear stress at the liquid-air boundary is clearly visible, in
the vicinity of the point of maximum |~u| (indicated with a circle in Fig. 6.6(b)).

The circles in Fig. 6.7 (left axis) show the ratio |u|max/Usub as a function of
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Figure 6.7: Left axis: |u|max/Usub as a function of Usub, where |u|max is the maximum
speed along the liquid-air boundary. The dashed, horizontal line represents Eq. (6.33).
Right axis: Maximum temperature rise ∆Tmax along the liquid-air boundary as a function
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Usub, where |u|max is the maximum speed along the liquid-air boundary. The dia-
monds (right axis) indicate the maximum temperature rise ∆Tmax along the liquid-
air boundary. For ‘low’ values of the substrate speed Usub . 0.05 mm/s, ∆Tmax
is approximately independent of Usub. Since the position of maximum tempera-
ture rise is the CL position for low Usub, the relevant velocity scale is Usub and
the relevant length scale is determined by the heat source, i.e. 2w. Therefore the
appropriate definition of the Peclet number is given by Pew = 2Usubw/κEG, where
κEG = kEG/(ρEGcp,EG) is the thermal diffusivity. Pew assumes a value of 1 for
Usub = 0.08 mm/s, which agrees well with the transition value of 0.05 mm/s ob-
served in Fig. 6.7. For low Usub the thermocapillary shear stress τ ′ also does not
depend on Usub. This shear stress is the dominant driving force for the flow, since
|u|max/Usub � 1. As a result also |u|max is constant in this regime and |u|max/Usub
scales as 1/Usub. For ‘intermediate’ values of Usub, both ∆Tmax and τ ′ decrease
with increasing Usub. In this regime, |u|max decreases with increasing Usub and thus
|u|max/Usub scales as U−ξsub with ξ > 1. For ‘high’ values of Usub, |u|max/Usub ap-
proaches a steady-state value ε, i.e. |u|max = εUsub. In this regime, the motion of
the substrate is the dominant driving force for the flow in the wedge and not the
temperature gradient along the liquid-air boundary. The liquid flux driven by the
thermocapillary shear stress is given by Qtc = h2τ/2µ, as obtained from Eq. (6.25).
The thermocapillary flow speed Utc = Qtc/h can be estimated as

h

2µτ ≈
w tan θr

2µ
dγ

dT

∆Tmax

w
≈ 1

2µ tan θr
dγ

dT
∆Tmax, (6.32)
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where the thermocapillary stress is estimated as τ ≈ (dγ/dT )(∆Tmax/w). Since
Pew � 1 in this regime, the maximum temperature rise is determined by con-
vective effects and scales approximately as 1/Usub. Approximating the typical tem-
perature rise with ∆Tmax ≈ C/Usub, the value of the constant is estimated to
be C ≈ 40 K mm/s from the curve in Fig. 6.7. At the transition point where
|u|max/Usub approaches the constant ε, Utc and Usub by definition are of the same
order. Equating Eq. (6.32) (with ∆Tmax ≈ C/Usub) to Usub results in Usub =√

(1/2µ) tan θr(dγ/dT )C ≈ 5 mm/s. This agrees well with the transition observed
in Fig. 6.7. Using the analytic solution for the flow in the wedge (in the case of
constant viscosity and no shear stress) [167], it can be shown that

ε = sin(θr)− θr cos(θr)
θr − sin(θr) cos(θr)

. (6.33)

The dashed line in Fig. 6.7 represent Eq. (6.33).
Figure 6.8(a) shows the temperature distribution ∆T along the liquid-air boun-

dary and the top boundary of the PC substrate for different values of d, with
Usub = 0.8mm/s, P = 500W/m and θr = 15◦ . When d & w0, there is no ab-
sorption of the IR laser intensity in the EG wedge. In this case, the temperature
increases smoothly with x and reaches a steady value when x > d + w0. When
d . w0, part of the IR laser intensity is directly absorbed in the liquid. The tem-
perature rise increases, since αEG � αPC. The temperature distribution displays a
local maximum along the liquid-air boundary left of the contact line, for d < 0.4mm.

Figure 6.8(b) shows the temperature distribution ∆T (x) for different values of
the absorption coefficient of the liquid αliq (d = 0.2mm). For comparison, the
absorption coefficient of water [168] for an IR wavelength λ = 1470nm is αH2O =
3100m−1. When αliq . αPC, the temperature smoothly increases towards the
contact line along the liquid-air boundary. For higher values of αliq, the temperature
distribution again displays a local maximum along the liquid-air boundary.
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Figure 6.8: Temperature distribution ∆T = T (x) − T0 along the liquid-air boundary
and the top boundary of the PC substrate. (a) ∆T (x) for different values of d (with
Usub = 0.8mm/s, P = 500W/m and θr = 15◦ ). (b) ∆T (x) for d = 0.2mm and different
values of the absorption coefficient αliq.
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6.4. Results from coupled models
The results presented in this section are obtained by coupling the heat-transfer
model with the CL displacement model, as described in section 6.2.3. Figure 6.9
shows the receding contact angle θr (determined from the contact line displacement
model) as a function of Usub. The red circles are obtained for the case of no laser
heating, i.e. P = 0W/m. This results in the absence of the thermocapillary shear
stress, τ = 0, and uniform material parameters. θr decreases with increasing Usub.
Beyond a critical value of Usub ≈ (1.65 ± 0.05)mm/s, it is no longer possible to
find a steady state value of θr. For substrate speeds higher than this value, a
Landau-Levich film is deposited on the substrate. When the laser is switched on,
the material parameters µ(T ), ρ(T ) and γ(T ) depend on the local temperature and
the thermocapillary shear stress τ from the heat-transfer model is included. The
location of maximum laser intensity in the contact line model is xIR−x1 = 0.43mm.
The green triangles in Fig. 6.9(a) are obtained when the laser power is increased
to P = 500W/m. The critical speed Usub ≈ (2.57 ± 0.06)mm/s is now more than
50 % higher. Moreover, θr strongly increases for low Usub compared to the case of
P = 0W/m.

In order to identify the dominant mechanisms behind the increase in critical
speed and the overall increase in θr, separate series of simulations were performed
where either the temperature dependency of the viscosity or the effect of the thermo-
capillary shear stress τ was neglected. The blue triangles in Fig. 6.9(a) correspond
to the case of uniform viscosity, µ = µ(T0), but the influence of τ is taken into
account in the CL model. The black squares in Fig. 6.9(a) correspond to the case
of temperature dependent viscosity, µ = µ(T ), but the influence of τ is not taken
into account in the CL model. In the heat-transfer model, however, τ ′ is included
and the material parameters are assumed variable in all cases.

The comparison of the green and black, as well of the blue and red curves, shows
that the increase in θr for low Usub is caused by the thermocapillary shear stress.
For the black squares, τ is not included and the same θr is retrieved as for the
red circles in the limit Usub → 0. For low Usub, the maximum temperature rise
occurs at the location of the contact line. The shear stress is thus always directed
away from the contact line, which causes the increase of θr for low Usub. The blue
triangles show that for increasing Usub the effect of the thermocapillary shear stress
diminishes, since the magnitude of τ itself decreases. For sufficiently high speeds,
θr can even be lower than the laser-off case (P = 0W/m, red line). In this regime,
the maximum temperature rise occurs left of the location of the contact line. The
shear stress is thus directed towards the contact line, which decreases θr. A steady
state value of θr can be found up to Usub ≤ 1.5 mm/s. The influence of the shear
stress on the critical speed is thus quite small. The black squares show the effect of
temperature dependent viscosity. In this case a steady state value of θr was found
up to Usub ≤ 2.5 mm/s. The critical speed increased by more than 50 % relative to
the red curve.

Figure 6.9(b) shows the receding contact angle θr as a function of the capillary
number of the contact line CaCL ≡ µ(TCL)Usub/γ(TCL). Here, TCL is the tempe-



6.4. Results from coupled models 91

15

20

25

θ
r

1 2
Usub (mm/s)

µ = µ(T0), τ ≠ 0 (Usub)

µ = µ(T0), τ = 0 

µ = µ(T),  τ ≠ 0 (Usub)

µ = µ(T),  τ = 0 (Usub)

0

(a) (b)

0 0.75
Ca CL [10

-3 ]

20

15

θ
rτ ≠ 0

τ = 0

µ = µ(T)

µ = const.

Figure 6.9: (a) Receding contact angle θr as a function of Usub for P = 500W/m and
xIR − x1 = 0.43mm. Red circles: Constant material parameters, thermocapillary effect
not included, τ = 0 . Green triangles: Variable material parameters, τ 6= 0. Blue triangles:
Constant material parameters, τ 6= 0. Black squares: Variable material parameters, τ = 0.
(b) Receding contact angle θr as a function of CaCL.

rature at the contact line. The curves correspond to the same contact angle data
sets θr as the curves in Fig. 6.9(a), but plotted as a function of CaCL. For the red
circles and blue triangles, TCL corresponds to the initial temperature T0. The curves
essentially overlap for sufficiently high values of Usub, corroborating the conclusion
that reduction of viscous friction is the dominant phenomenon in this regime.

An equivalent point of view is provided by a comparison of the magnitudes of
the thermocapillary and the total viscous shear stress

µ
∂ux
∂y

(y = 0) = −∂P
∂x

h+ τ. (6.34)

In the limit Usub → 0, the total viscous shear stress is dominated by the thermoca-
pillary contribution. In contrast, for Usub & 1 mm/s in Fig. 6.9(a), the first term
on the right hand side of Eq. (6.34) by far exceeds τ .

Figure 6.10(a) shows the receding contact angle θr as a function of Usub for
different values of the laser power P . In all cases, the temperature dependence of
the material parameters and the thermocapillary shear stress are taken into account.
The increase of θr at low values of Usub, caused by the shear stress τ , becomes more
prominent for increasing P . The largest value of Usub at which a steady state value of
θr can be found increases with increasing P . The dotted lines represent polynomial
fitting functions of the form

C0 + C1θr + C2θ
2
r + C3θ

3
r = Usub. (6.35)
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Figure 6.10: (a) Receding contact angle θr as a function of Usub for different values of
the laser power P . The dotted lines represent fitting functions, given by Eq. (6.35). (b)
Relative enhancement of the critical speed Uc as a function of laser power.

The values of θr for low Usub, where the thermocapillary shear stress is dominant,
are not included for the fit. The critical velocity Uc is defined as the value of Usub
where the fitting function has a vertical tangent line, i.e. where ∂Usub/∂θr = 0.

Figure 6.10(b) presents the relative enhancement of the critical speed Uc/Uc(P =
0) as a function of laser power P . Despite the 3D-nature of the experiments and the
2D-nature of the simulations, the relative increase of Uc is of comparable magnitude,
as can be seen in Fig. 5.8 of chapter 5. The horizontal axis of Fig. 6.10(b) displays the
laser power in units of W/m, while in Fig. 5.8 it is in units of W. The corresponding
length scale is the full width at half maximum of the elliptical laser spot along the z-
direction, determined in chapter 5 to be approximately 4 mm (i.e. 1 W corresponds
to 250 W/m).

