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We study the thermocapillary deformation, induced by infrared laser irradiation, of thin liquid films on

moving substrates. We develop numerical models for the temperature distribution and film thickness

evolution. Steady-state film thickness profiles are measured for different values of substrate speed and

laser power. The experimental results compare well with the simulations. In the case of partially wettable

substrates, the thin liquid films tend to become unstable. We find that, 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. Such “clean” dewetting is highly desirable in the context of immersion lithography or

solution processing of organic electronic devices.
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I. INTRODUCTION

The interaction of a laser beam with thin liquid films has
been studied in the context of many technological applica-
tions. 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
[1,2]. Focused laser beams are used for cutting and welding
of metals [3,4], deposition of polymer nanoassemblies
onto a substrate from solution [5], and curing of inkjet-
printed nanoparticle suspensions [6]. Thermocapillary flow
is utilized as an actuation mechanism in microfluidic devices
[7-24], for the visualization of infrared intensity distributions
[25-27], accelerated spreading [28-30], and laser-induced
pattern generation in ultrathin metal films [31-37]. Vieyra
et al. use spatially modulated infrared irradiation for the
solution processing of organic electronic devices [38].

The deformation of liquid films due to nonuniform
temperature distributions has been investigated extensively
[39-56]. The destabilization, i.e., rupture, of thin liquid
films by means of temperature gradients has been studied in
the case of free films [57-61], i.e., films maintaining two
liquid-air interfaces such as soap lamellae. The rupture of
films supported by a solid substrate [62—70] is highly
relevant to film cooling. Singer et al. employ a 532-nm
laser to induce dewetting in polystyrene films [71].

In immersion lithography [72,73], a layer of water is
enclosed between the objective lens and a wafer covered
with photoresist, in order to increase the optical resolution.
Above a critical scanning speed, a thin film of water is
entrained on the wafer. This film is unstable and breaks up
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into droplets. The motivation for this study is to investigate
the suitability of an infrared laser beam to speed up and
control the rupture process.

In this paper, we present a systematic study of the
thermocapillary deformation and rupture of a nonvolatile
thin liquid film due to temperature gradients induced by an
infrared laser beam. In Sec. II, we describe the experimental
setup. Section III introduces the numerical models used
for heat transfer and the redistribution dynamics of the
thin liquid film. In Sec. IVA, we present a quantitative
comparison of numerical and experimental results for the
deformation of completely wetting films. Section IV B
focuses on the rupture process on partially wetting sub-
strates. We find that rupture can occur without the appear-
ance of residual droplets, which is beneficial to technological
applications. We vary the substrate speed and laser power to
identify and characterize the corresponding process window.

II. EXPERIMENTS

Figure 1(a) shows a schematic representation of the
experimental setup. A thin liquid film of initial thickness A
is deposited on the top side of a polycarbonate substrate by
spin coating. The resulting initial film thickness is mea-
sured with a spectral-interference technique [74]. The
substrate is then rotated with a constant angular velocity
Q while being illuminated by a focused infrared (IR) laser
beam. The substrate is transparent to visible light but
partially absorbs the IR light. The laser beam induces a
nonuniform temperature distribution, which causes ther-
mocapillary flow of the thin film. The subsequent defor-
mation and possible rupture of the thin film is monitored
in situ by using dual-wavelength interference microscopy
[75]. The imaging optics is protected from IR light by a
short-pass filter (Schott, KG-1), and, in order to avoid
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FIG. 1. (a) 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). (b) Deformation
of a thin squalane film on a stationary PC substrate with A, =
5.5 pm and P = 0.3 W. The image is taken 5 s after the laser is
switched on. (c) Interference micrograph of the steady-state
deformation of a thin film of squalane on a moving PC substrate.
The initial film thickness is &y = 4.5 ym, the laser power
P =7.8 W, and the substrate speed Uy, = 5 mm/s.

undesired reflections of visible light from the laser optics,
we install a long-pass filter (Edmund Optics, product
number 43-949) between the laser focusing optics and
the focal plane.

Figure 1(b) shows the deformation of the liquid film in
the case of a stationary substrate (€ = 0). The yellow circle
indicates the size and position of the laser spot. In this case,
a local depression (“dip”) is formed in the liquid film at the
location of the laser spot. This dip is surrounded by a rim.
Figure 1(c) illustrates the formation of a track in the liquid
film along the laser trajectory in the case of a moving
substrate. The liquid that is displaced from the track center
line accumulates in a rim upstream of the laser spot and
flanking the track center line. The yellow circle indicates
the size and position of the laser spot, and the dotted red
line its trajectory. The width of the track increases with
increasing distance from the laser spot.

The material properties of the substrate material polycar-
bonate (PC), the wetting liquid squalane, and the partially
wetting liquid tri(ethylene glycol) (3EG) are provided as
Supplemental Material [76].

A. Infrared laser illumination

The light source is a multimode diode laser system
(Lumics LU1470C20-C with an OsTech LSx1 laser diode

driver) with a center wavelength of 1 = 1470 nm and a
maximum output power of 20 W. The diverging laser light
exiting from the fiber output (diameter 400 xm, numerical
aperture NA = 0.22) is refocused to a spot in the order of
200 pum (NA = 0.54). We adjust the laser power range by
controlling the current to the laser diode. Linear variation of
laser power P within the selected power range is achieved
by modulating the laser at a frequency of 50 Hz and using a
variable duty cycle