6.5. Summary
The increase in mobility of stationary contact lines on a moving, partially wetting
substrate, induced by infrared laser illumination of its receding contact line, was stu-
died by means of numerical simulations. Below a certain critical speed, the receding
contact angle maintains a finite, i.e. non-zero value and no liquid is entrained on
the substrate. The transition towards a Landau-Levich film, i.e. residual liquid left
behind on the substrate, occurs at the critical speed. The critical speed increased
due to the laser irradiation.

A model for the liquid flow and heat transfer in the vicinity of the contact line
was developed, where thermocapillary shear stresses and the temperature induced
variation of the liquid density and viscosity were taken into account. For values of
the substrate speed higher than the critical speed, the flow near the contact line
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is primarily driven by the motion of the substrate. For values significantly lower
than the critical speed, the thermocapillary shear stress is the dominant driving
mechanism of the flow.

A second, coupled model was developed to describe the displacement of the
receding contact line as a consequence of the laser-induced non-uniform temperature
distribution. At low substrate speeds, the thermocapillary shear stress is directed
away from the contact line and increases the receding contact angle. However, its
effect on the critical speed is minimal since the magnitude of the thermocapillary
stress diminishes with increasing substrate speed. Thus, the temperature induced
decrease of viscosity, i.e. the reduction of the viscous friction, is identified as the
dominant mechanism for the increase in critical speed.

The experiments described in chapter 5 are intrinsically three-dimensional in
nature. The receding contact develops a pointed shape for sufficiently high substrate
speeds. Although the two-dimensional model described in this chapter does not
include this effect, the relative increase in critical speed obtained by the simulations
agrees reasonably well with the experimental results for comparable laser intensities.





7
Infrared-laser-induced thermocapillary
deformation of thin liquid films

This chapter describes a method to control the deformation of thin films of a che-
mically pure, non-volatile liquid, using infrared laser illumination. The resulting
non-uniform temperature distribution causes thermocapillary flow of the thin film.
The film thickness evolution was measured using interference microscopy. Numeri-
cal models were developed for the temperature evolution and the liquid redistribution.
The models quantitatively reproduce the effect of the laser power and substrate speed
in the experiments, provided the temperature dependency of the liquid viscosity is
taken into account. In the case of partially wettable substrates, the thin liquid films
tend to become unstable. For certain ranges of the laser power and substrate speed,
the film ruptures in a single location and subsequently dewets without the occurrence
of residual droplets.

95
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7.1. Introduction
The interaction of a laser beam with thin liquid films has been studied in the context
of many technological applications. In heat-assisted magnetic recording, an ultrathin
layer of hard disk lubricant is depleted by evaporation and thermocapillary shear
induced by a scanning laser spot [169, 170]. Focused laser beams are used for cutting
and welding of metals [171], deposition of polymer nano-assemblies onto a substrate
from solution [172], the curing of inkjet-printed nanoparticle suspensions [173] and
to induce dewetting in polymer films [174, 175]. Thermocapillary flow has been
utilized as an actuation mechanism in microfluidic devices [176–181], to accelerate
spreading [182–184] and for the laser-induced pattern generation in ultrathin metal
films [185–188].

The deformation of liquid films due to non-uniform temperature distributions has
been investigated extensively [129, 189–200]. The destabilization, i.e. rupture of thin
liquid films by means of temperature gradients has been studied in the case of free
films [201–204] (i.e. films maintaining two liquid-air interfaces such as soap lamellae)
and in the case of films supported by a solid substrate [205–209]. The motivation for
this study is to evaluate infrared irradiation as a potential mechanism for controlling
the rupture process by destabilizing the liquid film as swiftly as possible. Controlled
dry-spot formation is also applied to initiate the redistribution of liquid films coated
on chemically patterned surfaces [13].

This chapter presents a systematic study of the thermocapillary deformation of
a non-volatile thin liquid film due to temperature gradients induced by an infrared
laser beam. The experimental setup, which allows for substrates that are either
stationary or rotating with respect to the laser beam, is described in section 7.2.
Two coupled numerical models were developed, which are introduced in section 7.3.
The first model (section 7.3.1) is solved to obtain the temperature distribution.
Typical results of this model are presented in sections 7.3.2 and 7.3.3 in the case of
stationary and moving substrates, respectively. The second model (section 7.3.4) is
solved to obtain the redistribution dynamics of the thin liquid film. A quantitative
comparison of numerical and experimental results for the deformation of completely
wetting films is presented is section 7.4.1. Section 7.4.2 focuses on the rupture
process on partially wetting substrates. Rupture can occur without the appearance
of residual droplets, which is beneficial to technological applications. The substrate
speed and laser power were varied to identify and characterize the corresponding
process window.

7.2. Experimental setup and procedures
Figure 7.1 shows a schematic representation of the experimental setup. A thin liquid
film of initial thickness h0 is deposited on the top side of a polycarbonate substrate
(PC, Bayer Makrofol DE1-1, thickness dsub = 750 µm, cut to the dimensions of
60×60mm2) by spin coating. The resulting initial film thickness is measured with a
spectral interference technique [54]. The substrate is then rotated with a constant
angular velocity Ω while being illuminated by a focused infrared (IR) laser beam.
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Figure 7.1: Schematic representation of the experimental setup for the deformation of a
thin liquid film on a moving substrate by a focused infrared laser (dimensions not to scale).

The substrate is transparent to visible light, but partially absorbs the IR light. The
laser beam induces a non-uniform temperature distribution, which causes thermoca-
pillary flow of the thin film. The subsequent deformation and possible rupture of the
thin film is monitored in-situ using dual wavelength interference microscopy [55]. A
high-speed camera (Photron SA-4), combined with a lens system and a microscope
objective, is placed underneath the substrate. Interference images were recorded
using two LED light sources, with center wavelengths of 625 and 466 nm. The
imaging equipment is protected from IR-light by a short-pass filter (Schott, KG-1)
and in order to avoid undesired reflections of visible light from the laser optics, a
long-pass filter (Edmund Optics, product number 43-949) was installed between the
laser focusing optics and the focal plane.

Squalane is used as a completely wetting liquid (Sigma Aldrich, product number
234311, purity 99%) and tri(ethylene glycol) (3EG) as a partially wetting liquid
(Sigma, product number 95126, purity≥99%). The temperature dependent material
parameters (surface tension γ, density ρ and viscosity µ) of squalane are given
by [182, 210, 211]

µ[mPa-s] = 0.52 exp(0.164 · 1010(T + 273)−3.48), (7.1)
γ[mN/m] = 28.15− 0.072(T − 20), (7.2)
ρ[kg/m3] = 821.6− 0.64T + 4.8 · 10−5T 2, (7.3)

where T is the temperature in degrees Celsius. The values of the material parameters
of squalane at room temperature (T = 20◦C) are equal to γ = 28.15mN/m, ρ =
808.7 kg/m3 and µ = 35.8mPa-s. The temperature dependent material parameters
of 3EG [137, 212] are given by

µ[mPa-s] = exp(−3.12 + 914.77/(T + 110.07)), (7.4)
γ[mN/m] = 47.33− 0.08T, (7.5)
ρ[kg/m3] = 1139.5− 0.71T − 4.4 · 10−4T 2. (7.6)
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The values of the material parameters of 3EG at room temperature are equal to γ =
45.57mN/m, ρ = 1125.2 kg/m3 and µ = 50.6mPa-s. The temperature dependence
of the viscosity of squalane and 3EG is plotted in Fig. 7.2.
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Figure 7.2: Viscosity of squalane (solid line) and 3EG (dashed line) as a function of tem-
perature T .

The light source is a multimode diode laser system (Lumics LU1470C20-C with
OsTech LSx1 laser diode driver) with a center wavelength of λ = 1470nm and a
maximum output power of 20W. The diverging laser light exiting from the fiber
output (diameter 400 µm, numerical aperture NA= 0.22) is refocused to a spot in
the order of 200 µm (NA= 0.54). The laser power range was adjusted by controlling
the current to the laser diode. Linear variation of laser power P within the selected
power range was achieved by modulating the operating signal of the laser controller
at a frequency of 50Hz and using a variable duty cycle. The intensity profile I(r, z)
of the laser beam was characterized using a scanning slit setup. The propagation
direction of the laser beam coincides with the z-axis (as indicated in Fig. 7.1),
while r is the radial distance from the optical axis of the beam. A metal plate
with a 25 µm wide slit has been placed in front of the active area of a laser power
meter (Thorlabs, S314C/PM100USB), which was translated at a constant speed of
10 µm/s by means of a motorized linear translation stage (Newport, UTS100CC).
The measurement was done at low laser power (approximately 0.8W) to prevent
damage to the slit. The full width at half maximum (FWHM) at the focal plane
of the beam is approximately 130 µm. The top surface of the PC substrate was
positioned into the focal plane of the beam (z = 0). The vertical alignment was
performed with the help of an Omega CHAL-001 thermocouple with a head diameter
of approximately 25 µm, resulting in a position uncertainty of approximately 50 µm.

7.3. Numerical models
In order to simulate the thermocapillary deformation of a thin liquid film on a sub-
strate that is either stationary or moving relative to a laser beam, a model for the



7.3. Numerical models 99

temperature distribution is coupled with a second model for the thin film redistri-
bution. Cartesian coordinates (x, y, z) are used for a moving substrate, cylindrical
coordinates (r, z) for a stationary substrate. In the case of a moving substrate,
the substrate is assumed to move with a constant speed Usub in the positive y-
direction. This is a good approximation provided that the distance between the
optical axis and the axis of rotation of the substrate is sufficiently large. In the ex-
periments, this distance is approximately 15 mm. The first model, the heat-transfer
model (section 7.3.1), is solved to obtain the temperature distribution T (x, y, z, t)
of the substrate. The presence of the liquid film is not accounted for in the heat-
transfer model, because its thickness on order of h0 = 5 µm is much smaller than
dsub = 750 µm and its IR absorption, thus, is negligible. The temperature dis-
tribution is inserted in the second model, the thin film model (section 7.3.4). The
non-uniform laser heating results in temperature gradients at the liquid-air interface.
The corresponding thermocapillary shear stress drives the flow of liquid away from
the heated region [130]. The thin film model is solved to obtain the film thickness
h(x, y, t).

7.3.1. Heat-transfer model
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Figure 7.3: Schematic representation of the computational domains and the applied
boundary conditions of (a) the three-dimensional heat transfer model and (b) the two-
dimensional thin film model (in the case of a moving substrate).

In the case of a moving substrate, the computational domain of the heat-transfer
model is three-dimensional. Figure 7.3(a) shows a sketch of this 3D domain with
dimensions of xd = 2mm, yd1 = −1mm and yd2 = 3mm. The temperature distri-
bution of the substrate T (x, y, z, t) is described by the heat transfer equation [160]

ρsubcp

(
∂T

∂t
+ Usub

∂T

∂y

)
= ksub∇2T + q̇. (7.7)

The second term on the left-hand side of Eq. (7.7) represents the convection of heat
by the motion of the substrate. The term q̇ ≡ αPCI represents a heat source as a
consequence of laser light absorption [161–163]. The intensity distribution of the
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laser beam, I(x, y, z), is represented by a Gaussian distribution of variable width
w(z)

I = 2P
π[w(z)]2 exp

(
−2x

2 + y2

[w(z)]2

)
exp(−αsub|z|). (7.8)

The line x = y = 0 corresponds to the optical axis of the laser beam and the
plane z = 0 corresponds to its focal plane. The last term of Eq. (7.8) ensures
that the intensity decays exponentially in the negative z-direction. The absorption
coefficient of the PC substrate for the IR irradiation is given by αPC = (30 ±
1)m−1. The prefactor of Eq. (7.8) ensures that the xy-integrated intensity is equal
to P exp(−αPC|z|). The beam width w(z) is assumed to increase linearly according
to w(z) = w0 + a|z|, with w0 = 120 µm and a = 0.3. The mass density, specific
heat capacity and thermal conductivity are assumed constant and are given by
ρsub = 1200 kg/m3, cp = 1240 J/(kg-K) and ksub = 0.22W/(m-K). The following
boundary conditions are used

∂T

∂x
(x = 0) = ∂T

∂x
(x = xd) = 0 (7.9)

∂T

∂y
(y = yd1) = ∂T

∂y
(y = yd2) = 0 (7.10)

−ksub
∂T

∂z
(z = 0) = ksub

∂T

∂z
(z = −dsub) = φloss. (7.11)

The first part of Eq. (7.9) reflects the mirror symmetry of the problem with respect to
the plane x = 0. The value of xd is chosen sufficiently large so that the temperature
rise does not reach the right boundary. At y = yd1 and y = yd2, so-called convective
boundary conditions are employed, i.e. the diffusive fluxes ksub∂T/∂y(y = yd1)
and −ksub∂T/∂y(y = yd2) are assumed negligible compared to the convective fluxes
ρsubcpUsubT0 and ρsubcpUsubT (y = yd2). The heat loss on the top and bottom
surfaces of the substrate (z = 0 and z = −dsub, respectively) are approximated as a
superposition of Newtonian convective cooling and thermal radiation

φloss = hN (T − T∞) + σB(T 4 − T 4
∞). (7.12)

Here, σB = 5.67·10−8 W/(m2-K4) is the Stefan-Boltzmann constant, hN = 5W/(m2-
K) the convective heat transfer coefficient [164] and T∞ = T0 = 293K the ambient
temperature. The initial condition is a uniform temperature T0. In the case of a
stationary substrate (Usub = 0) the problem becomes axisymmetric, for which a 2D
computational domain (with a radial extension of rd = 20mm) and axisymmetric
versions of Eq. (7.7) (with Usub = 0) and Eq. (7.8) are employed. The heat-transfer
model is solved with the finite-element software Comsol 3.5a. The mesh size incre-
ases with the distance from the optical axis of the laser beam, with a minimum size
of 10 µm in the case of stationary substrate and 50 µm in the case of a moving sub-
strate. Further decreasing the mesh size has no significant effect on the numerical
results of the heat-transfer model.
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7.3.2. Results of heat-transfer model, stationary substrate
Figure 7.4(a) shows surface temperature profiles, ∆T (r, t) ≡ T (r, z = 0, t) − T0
at different times t for P = 0.5W. The maximum temperature, which occurs at
r = 0, rapidly increases in time after the laser is switched on at t = 0 and ap-
proaches a steady-state value after approximately 10 s. Due to heat conduction in
the radial direction, the temperature rise extends further than the illuminated re-
gion (r < w0). Figure 7.4(b) shows the radial derivative of the surface temperature
profile, ∂T/∂r(r, z = 0, t). Its maximum absolute value is located off-center and
reaches a steady-state much faster, with a risetime of approximately 0.06 s. This
difference in time scales for reaching a steady-state temperature or a steady-state
temperature gradient will be explained by studying the effect of the laser beam ra-
dius. The maximum surface temperature rise and maximum absolute value of the
radial temperature gradient in steady state were found to increase linearly with P .
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Figure 7.4: (a) Surface temperature profiles ∆T (r, z = 0, t) and (b) radial surface tempe-
rature gradient ∂T/∂r(r, z = 0, t) at different times for P = 0.5W.

Effect of the laser beam radius
Figure 7.5(a,b) shows ∆T (r, t→∞) ≡ T (r, z = 0, t→∞)− T0, the surface tempe-
rature profiles in steady-state for different values of the beam radius w0. The short
vertical lines indicate the positions r = w0, which approximately coincide with the
positions of the inflection points of the temperature profiles. The radial steady-state
temperature profiles consist of three regimes. For r . w0, the temperature distri-
bution is determined by the intensity profile of the laser. For r & w0, the solution is
well approximated by the Green’s function of the two-dimensional Laplace equation
∆T ∼ − ln(r) (see Fig. 7.5(b)). For r exceeding the largest considered value of
w0 = 480µm, the profiles collapse, i.e. they are essentially independent of w0 and
are characterized by the slow logarithmic decay. The second regime extends up to a
radius rmax (see Fig. 7.5(b)), which is determined by the balance between the heat
input, i.e. the laser power P, and the heat loss to the surroundings, which scales as
r2
maxπφloss. The range rmax is independent of w0, as long as w0 is sufficiently small.
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Figure 7.5: (a,b) Steady-state temperature profiles ∆T (r) for different values of w0 (short
vertical lines correspond to positions r = w0). (c) Semi- and double-logarithmic plot of
the time evolution of the maximum temperature rise ∆T (r = 0, t). (d) The time evolution
of the maximum temperature gradient |∂T/∂r|max. (e) The red solid line represents the
steady-state maximum temperature rise as a function of w0, the blue dotted line the
maximum temperature gradient.
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Figure 7.5(c) shows the maximum surface temperature rise ∆T (r = 0, t) as a
function of time for different values of w0. This semi- and double-logarithmic plot
indicates that the time dependence of the temperature distribution also exhibits
three regimes. For r > w0, it takes a finite time ∆t ∼ r2/κ until the temperature
starts to increase. Here, κ = ksub/(ρsubcp) is the thermal diffusivity of the substrate.
This is followed by a logarithmic time dependence corresponding to the asymptotic
solution for a continuous line source [160]. Eventually the temperature rise reaches
a steady-state value. For r < w0 and short times t . w2

0/κ, heat conduction to the
unilluminated surrounding area is negligible, which implies that the average tem-
perature inside the illuminated spot increases linearly in time 〈∆T 〉 ∼ 〈q̇〉t/(ρcp)
(indicated by the dashed black line). For intermediate times t & w2

0/κ, the differen-
tial temperature profile inside the illuminated spot remains approximately constant.
The logarithmic temperature increase in the exterior region effectively provides a
time-dependent temperature offset for the interior region. The temperature appro-
aches a constant value at t ∼ r2

max/κ, which is independent of w0.
Figure 7.5(d) shows |∂T/∂r|max, the maximum surface temperature gradient, as

a function of time for different values of w0. For short times t . w2
0/κ, the maximum

temperature gradient scales linearly in time (see Fig. 7.5(d)), due to the linear
evolution of the center temperature (see Fig. 7.5(c)) and the fact that almost no heat
is conducted into the exterior region at short times. Because the differential interior
temperature profile remains approximately constant after t ≈ w2

0/κ, the timescale
with which the maximum temperature gradient approaches its steady-state value is
much shorter than the equilibration time t ∼ r2

max/κ of the temperature profile.
The blue dashed line in Fig. 7.5(e) shows |∂T/∂r|max as a function of the beam

radius w0. This maximum temperature gradient scales as |∂T/∂r|max ∼ w−1
0 , be-

cause the integral
dsub∫
0

2π∫
0

ksub

∣∣∣∣∂T∂r
∣∣∣∣
max

w0 dϕdz ≈ 2πdsubksub

∣∣∣∣∂T∂r
∣∣∣∣
max

w0 ∼ P

must scale independently of w0, for sufficiently small φloss. The red solid line in
Fig. 7.5(e) illustrates that ∆T (r = 0, t → ∞) decreases logarithmically with the
beam radius w0.

7.3.3. Results of heat-transfer model, moving substrate
Figure 7.6(a-c) shows steady-state surface temperature profiles ∆T (x, y) ≡ T (x, y, z =
0)−T0 for substrate speeds Usub of 2, 8 and 32mm/s, respectively. The profiles are
normalized with max[∆T ], the corresponding maximum temperature rise. Heat is
convected in the y-direction due to the motion of the substrate and spreads via con-
duction in the x-direction. Therefore, the surface temperature profile widens with
increasing distance from the laser spot. The solid black lines in Fig. 7.6(a-c) con-
nect the points where ∆T (x, y) = 1

2∆T (x = 0, y). They thus indicate the FWHM
of the temperature distribution. The dotted white line in Fig. 7.6(a) is a power-law
function of the form FWHM∼ y1/2. The width of the temperature distribution
decreases for larger values of the substrate speed.
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Figure 7.7(a) shows the steady-state surface temperature along the track cen-
terline ∆T (x = 0, y, t → ∞) for different values of Usub. The dotted black line
is a power-law function of the form ∆T ∼ y−1/2. Figure 7.7(b) shows the maxi-
mum temperature rise in steady-state max[∆T (t → ∞)] as a function of Pew (w0
is fixed at 120 µm). The Peclet number Pew = Usubw0/κ quantifies the relative im-
portance of convective and diffusive heat transfer. When Pew � 1, the maximum
temperature rise is independent of the substrate speed, because in this regime heat
conduction dominates over heat convection. When Pew � 1, the temperature rise
scales as max[∆T ] ∼ Pe−1

w , as indicated by the dashed line in Fig. 7.7(b) [213]. In
this regime, heat convection dominates over heat conduction. Typical values for the
experiments are 1 < Pew < 8.

Figure 7.7(c) shows the steady-state y-derivative of the temperature along the
centerline, ∂T/∂y(x = 0) for different values of Usub. Both its maximum value
max[∂T/∂y] and its minimum absolute value |min[∂T/∂y]| decrease for increasing
values of Usub. This is shown more systematically in Fig. 7.7(d) where additio-
nally the minimum absolute value of the x-derivative |min[∂T/∂x]| is plotted as a
function of Pew. In the conduction dominated regime (Pew � 1), max [∂T/∂y] =
|min[∂T/∂y]| = |min[∂T/∂x]| and all three derivatives are independent of Usub. In
the convection dominated regime (Pew � 1), both max [∂T/∂y] and |min[∂T/∂x]|
scale as Pe−1

w , while |min[∂T/∂y]| scales as Pe−2
w .

Scaling analysis
For large Usub, leaving only the two dominant terms in Eq. (7.7) leads to

ρsubcpUsub
∂T

∂y
∼ q̇, (7.13)
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where the relevant lengthscale in the heat source term q̇ is w0. The balance of
these terms immediately yields the scaling relations max[∆T ] ∼ U−1

sub ∼ Pe−1
w and

max[∂T/∂y] ∼ U−1
sub ∼ Pe−1

w , which are consistent with the results of Figs. 7.7(b,d).
The asymptotic behavior of the centerline temperature in the limit of large distances
from the laser spot is governed by the Green’s function solution for an instantaneous
plane source [160] with strength ∼ U−1

sub upon replacing the time variable with y/Usub

∆T (y � 2w0) ∼ 1√
4πκUsuby

exp
(
−Usubx

2

4κy

)
. (7.14)

In this limit, temperature gradients in the y- and z-directions have become negligible
compared to gradients in the x-direction. The predicted asymptotic behavior for
the centerline temperature is thus ∆T (x = 0, y � w0) ∼ (κUsuby)−1/2. The relation
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∆Ts ∼ y−1/2 is indeed found in Fig. 7.7(a) and the relation ∆T ∼ U
−1/2
sub has also

been verified. According to Eq. (7.14), the asymptotic behavior for the FWHM of
the temperature profile is FWHM ∼

√
κy/Usub. The relation FWHM ∼ y1/2 is

reproduced in Fig. 7.6(a) and the relation FWHM ∼ U−1/2
sub has also been verified.

7.3.4. Thin film model

In the case of a moving substrate, the computational domain of the thin film model
is two-dimensional. A sketch of this domain in shown in Fig. 7.3(b). Since the initial
thickness of the thin film h0 is much smaller than w0, the lubrication approxima-
tion [16] is used to model the evolution of the film thickness h(x, y, t). It is given
by

∂h

∂t
+ ∂Qx

∂x
+ ∂Qy

∂y
= 0, (7.15)

where the fluxes Qx and Qy are defined as

Qx ≡
h2

2µ(T )τx −
h3

3µ(T )
∂P
∂x

(7.16)

Qy ≡
h2

2µ(T )τy −
h3

3µ(T )
∂P
∂y

+ Usubh. (7.17)

The augmented pressure

P ≡ −γ(T )
(
∂2h

∂x2 + ∂2h

∂y2

)
+ ρ(T )gh−Π(h) (7.18)

represents the influence of capillary pressure, hydrostatic pressure and the disjoining
pressure Π [24]. The values of surface tension γ(T ), viscosity µ(T ) and density ρ(T )
are given in section 7.2. For the simulations of partially wetting liquids, the material-
specific interactions between the liquid and the substrate are included by means of
a phenomenological model for the disjoining pressure [25]

Π(h) = γ(1−cos θ) (n−1)(m−1)
(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
, (7.19)

where n, m and h∗ are parameters that determine the shape of the disjoining pres-
sure function and θ is the contact angle. For completely wetting liquids, the disjoi-
ning pressure is not taken into account, Π = 0.

The terms τx and τy

τx ≡
∂γ

∂x
= dγ

dT

∂Tl
∂x

and τy ≡
∂γ

∂y
= dγ

dT

∂Tl
∂y

(7.20)

are the thermocapillary shear stresses that act on the thin film. Here, Tl is the
temperature at the liquid-air interface, which is essentially equal to the surface
temperature of the substrate Tl = T (x, y, z = 0, t), since the thickness of the liquid
film is small, h0 � dsub. The substrate temperature is extracted from the heat-
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transfer model. The following boundary conditions are used
∂h

∂x
(x = 0) = 0 ∂P

∂x
(x = 0) = 0 (7.21)

∂h

∂x
(x = xd) = 0 ∂P

∂x
(x = xd) = 0 (7.22)

h(y = yd1) = h0 Qy(y = yd1) = Usubh0 (7.23)
∂h

∂y
(y = yd2) = 0 Qy(y = yd2) = Usubh. (7.24)

Eq. (7.21) reflects the mirror symmetry of the problem with respect to the track
centerline. The domain width x = xd is chosen sufficiently large so that the thin film
deformation does not reach the lateral boundary of the domain. Eqs. (7.23-7.24)
reflect the motion of the substrate: the thin film enters the domain with a volume
flux Qy = Usubh0 at y = yd1 and leaves the domain with volume flux Qy = Usubh
at y = yd2. The initial condition is a film of uniform thickness h(x, y, t = 0) = h0.
In the case of a stationary substrate (Usub = 0) the problem becomes axisymmetric,
for which a 1D computational domain (with a radial extension of rd = 20mm) and
axisymmetric versions of Eq. (7.15) (with Usub = 0) and Eq. (7.18) are employed.
The thin film model is solved with the finite-element software Comsol 3.5a.

7.4. Results and discussion
7.4.1. Completely wetting, non-volatile films
Figures 7.8(a,b) show interference micrographs of a thin squalane film on a statio-
nary substrate at different times after switching on the laser beam. As a consequence
of thermocapillary shear, a depression is formed in the liquid film in the vicinity of
the laser spot. The size and location of the laser spot is indicated with a red circle
in Fig. 7.8(b). This ‘dip’ is surrounded by a ring of increased film thickness, the
so-called ‘rim’ (see Fig. 7.8(b)). The deformation is axisymmetric and deepens and
widens in time. Figure 7.8(c) shows the minimum film thickness hmin(t) = h(0, t)
for P = 55mW and different values of h0. The solid lines are obtained from the nu-
merical simulations, the symbols from the experiments. Both the experiments and
the numerical simulations show that hmin is independent of h0 after approximately
10 s. Darhuber and Troian [214] analytically derived an asymptotic solution of the
lubrication equation, in the form

hmin(t) = 2µ (t− t0)−1

dγ
dT

[ 1
r
∂
∂r

(
r ∂T∂r

)]
r=0

, (7.25)

where t0 is an integration constant. This equation is valid for sufficiently small
temperature variations such that µ can be considered temperature independent.
The dashed line in Fig. 7.8(c) represents the analytical solution of Eq. (7.25). Fi-
gure 7.8(d) shows hmin(t) for h0 = 5.5µm and different values of P . Higher laser
powers result in a lower film thickness.

Figure 7.9 shows the steady-state deformation of a thin squalane film on a moving
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Figure 7.8: (a,b) Interference micrographs illustrating the thermocapillary deformation of
a thin squalane film 2 and 8 s after switching on the laser beam (P = 0.3W, h0 = 5.5µm).
(c,d) Minimum film thickness hmin(t) for (c) P = 55mW and different values of h0 and (d)
h0 = 5.5µm and different values of P . Solid lines represent numerical simulations, symbols
experimental data. The dashed line in (c) corresponds to Eq. (7.25).

substrate for a laser power of P = 8W. Figures 7.9(a-c) are obtained from numerical
simulations with substrate speeds of 2, 8 and 32mm/s, respectively. These values
of Usub correspond to those used in Fig. 7.6. The profiles are normalized with the
maximum film thickness, hmax, that occurs off center in the rim. This is the reason
why the undisturbed film thickness, h0 = 5 µm, is represented by different colors in
Fig. 7.9(a-c). The liquid in front of the laser spot is displaced by the thermocapillary
stresses and accumulates into a rim flanking the track centerline. The track width
increases with increasing value of y, which reflects the widening of the temperature
profiles shown in Fig. 7.6. The track width decreases with increasing value of Usub,
because the temperature profile narrows as shown in Fig. 7.6. The thickness of the
rim upstream of the track is lower than that of the rim flanking the track.

Figures 7.9(d,e) show interference micrographs of the deformation for Usub = 3
and 7mm/s. The dashed yellow lines indicate the rim shapes as obtained from the
numerical simulations, which agree well with the experimental shapes, especially
in the vicinity of the laser spot as will be discussed below. For positions further
away from the laser spot, the experimental rim shapes deviate slightly, because in
the numerical model the substrate is assumed to move in a straight line, whereas
in the experimental setup the substrate is rotating. The minimum film thickness
of the profile, hmin, occurs along the laser trajectory, as indicated in Fig. 7.9(d).
Using dual-wavelength interference microscopy, the absolute film thickness profile
can be determined along a cross-section as indicated with the green line segment in
Fig. 7.9(d). hmin was determined at six different positions along the laser trajectory.
The values of hmin that are reported in the remainder of this section are the average
of these values, the error-bars represent the standard deviation of these six values.

Figure 7.10(a) shows the minimum film thickness hmin as a function of Usub. The
red circles are obtained from experiments, the solid red line is a power law fit hmin ∼
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substrate with P = 7.8W and (d) Usub = 3 and (e) 7mm/s. The yellow circles indicate
the size and position of the laser beam, the dotted red line its trajectory.

Uβsub with exponent β = 2.3. The green squares and blue diamonds correspond to
numerical simulations for beam radii of w0 = 120 and 150 µm, respectively. The
simulations reproduce the power law exponent β = 2.3 of the experiments very well.
A reason why the simulations for w0 = 150 µm provide a better agreement, could
be that the laser beam may have been slightly out-of-focus during the experiments.

Figure 7.10(b) shows hmin as a function of P . The red circles and cyan and
magenta triangles represent experimental data. For the red circles, the frequency of
the duty cycle signal for the laser modulation is 50Hz. A power law fit of the form
hmin ∼ P−α gives an exponent α = 1.8 . For the cyan triangles, the frequency of the
duty cycle signal is increased to 5000Hz and for the magenta triangles, the laser is
not modulated. The exponent of the power law fit in both cases is equal to α = 2.0 .
The green squares and blue diamonds are obtained from numerical simulations with
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w0 = 120 and 150 µm, respectively. The power law exponent α for the numerical
data is equal to 2.2, i.e. slightly larger than for the experiments.
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Figure 7.10: (a) hmin as a function of Usub. Red circles are obtained from experiments
(P = 7.8W and h0 = 4.5 µm) and blue diamonds and green squares from numerical
simulations (P = 8W, h0 = 5.0 µm and w0 = 120 or 150 µm). (b) hmin as a function of
P . Red circles and cyan and magenta triangles are obtained from experiments (Usub =
3.1 mm/s, h0 = 4.5 µm, with a duty cycle frequency of 50 Hz (red), 5000 Hz (cyan) or
no duty cycle (magenta)). Blue diamonds and green squares are obtained from numerical
simulations (Usub = 3 mm/s, h0 = 5.0 µm and w0 = 120 or 150 µm).

Replacing the time variable t in Eq. (7.25) with w0/Usub, it follows that hmin in
the case of a moving substrate scales as

hmin ∼
2µUsub

w0
∂γ
∂T min

[
∂2T
∂x2 + ∂2T

∂y2

] . (7.26)

When using a constant, temperature-independent viscosity in the simulations, a
scaling relation hmin ∼ Uβsub with exponent β ≈ 1.3 is obtained. The term
min

[
∂2T
∂x2 + ∂2T

∂y2

]
decreases with increasing Usub, which increases β from a value of 1

to 1.3. According to Eq. (7.26), the minimum film thickness should scale as hmin ∼
P−α where α = 1, since the term min

[
∂2T
∂x2 + ∂2T

∂y2

]
scales linearly with P . This is

reproduced by the simulations using a constant, temperature-independent viscosity,
which result in an exponent α = 1 . Accounting for the temperature dependence of
viscosity increases the exponents extracted from simulations to β = 2.3 and α = 2.2,
in excellent agreement with the experimental data in Fig. 7.10(a,b).

The width of the rim was determined at a distance of 8w0 from the position of
the laser beam. This width is called wrim and is indicated in Fig. 7.9(e) with a blue
arrow. Figure 7.11 shows wrim as a function of P and Usub in a double logarithmic
plot. The red circles and orange squares represent experimental data, the blue and
green diamonds are obtained from numerical simulations. The solid orange and red
lines are power-law fits of the form wrim ∼ P c1 and wrim ∼ U−c2

sub , with exponents
c1 = 0.3 and c2 = 0.6 . The numerical simulations reproduce the exponents well.
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Figure 7.11: Rim width wrim as a function of laser power P (bottom axis) and substrate
speed Usub (top axis). Orange squares are obtained from experiments (with Usub = 3.1
mm/s, h0 = 4.5 µm and a duty cycle frequency of 5000Hz) and green diamonds from
numerical simulations (Usub = 3 mm/s, h0 = 5.0 µm and w0 = 150 µm). Red circles
represent experimental data (P = 7.8W, h0 = 4.5 µm and a duty cycle frequency of 50Hz)
and blue diamonds numerical simulations (P = 8W, h0 = 5.0 µm and w0 = 150 µm).

7.4.2. Partially wetting, non-volatile films
A thin liquid film on a partially wetting substrate is unstable to dry-spot formation
and will eventually dewet the substrate. Figure 7.12(a) shows an example of the
laser-induced rupture of a partially wetting 3EG film on a PC substrate for P =
120mW and h0 = 5µm. An arrow indicates the rupture point of the thin film,
which occurs near the center of the deformation.

Figure 7.12(b) presents the rupture time tr, i.e. the time delay between switching
on the IR-laser and film break-up, as a function of P . The red open circles represent
experimental data. The solid blue line represents numerical simulations using the
values n = 10, m = 4, h∗ = 10 nm and θ = 29◦ in Eq. (7.19). These parameters
are identical to those determined in [54]. The experimental and numerical data
correspond very well. The green squares, which are well approximated by a power
law tr ∼ P−0.86 (green dashed line), correspond to numerical simulations assuming
temperature-independent material parameters. The difference between the green
line and the experimental data illustrates primarily the temperature dependence
of µ, which reduces tr tenfold at the highest power considered. The dashed and
dotted horizontal lines correspond to the rise times of the center temperature and
the maximum temperature gradient (as discussed in section 7.3.2). Figure 7.12(b)
shows tr as a function of w0 for different values of P . The dashed line corresponds
to a power law tr ∼ w1.86

0 . A narrower laser spot, thus, significantly accelerates the
rupture process.

Film rupture is the terminal event of the deformation process. Thus, tr is sen-
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Figure 7.12: (a) Laser-induced rupture of a thin film of 3EG on a PC substrate for P =
120mW and h0 = 5µm. (b) Experiments (red open circles) and numerical simulations
(solid blue diamonds and green squares) of the rupture time tr as a function of P . (c)
Numerical simulations of tr as a function of w0 for three values of P .

sitive to the timescales of the temperature and the temperature gradient and the
capillary transition time t0 in Eq. (7.25). For sufficiently high powers, the latter can
be disregarded. For the experiments in Fig. 7.12(a), the risetime of the temperature
gradient is typically much smaller than tr, such that the thermocapillary stress can
be assumed fully developed during the entire experiment. The disjoining pressure
becomes important at very low values of h, where the capillary pressure gradients
have become negligible, at least for sufficiently high powers. The rupture thickness
hr is then characterized by a balance of the flux terms corresponding to thermoca-
pillary shear and disjoining pressure gradients. For sufficiently high P , the width
of the depression is larger than the maximally unstable wavelength of the spinodal
instability[215]

λmax = (8π2γ)1/2 (−ρg + ∂Π
∂h

)−1/2 ∼ h5/2, (7.27)
where the scaling relation was obtained by using m = 4 in Eq. (7.19). Assuming w0
and λmax to be the proper lengthscales for ∂γ/∂r and ∂Π/∂r, respectively, results
in the scaling

hr ∼ [∆γ/(γw0)]−2/11 ∼ w
2/11
0 P−2/11, (7.28)

which suggests that hr is only very weakly dependent on P and w0. Considering
thermocapillary shear as the main mechanism driving the film thinning, results in
a corresponding rupture time-scale

tr ∼ µw2
0/(hr∆γ) ∼ µw

20/11
0 P−9/11. (7.29)

These exponents 20/11 ≈ 1.82 and −9/11 ≈ −0.82 agree very well with the po-
werlaw exponents 1.86 found in Fig. 7.12(c) as well as −0.86 in Fig. 7.12(b) for the
break-up times for temperature-independent material parameters. The temperature
dependence of viscosity steepens the dependence of tr on P .

Figure 7.12(c) shows that tr may approach a constant in the limit of narrow laser
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beams. This is due to the thermocapillary stress scaling approximately as w−1
0 ,

whereas the local capillary pressure gradient scales as w−3
0 . Thus, the retarding

influence of the capillary pressure compensates the thermocapillary driving force on
the scale of the spot size. In this case, the slowly decaying part of the temperature
distribution at r > w0 drives the thinning, which depends on P but is independent
of w0 (as is illustrated in Fig. 7.5(a,b)).

Figures 7.13(a,b) show the deformation of partially wetting 3EG films on mo-
ving PC substrates for different values of Usub. The laser power is P = 8.2W and
the initial film thickness h0 = 5 µm. The yellow circles indicate the position of the
laser spot, the red dashed line its trajectory. For Usub = 5.3mm/s (Fig. 7.13(a)),
a single dry-spot is nucleated in the thin film. This dry-spot rapidly dewets the
partially wetting substrate, until it reaches the rim of the track. A completely dry
track is formed along the trajectory of the laser beam. This dewetting behavior is
qualitatively different from the case when a gas jet is used to deform and rupture
the thin film [55], where multiple dry-spots are nucleated along the track, resulting
in a multitude of residual droplets on the substrate. This different dewetting beha-
vior is attributed to a temperature-induced increase in dewetting speed, due to the
reduction of the viscosity of the liquid.
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Figure 7.13: (a,b) Laser-induced dewetting of a thin 3EG film on a PC substrate for
P = 8.2W, h0 = 5 µm and Usub = (a) 5.3 and (b) 8.2mm/s. (c) Umax as a function
of P . Red circles represent experiments, green triangles (blue diamonds) 1D (2D) model
calculations with Π = 0 and orange triangles 1D model calculations including disjoining
pressure with parameters (n,m, h∗, θ) = (10, 4, 10 nm, 10◦).

Figure 7.13(b) shows that for Usub = 8.2mm/s, the track is no longer completely
dry and residual droplets are left behind on the substrate. The most likely reason is
that for an increasing substrate speed, the temperature rise of the substrate decre-
ases (as illustrated in Fig. 7.7(a)), which increases the rupture time and decreases
the dewetting speed. When Usub exceeds the dewetting speed, multiple dry-spots



114 7. IR-laser-induced thermocapillary deformation of thin liquid films

are nucleated and droplets will be deposited on the substrate. Umax is the maxi-
mum value of Usub that still results in a dry track. Figure 7.13(c) shows Umax as a
function of the laser power P . The red open circles are obtained from experiments,
where the uncertainty in the value of Umax is estimated to be 0.5mm/s. The solid
red line corresponds to a power-law fit of the form Umax ∼ P 0.9.

One-dimensional (1D) model calculations were performed in order to rationalize
the experimental data. The laser-induced temperature distribution and the liquid
height profile are assumed to be functions of y only. The 1D intensity distribution

I =
√

2P1D√
π w c

exp
(
−2 y

2

w2

)
(7.30)

was used instead of Eq. (7.8), where the parameter c = 150 µm has been chosen
such that the maximum intensity of Eq. (7.30) coincides with that of Eq. (7.8). The
parameter P1D/c quantifies the laser power per unit length in the x-direction. After
switching on the laser, a dip in the height profile forms and excess liquid is pooled up
in a rim ahead of the laser spot. The quasi steady-state liquid height profile in the
vicinity of the laser spot is illustrated in Fig. 7.14(a). The blue line corresponds to a
simulation with parameters (n,m, h∗, θ) = (3, 2, 10nm, 5◦) in Eq. (7.19). The film is
thinned from an initial thickness of h0 = 5 µm down to approximately 30nm and be-
comes unstable at y ≈ 0.25mm, beyond which a series of droplets is observed. The
horizontal dotted line indicates the value of h∗. The red curve corresponds to a com-
pletely wetting liquid with vanishing disjoining pressure. It essentially coincides with
the blue line until y ≈ 0.25mm, but does not exhibit the instability. The green curve
corresponds to disjoining pressure parameters (n,m, h∗, θ) = (10, 4, 10nm, 10◦). In
this case, the film thins down to approximately h∗, which in terms of the disjoining
pressure isotherm corresponds to an essentially dry surface.

Figure 7.14(b) shows the average film thickness 〈hmin〉 downstream of the laser
spot as a function of P1D for different values of Usub. 〈hmin〉 represents the average
film thickness in the interval 2w0 < y < 6w0 at the time the substrate has moved
a distance of approximately 8w0 after switching on the laser. The green circles
correspond to (n,m, h∗, θ) = (10, 4, 10nm, 10◦), whereas the blue triangles represent
(3, 2, 10nm, 5◦). The red diamonds correspond to a completely wetting liquid with
Π = 0. The insensitivity of 〈hmin〉 to the value of Π in the film thickness range
〈hmin〉 & 5h∗ = 50 nm is clearly visible. The dotted line indicates a power law
relation of the form 〈hmin〉 ∼ P−α1D with an exponent α = 2.7 , which approximates
the numerical data well for 〈hmin〉 & 5h∗ = 50nm. The exponent 2.7 is larger
than the value of 2.2 found in Fig. 7.10(b), due to differences in the temperature
dependencies of the viscosity for squalane and 3EG. The data for (10, 4, 10nm, 10◦)
exhibit a sudden drop in 〈hmin〉 at a certain power value, which can be attributed to
the much higher absolute value of Π and the steeper gradient dΠ/dh for h . 5h∗ =
50nm [215].

In order to compare the experimental data with numerical results for Umax, two
criteria were introduced: 1) For a given value of Usub, the value of P1D is deter-
mined that results in a certain residual film thickness 〈hmin〉 = hcrit, using curves
such as those in Fig. 7.14(b). Alternatively, 2) for a given value of Usub the va-
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Figure 7.14: (a) Height profile in the vicinity of the laser spot for a 1D model and different
disjoining pressure parameters for P1D = 4W and Usub = 3mm/s. (b) Average minimum
film thickness 〈hmin〉 as a function of P1D for different values of Usub and different disjoining
pressure parameters.

lue of P1D is determined corresponding to the sudden drop in 〈hmin〉, observed for
(10, 4, 10nm, 10◦) in Fig. 7.14(b). The green triangles in Fig. 7.13(c) are obtai-
ned from 1D model calculations using the first criterion with hcrit = 5h∗ = 50nm.
For these simulations, the disjoining pressure was not taken into account owing
to the above mentioned insensitivity of 〈hmin〉 to the value of Π. The orange tri-
angles are obtained from 1D model calculations, including the disjoining pressure
with parameters (n,m, h∗, θ) = (10, 4, 10nm, 10◦) and using the second criterion.
The dashed green and orange lines represent power-law relations Umax ∼ P 0.75

1D and
Umax ∼ P 0.72

1D , respectively, in good agreement with the experimental data. The
blue diamonds correspond to 2D model calculations for a completely wetting liquid
with Π = 0 and the first criterion using hcrit = 5h∗ = 50 nm. The data are well-
represented by a powerlaw Umax ∼ P 1.1 and also agree well with the experimental
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data. The small differences relative to the 1D model calculations are attributed
primarily due to differences in the temperature distributions. Due to prohibitive
computational cost, the disjoining pressure could not be included in the 2D calcula-
tions and the contact angle could not exceed 10◦ in the 1D calculations. Overall the
agreement is remarkable, given that the disjoining pressure parameters have been
determined with highest sensitivity to a film thickness range of 40 to 400nm [54].

7.5. Summary
The deformation and destabilization of thin liquid films on polymeric substrates
induced by infrared laser illumination was studied by means of experiments and
numerical simulations. The numerical models describe the temperature distribution
of the substrate and the subsequent redistribution of the liquid film. The substrates
were either stationary or moving with respect to the laser beam.

In the case of a moving substrate, the driving force of the liquid redistribution
(i.e. the in-plane temperature gradients at the liquid-air interface) strongly depends
on the speed of the substrate and is determined either by conduction or convection of
heat. In the case of a stationary substrate, the timescale for reaching the steady state
value of the temperature gradient is much shorter than the timescale for saturation
of the maximum surface temperature. This is advantageous for heat-sensitive sub-
strates, as the full force driving the film thinning becomes available quickly, whereas
a potentially damaging temperature rise can be avoided by selecting a sufficiently
short illumination time.

In the case of wetting substrates, the thickness profile of the deformed film was
measured using dual-wavelength interference microscopy. The experimental and
numerical results for the film thickness profile as a function of laser power and
substrate speed are in good agreement, provided the temperature dependence of
viscosity is properly accounted for. The film thinning dynamics is insensitive to
small variations of the initial film thickness, which makes infrared laser illumination
a robust process tool.

In the case of partially wetting substrates, thin films can become unstable and
rupture when sufficiently thinned. On a moving substrate, it is possible to nucleate
only a single dry-spot for certain ranges of the substrate speed and laser power. The
local temperature rise reduces the viscosity, which enhances the contact line mobility.
This is described in more detail in chapters 5 and 6. The enhanced expansion rate of
the dry spot means the liquid is displaced in a shorter time than would be necessary
for the nucleation of a second dry spot. The thin film then dewets the substrate
without leaving any residual droplets behind, which are commonly observed with
other destabilization techniques [55]. Residue-free dewetting is desirable for several
technological applications such as immersion lithography and solution processing of
organic electronic devices.



8
Marangoni flows induced by
photochemical reactions

This chapter describes the deformation of a thin film of a non-volatile liquid, indu-
ced by ultraviolet (UV) illumination. UV light triggers a photochemical reaction in
the liquid and the reaction products change the surface tension of the liquid. The
resulting Marangoni flow drives the liquid towards the region exposed to the illumi-
nation. This is in contrast to the experiments described in the previous chapter,
where the liquid was displaced away from the (IR) exposed region. The effect of
the illumination time and the initial film thickness on the film thickness modulation
(evaluated with interference microscopy) is studied by means of experiments. The
described technique can potentially be used to monitor photochemical reactions in
liquids.

117
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8.1. Introduction
Photochemical reactions (i.e. reactions induced by the absorption of light) alter
the chemical composition of a liquid and thus its surface tension. A spatially non-
uniform surface tension leads to a so-called solutocapillary Marangoni flow, which
can deform liquid films. Recently, this process has been studied by means of nu-
merical simulations and experiments. Golovin and Volpert numerically studied Ma-
rangoni convection in a thin liquid film [216] or deep liquid layer [217], caused by
a reversible photochemical reaction. Berendsen et al. studied Marangoni flow in
thin films of squalane, induced by atmospheric-pressure plasma jets [218]. They
suggested oxidation at the liquid-gas interface, induced by the UV radiation, as the
primary interaction between the thin film and the plasma jet.

Katzenstein et al. applied UV illumination to a solid thin polystyrene film
through a mask [219]. The photochemical reaction increased the surface energy in
the exposed regions. Upon heating above the glass transition temperature, the po-
lymer flowed from the unexposed regions to the exposed regions. They suggested
dehydrogenation of the polystyrene backbone, resulting in double bond formation,
as the reaction mechanism. Arshad et al. performed similar experiments and com-
pared them to a numerical model based on the lubrication equation, coupled to a
convection-diffusion equation [220]. They illustrated that diffusion of the reaction
products and capillary forces tend to level the film in the case of a long heating
time. Katzenstein et. al stabilized the topographic features of the film with a pho-
tosensitive cross-linker, which is activated by a second UV exposure [221]. Jones et
al. formed thermally stable features by using a mixture of a low molecular weight
homopolymer and a high molecular weight copolymer [222]. The surface energy
gradient was created using the copolymer, while the gradient drove the flow of the
homopolymer. Kim et al. created surface energy patterns not by a direct chemi-
cal modification of the neat polymer but by adding a photosensitizer, which grafts
to the polymer upon UV exposure and thermal annealing [223]. Kim et al. also
studied a polymer whose surface energy in the UV exposed region could be increa-
sed or decreased, by selecting the wavelength and dose of the UV light [224]. The
different exposure modes activated different photochemical reactions in the thin
film, resulting in flows directed towards (dehydrogenation reaction) or away (de-
carboxylation reaction) from the illuminated regions. Another option to create a
surface energy gradient in polymer films is via the photoisomerization of azobenzene
groups [225].

In the experiments described above, the surface energy gradient was created in
a solid polymer film and the polymer flowed upon heating above the glass transition
temperature. In the experiments described in this chapter, UV illumination is ap-
plied to a liquid thin film and the resulting deformation of the film is studied both
during and after the exposure. Section 8.2 describes the experimental setup and
procedures. Section 8.3 presents the experimental results for variations of the UV
exposure time and initial film thickness. The results are discussed in the context
of two different cases for the photochemical reaction: a reaction that occurs at the
liquid-gas interface or throughout the thin film.
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Figure 8.1: Schematic representation of the experimental setup for the deformation of a
thin liquid film induced by ultraviolet illumination (dimensions not to scale).

Figure 8.1 shows a schematic representation of the experimental setup used to
study the deformation of a thin liquid film induced by ultraviolet (UV) illumina-
tion. A thin film of the non-volatile liquid squalane (Sigma Aldrich, product number
234311, purity 99%) is deposited on a substrate by spin coating (Brewer Scientific,
model CEE200). The initial film thickness h0 is measured with a spectral interfe-
rence technique consisting of a spectrometer (Ocean Optics, model USB4000) and a
tungsten-halogen broadband lightsource (Ocean Optics, model LS-1-LL). The sub-
strate is a sapphire wafer (Precision Micro-optics, product number PWSP-113112)
with a thickness of 430 µm and a diameter of 5 cm. Sapphire is chosen since it is
optically transparent and has a higher thermal conductivity than glass. This sup-
presses the possible occurrence of temperature gradients that can also influence the
deformation of the liquid film.

The thin film is illuminated with UV irradiation from a deuterium lamp (New-
port, model number 63163, 30W, effective source diameter approximately 0.5mm).
The UV light exits the lamp through a synthetic quartz window, in order to mi-
nimize absorption of deep-UV radiation. The effective emission wavelengths range
approximately from 160 nm to 400 nm. tUV is the time interval during which the
thin film is illuminated with UV light. The lamp output does not exhibit any signi-
ficant fluctuation during this interval. The UV irradiation is partially blocked by a
mask, which consists of a rectangular slit approximately 1mm wide and 10mm long
in a 2mm thick metal plate. The separation between the underside of the mask and
the squalane film is approximately 0.5mm, while the separation between the exit
window of the lamp and the topside of the mask is approximately 5mm.

The deformation of the thin film is monitored in-situ during and after UV expo-
sure using interference microscopy. A high-speed camera (Photron SA-4), combined
with a lens system and a microscope objective (Leitz Wetzlar NPL 5×, NA = 0.09)
is placed underneath the substrate. Since the broadband illumination blinds the
camera, a chopper (Thorlabs, model number MC2000) is placed between the mask
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and exit window of the lamp. The chopper blade (Thorlabs, model number MC1F2)
rotates at a frequency of 2 rps. When the chopper blade blocks the UV illumination,
an interferometry image is recorded using an LED light source (Roithner, center wa-
velength λ = 625 nm). The experiments are performed in a chamber that can be
flushed with dry nitrogen or Ar gas.

8.3. Results and discussion
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Figure 8.2: (a) Interference micrograph illustrating the deformation of a thin liquid film
with h0 = 3.6 µm and tUV = 20 s at t = 120 s. The red dashed line represents the aperture.
(b) Total film thickness modulation ∆H (i.e. the difference between the maximum and
minimum height) as a function of time for different values of tUV with h0 = 3.6 µm. The
solid lines are guides to the eye.

Figure 8.2(a) shows an interference micrograph of the deformation induced by
UV irradiation with an initial film thickness h0 = 3.6 µm and an illumination time
tUV = 20 s. The experiment is conducted in a dry nitrogen environment. The red
dashed line indicates the size and location of the aperture. The image is obtained
at t = 120 s, where t = 0 corresponds to the start of illumination process. The
height profile displays a maximum along the centerline of the illuminated region
and two minima just outside this region. The arrows in Fig. 8.2(a) indicate the
position of the maximum and one of the minima. The total film thickness modu-
lation ∆H is defined as the difference between the maximum and the minimum
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height. It is determined by evaluating the number of interference fringes between
the maximum and minimum positions. The height difference between a constructive
and a consecutive destructive interference fringe corresponds to λ/(4nD) ≈ 108nm,
where nD = 1.452 is the refractive index of squalane. Figure 8.2(b) shows ∆H as a
function of time for different values of tUV with h0 = 3.6 µm. The transport of liquid
continues long after the UV exposure has been stopped. The timescale for lateral
diffusion of the reaction products w2/Ds ≈ 3 · 104s is much larger than the typical
time scale of the experiments. Ds ≈ 3 · 10−11 m2/s is the self-diffusion coefficient
of squalane [226] and w the width of the aperture. A larger value of tUV generally
leads to a higher concentration of reaction products in the liquid film and hence
to a larger film deformation. The experiments of Fig. 8.2 were conducted in a dry
nitrogen environment.
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Figure 8.3: ∆H as a function of time for different values of h0. Circles represent experi-
ments conducted in a dry nitrogen environment with tUV = 10 s, open diamonds represent
an experiment performed in an Ar environment with tUV = 20 s and h0 = 4.8 µm.

Figure 8.3 shows ∆H as a function of time for different values of h0. The circles
represent experiments conducted in a dry nitrogen environment, with tUV = 10 s.
A smaller value of the initial film thickness h0 results in a larger value of ∆H. Fi-
gure 8.3 also illustrates the typical spread between different experiments performed
with the same value of h0. The chemical reaction can either be bulk dominated or
surface dominated. In the case of a bulk dominated reaction, the chemical reaction
occurs throughout the thickness of the thin film. This requires that the film is opti-
cally thin. A higher initial film thickness then implies a larger quantity of reaction
products in the irradiated region. In the case of a surface dominated reaction, the
chemical reaction only occurs near the liquid-gas interface, in a surface layer much
thinner than h0. This includes the cases of an optically thick film and interface-
driven reactions. The liquid underneath the surface layer only dilutes the reaction
products. A higher value of h0 then results in a lower concentration of reaction
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products and consequently a smaller deformation amplitude ∆H. The circles in
Fig. 8.3 illustrate that ∆H is reduced by increasing the initial film thickness, which
suggests that the photochemical reaction is surface dominated. In both the bulk
dominated and surface dominated cases, the concentration of the reactions products
can be considered constant over the thickness of the film since the diffusive timescale
h2

0/Ds . 0.8 s is much smaller than the typical time scale of the experiments.
The open diamonds in Fig. 8.3 represent an experiment conducted in an Ar en-

vironment with tUV = 20 s and h0 = 4.8 µm. The film thickness modulation is much
smaller compared to experiments in a dry nitrogen environment (as represented by
the circles in Fig. 8.3) although a larger value of tUV was used. The experiments
were also performed in an air environment, which resulted in a thickness modulation
comparable to that in Ar. In general, photochemical reactions are complex and it
requires dedicated experimental instrumentation to study the reaction mechanisms.
One possible mechanism is alkene formation. Birdi reports that the surface tension
values of n-alkenes are systematically higher than those of corresponding n-alkanes
by approximately 0.5 - 1% [227].

8.4. Summary
The deformation of a thin liquid film induced by ultraviolet illumination was stu-
died by means of experiments. The UV light induces a photochemical reaction and
the resulting reaction products increase the surface tension of the liquid. The so-
lutocapillary Marangoni flow drives the liquid towards the illumination zone. The
amplitude of the film thickness modulation was characterized as a function of the
total time of UV exposure and the initial thickness of the liquid film. The results
suggest that reaction products are created primarily at the liquid-gas interface. The
rate of the photochemical reaction also strongly depends on the gas-phase environ-
ment the experiment is conducted in.
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Conclusions

In this thesis, different methods to control the coating and drying of thin liquid films
on fully wetting or partially wetting substrates have been presented. These methods
can be employed to control thickness variations occurring in dried solute layers,
which is important for the solution processing of for instance organic electronic
devices. This chapter presents the main conclusions of this work.

Chapter 3 presents a method to control the drying of a liquid film coated on a
fully wetting substrate by spatially modulating the evaporation rate of the solvent.
A nozzle is placed above the liquid film, which locally introduces dry gas. This
increases the evaporation rate directly below the nozzle. Numerical simulations of
the time evolution of the liquid film indicate that the liquid-air interface remains
approximately uniform during almost the entire evaporation process. Inside the
film, liquid flows towards the nozzle to replenish the liquid lost by the enhanced
evaporation. This solvent flow causes an accumulation of solute at the location of
the nozzle. Lowering the initial thickness of the film limits the lateral transport
towards the nozzle. Increasing the flow rate of dry gas and decreasing the distance
between the nozzle and the liquid film enhances the evaporation rate of the solvent
and thus the accumulation of the solute. The experimental results are well described
by the numerical model, regarding the effect of these two parameters. The numerical
model can accurately describe drying methods based on a gas flow, which is useful
for applications in the coating and drying industry. The model indicates that the
shear stress induced by the air flow over the liquid film has a negative effect on the
solute accumulation. The numerical model, which allows concentration variations
over the film thickness, is compared with the thin film model. The thin film model
assumes a constant concentration over the liquid thickness and thus cannot correctly
describe the effect of a solute-rich skin formed at the liquid-air interface or the effect
of the shear stress induced by the air flow.

Chapter 4 describes the coating of a fully wetting substrate with a polymer
dissolved in a volatile solvent. Numerical simulations indicate the existence of two
different regimes, where the thickness of the solute layer hdry either 1) increases or 2)
decreases with the coating speed of the substrate, Usub. In the first regime, a liquid
film is entrained on the substrate. The film subsequently dries, leaving a dry solute
layer with a thickness that scales as hdry ∼ U2/3

sub . In the second regime, the polymer
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solution already dries in the receding meniscus. A dry solute layer is formed directly
behind the meniscus, with a thickness that scales as hdry ∼ U−1

sub. In this regime,
the solute layer can display a periodic pattern consisting of lines perpendicular to
the substrate speed direction. Numerical simulations indicate that the dependence
of both the solution viscosity and surface tension on the solute concentration is a
necessary ingredient for this process to occur. Experiments are conducted in the
second regime and verify the existence of the periodic pattern. The amplitude of
the solute lines decreases with increasing Usub, while the average dry layer thickness
scales according to the aforementioned relation hdry ∼ U−1

sub. Applying an air flow
over the receding meniscus increases the solvent evaporation rate and results in an
increase of hdry. Although the coating speed in these experiments is very low com-
pared to practical applications, it would be of interest to study if these instabilities
can also occur with other fluids.

Chapters 5 and 6 focus on the dynamics of a receding contact line of a chemically
pure and non-volatile liquid under the influence of infrared (IR) laser illumination.
The IR illumination locally increases the temperature near the receding contact
line. The experiments of chapter 5 consist of dragging a droplet over a partially
wetting substrate. A pearling instability occurs at a critical value of the scanning
speed, resulting in liquid loss at the receding contact line. This instability can be
delayed towards higher speeds by applying IR illumination to the receding contact
line. IR laser illumination can thus be used to control the dynamics of the receding
contact line. The critical speed increases with increasing IR laser power and decre-
asing distance between the IR laser spot and receding contact line. The quasistatic
advancing and receding contact angles do not depend strongly on temperature.

The numerical simulations of chapter 6 consider straight receding contact lines.
They thus do not describe the curvature of the meniscus in the direction perpen-
dicular to the substrate speed that is found in the experiments, especially near the
critical speed. For scanning speeds significantly lower than the critical speed, the
flow in the receding meniscus is driven by the thermocapillary shear stress. This
shear stress is a result of the temperature dependence of the surface tension and the
non-uniform temperature near the receding contact line. The thermocapillary shear
stress increases the receding contact angle for low scanning speeds but has almost
no effect on the critical speed. The enhancement of the critical speed thus results
from the temperature induced decrease of the liquid viscosity. This is demonstrated
by studying the receding contact angle as a function of the capillary number at the
contact line, which depends on the local temperature. The relative increase in the
critical speed found in the experiments is well described by the numerical model.

The evolution of a thin film of a chemically pure and non-volatile liquid under
the influence of IR laser illumination is described in chapter 7. The temperature
distribution of the substrate is studied by means of numerical simulations that do
not take into account the thin liquid film (i.e. the film is optically thin). When
the substrate is stationary with respect to the laser beam, the time evolution of the
temperature displays two different stages. In the first stage, heat conduction to the
non-illuminated region is negligible. This results in a maximum temperature rise
and maximum temperature gradient that linearly increase with time. In the second
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stage, heat conduction cannot be neglected. The temperature gradient reaches a
steady state while the temperature increases logarithmically with time. When the
substrate is moving with respect to the laser beam, the temperature rise depends
on the thermal Peclet number Pe which describes the ratio of convective to con-
ductive heat transport. When heat convection dominates over heat conduction, the
maximum temperature rise scales as Pe−1.

The experiments of chapter 7 focus on the deformation of thin liquid films,
induced by the non-uniform temperature, that were coated on either fully wetting
or partially wetting substrates. In the case of a partially wetting substrate, film
rupture can be triggered by the deformation induced by the IR illumination. In the
case of stationary substrates, the rupture time decreases with increasing IR laser
power and becomes independent of the laser beam radius for sufficiently small radii.
In the case of moving substrates, the thin film can dewet the substrate without the
occurrence of residual droplets, resulting in a dry track. The maximum substrate
speed that still results in a dry track increases with increasing IR laser power. This
effect is correctly described by numerical simulations that take into account the
temperature induced decrease of liquid viscosity.

Chapter 8 describes the deformation of a thin film of a chemically pure and
non-volatile liquid induced by ultraviolet (UV) illumination. The UV illumination
induces a photochemical reaction and the reaction products alter the surface ten-
sion. The resulting solutocapillary flow drives the liquid towards the illuminated
region. The thickness modulation strongly depends on the atmosphere the experi-
ment is conducted in. The maximum modulation is achieved in the case of a nitrogen
atmosphere. Furthermore, the thickness modulation increases with increasing UV
illumination time and decreasing initial film thickness. This suggests that the pho-
tochemical reaction only occurs near the liquid-gas interface and that an increase of
the initial film thickness dilutes the reaction products.





A
Infrared-laser-induced deformation of
volatile films

The thermocapillary deformation of non-volatile liquid films, induced by infrared
(IR) laser irradiation, was studied in chapter 7. This appendix focuses on the
deformation of thin films of a volatile liquid. The experimental setup that was used
is the same as illustrated in Fig. 7.1. The substrate is a glass cover slip (Gold Seal,
dimensions 48x60 mm, thickness 150 µm). It is cleaned by subsequent immersion
into a detergent solution (Contrad 70) and de-ionized water in an ultrasonic bath
for 15 min each. The substrates are dried using a nitrogen jet and placed in a
UV/ozone cleaner (Jelight model 42-220) for 15 min.

Figure A.1(a) shows the minimum film thickness, hmin, of a thin film of de-ionized
water (with initial thickness h0 = 5.5 µm) as a function of time for different values
of the laser power P . hmin occurs at the center of the IR-laser-induced deformation,
similar to Fig. 7.8(a) for a non-volatile liquid. The substrate is kept stationary
during the IR illumination. Initially, the minimum film thickness follows a power
law of the form hmin ∼ t−1 (as indicated with the dashed line in Fig. A.1(a)). The
same scaling was obtained for the thermocapillary deformation of non-volatile films,
as illustrated in Fig. 7.8. At later times hmin deviates from this scaling and decreases
faster than expected from Eq. (7.25). This effect is thus attributed to the enhanced
evaporation of the liquid due to the IR laser illumination. The value of hmin where
the transition occurs decreases with increasing laser power P .

Figure A.1(c) shows an interference micrograph of the deformation of a thin film
of de-ionized water on a moving substrate with P = 1W and Usub = 2.1mm/s. The
yellow circle illustrates the location of the IR laser spot. The deformation appears
similar to the tracks illustrated in Fig. 7.9(d,e) for a non-volatile liquid. However,
in the case of a volatile liquid, the film thickness decreases along the centerline of
the track (indicated with the red dashed line in Fig. A.1(c)). The evaporation of
the thin film continues even after passing the IR laser spot, due to the temperature
rise along the track centerline (as illustrated in Fig. 7.7(a)).

Figure A.1(b) shows hmin as a function of the substrate speed Usub for a laser
power P = 1W. The minimum film thickness is measured at a fixed position along
the track centerline, approximately 2 mm after the laser spot (indicated with the
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Figure A.1: IR-laser-induced deformation of a thin film of de-ionized water (with initial
thickness h0 = 5.5 µm). (a) Minimum film thickness hmin as a function of time for a
stationary substrate. (b) hmin as a function of substrate speed Usub (with P = 1W). (c)
Interference micrograph of the deformation of a thin film of de-ionized water on a moving
substrate (P = 1W and Usub = 2.1mm/s).

green line in Fig. A.1(c)). hmin increases with increasing Usub, as was observed for
non-volatile films (illustrated in Fig. 7.10(a)). The red solid line is a power law
fit hmin ∼ Uβsub with exponent β = 1.3, which describes the experimental data for
higher values of Usub. This value is much lower than the exponent β = 2.3 obtained
with a non-volatile liquid (see Fig. 7.10(a)). For lower values of the substrate speed,
hmin decreases due to the enhanced evaporation induced by the IR laser spot.

IR laser illumination can also be used to modulate the evaporative solution
deposition from volatile suspension films [38]. A thin film of an aqueous dispersion of
PEDOT:PSS (Orgacon ICP 1050, initial concentration of 1.2 wt%, supplied by Agfa-
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Figure A.2: Radius of the solute deposit from a thin film of an aqueous dispersion of PE-
DOT:PSS (with initial thickness h0 = 5.5 µm) as a function of time, using IR illumination
with different values of P . Inset: microscope image of solute deposit at t = 30 s, with
P = 434mW.

Gevaert N.V.) is spin coated on a glass substrate with initial thickness h0 = 5.5 µm.
IR laser illumination is used to evaporate the solvent and deposit the solute on
the substrate. The inset of Fig. A.2 shows a microscope image of the solute deposit
after t = 30 s of IR irradiation (with P = 434mW). The solute deposit has a circular
shape, its size grows in time. The yellow circle indicates the size and location of the
IR laser spot. Figure A.2 shows the radius rd of the solute deposit as a function
of time, for different values of P . Initially, the radius of the solute deposit follows
a power law rd ∼ t1/2 (as indicated by the dotted line in Fig. A.2). A larger laser
power results in a larger rd. The radius of the solute deposit keeps increasing after
switching off the IR irradiation (which occurs at t = 50 s), due to the increased
substrate temperature.
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Summary

Active control of solution deposition processes

Organic electronic devices, such as light-emitting diodes and photovoltaics are
often produced with a method called solution processing. Functional materials are
dissolved or suspended in a solvent. A substrate is then coated with a thin liquid
film of the solution or suspension. After evaporation of the solvent, a dry layer of the
functional material remains on the substrate. Usually, dried layers with a uniform
thickness are necessary in order to optimize the performance of electronic devices.
The main focus of this thesis is on controlling thickness variations in thin films.

Uniformity of the dry layer requires both the thickness of the wet film and the
evaporation rate of the solvent to be spatially homogeneous. In the case of inhomo-
geneous evaporation, the solute tends to accumulate at the location of maximum
evaporation rate. This has been demonstrated experimentally by placing a noz-
zle above an initially uniform wet suspension film. The nozzle introduces dry gas,
which locally enhances the evaporation rate. The solute accumulates underneath
the nozzle, resulting in a non-uniform dry layer thickness. This technique allows for
pattern generation in solute films without any modification of the substrate. The
experiments are well reproduced by numerical models that describe the transport
of solvent vapor and the redistribution dynamics of the solute in the liquid film.

Thickness variations in wet films can be the result of so-called Marangoni flows.
These flows are induced by a spatially varying surface tension. This has been achie-
ved experimentally by applying two different types of illumination to the thin film.
Applying infrared (IR) laser illumination locally increases the temperature of the
thin film. This reduces the surface tension and drives the liquid away from the
illuminated region. Numerical models that describe the heat transport in the sub-
strate and the dynamics of the liquid film quantitatively reproduce the experimental
results, provided the temperature dependency of the liquid viscosity is taken into
account.

Applying ultraviolet (UV) illumination induces a photochemical reaction in the
thin film. This raises the surface tension and drives the liquid towards the illumi-
nated region. This technique can be used to monitor photochemical reactions in a
liquid with a high sensitivity and to displace liquids.

Besides by thermal gradients, Marangoni flows in thin films of a polymer solution
can also be induced by a gradient of the solute concentration. During the coating
of the solution on a substrate, the evaporation of the solvent results in a spatially
varying polymer concentration. The resulting Marangoni flow sets up a spontaneous
modulation of the dry layer thickness, for certain ranges of the coating speed and
evaporation rate of the solvent. This process has been demonstrated experimentally
by slot-die coating a solution of a polymer in a volatile solvent on a substrate,
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while controlling the evaporation rate by applying an air flow over the liquid. The
described technique is a flexible way to create a dry solute layer with a modulated
thickness, even on a chemically and topographically homogeneous substrate. A
numerical model predicts similar trends as observed in the experiments.

The coating of a thin film of a solution usually takes places on a so-called fully
wetting substrate, i.e. a substrate that promotes spreading of the liquid. On a
so-called partially wetting substrate (i.e. a substrate that does not promote sprea-
ding), the coating speed has to exceed a certain critical value in order to entrain a
liquid film. The so-called critical speed can be enhanced by applying IR laser illu-
mination. This has been demonstrated experimentally by dragging a liquid droplet
over a partially wetting substrate, while illuminating the receding contact line (the
contact line is the location where the liquid-gas interface meets the substrate). The
enhancement of the critical speed corresponds well with the predictions obtained
with a comprehensive numerical model that describes the coupling between fluid
flow, heat transfer and dynamics of the contact line. Thin films entrained on a
partially wetting substrate are unstable to film rupture. The rupture process can
be controlled using IR laser illumination, a new method which can be beneficial for
several technological applications.

Most of the numerical models are based on the lubrication equation. This equa-
tion describes the position of the liquid-gas interface and is based on the assumpti-
ons of a small slope of the interface and an uniform concentration of solute over the
thickness of the film. This reduces the computational costs, compared to a model
based on the full Navier-Stokes equations.



Samenvatting

Actieve controle van oplossings-gebaseerde depositie processen

Organische elektronische componenten, zoals licht-emitterende diodes en fotovol-
taïsche cellen, worden vaak geproduceerd met een methode gebaseerd op oplosmid-
delen. Functionele materialen worden opgelost of gesuspendeerd in een oplosmiddel.
Vervolgens wordt een dunne laag van de oplossing of suspensie aangebracht op een
substraat. Na verdamping van het oplosmiddel blijft een droge laag van het functi-
onele materiaal achter op het substraat. Meestal zijn droge lagen met een uniforme
laagdikte een vereiste om de prestatie van de elektronische componenten te optima-
liseren. Dit proefschrift is gericht op het controleren van dikte variaties in dunne
lagen.

Om een uniforme droge laag te verkrijgen moeten zowel de dikte van de natte
laag als de verdampingssnelheid van het oplosmiddel homogeen zijn. In het geval van
inhomogene verdamping zal de opgeloste stof zich verzamelen op de plaats waar de
verdampingssnelheid maximaal is. Dit is experimenteel aangetoond door een nozzle
te plaatsen boven een uniforme, natte laag van een suspensie. De nozzle brengt droge
lucht in en zorgt voor een lokale toename van de verdampingssnelheid. De opgeloste
stof verplaatst zich naar de nozzle, hetgeen resulteert in een ongelijkmatige droge
laagdikte. Met deze techniek kunnen patronen in droge lagen worden aangebracht,
zonder enige aanpassing van het substraat. De experimentele resultaten komen goed
overeen met numerieke modellen die de verplaatsing van het gas boven de laag en
de herverdeling van de opgeloste stof binnen de laag beschrijven.

Dikte variaties in natte lagen kunnen worden veroorzaakt door zogenoemde Ma-
rangoni stromingen. Deze stromingen ontstaan als de oppervlaktespanning van de
vloeistof plaatsafhankelijk is. Experimenteel is dit bereikt door dunne lagen te be-
lichten met twee verschillende soorten straling. Het belichten met infrarood (IR)
laser straling zorgt voor een lokale toename van de temperatuur van de laag. Dit
verlaagt de oppervlaktespanning, hetgeen de vloeistof van het belichte gebied af
verplaatst. Numerieke modellen die het warmtetransport in het substraat en de
dynamica van de natte laag beschrijven reproduceren de experimentele resultaten,
zolang rekening gehouden wordt met de temperatuurs-afhankelijke viscositeit van
de vloeistof.

Het belichten met ultraviolet (UV) straling zorgt voor een fotochemische reactie
in de dunne laag. Dit verhoogt de oppervlaktespanning, hetgeen de vloeistof naar
het belichte gebied toe verplaatst. Deze techniek kan gebruikt worden om fotoche-
mische reacties in een vloeistof te volgen en om vloeistoffen te sturen.

Behalve door thermische gradiënten kunnen Marangoni stromingen in een dunne
laag van een polymeer oplossing ook worden veroorzaakt door een gradient in de
concentratie van de opgeloste stof. Gedurende het coaten van de oplossing op een
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substraat zorgt de verdamping van het oplosmiddel voor een plaatsafhankelijke poly-
meer concentratie. De Marangoni stroming kan vervolgens een spontane modulatie
van de droge laagdikte induceren. Dit is experimenteel aangetoond door een oplos-
sing, bestaande uit een polymeer opgelost in een vluchtig oplosmiddel, te coaten op
een substraat. Tegelijkertijd wordt de verdampingssnelheid gecontroleerd met een
luchtstroom over de vloeistof. Deze techniek is een flexibele manier om de dikte van
een droge laag te moduleren, zelfs op een substraat dat chemisch en topografisch
gezien homogeen is. Een bijbehorend numeriek model voorspelt trends die ook in
de experimenten worden waargenomen.

Het coaten van een dunne laag van een oplossing gebeurt meestal op een zo-
genoemd volledig bevochtigbaar (wetting) substraat (dat het uitspreiden van de
vloeistof bevordert). Op een zogenoemd gedeeltelijk bevochtigbaar substraat (dat
het uitspreiden van de vloeistof niet bevordert), moet de snelheid waarop gecoat
wordt groter zijn dan een bepaalde kritische waarde om een vloeistoflaag achter te
laten op het substraat. De zogeheten kritische snelheid kan worden verhoogd met
behulp van IR laser straling. Dit is experimenteel aangetoond door een druppel
vloeistof over een gedeeltelijk bevochtigbaar substraat te slepen en tegelijkertijd de
contact lijn te belichten. De contact lijn is de positie waar de vloeistof, het gas en
het substraat bijeen komen. De toename van de kritische snelheid komt overeen met
de voorspellingen van een uitgebreid numeriek model dat de koppeling tussen vloei-
stof stroming, warmte transport en dynamica van de contact lijn beschrijft. Dunne
lagen aangebracht op een gedeeltelijk bevochtigbaar substraat zijn instabiel en kun-
nen opbreken. Dit opbreken kan worden gecontroleerd met IR laser straling, een
nieuwe methode die nuttig kan zijn voor verschillende technologische toepassingen.

De meeste numerieke modellen zijn gebaseerd op de zogenoemde lubricatie ver-
gelijking. Deze vergelijking beschrijft de positie van het vloeistofoppervlak en is
gebaseerd op de aannames dat de hellingen van het oppervlak klein zijn en dat de
concentratie van de opgeloste stof niet varieert over de dikte van de vloeistoflaag.
Hierdoor kunnen simulaties sneller worden uitgevoerd, vergeleken met een model
gebaseerd op de volledige Navier-Stokes vergelijkingen.
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Cover illustrations

The front and back cover are obtained from the numerical simulation of Fig. 4.4.
They illustrate the time evolution of the liquid film thickness profile (front cover)
and solute concentration profile (back cover) during one period of the periodic cycle,
as described in section 4.2.2. The 1D profiles are displayed in color along the vertical
direction, time passes along the horizontal direction.
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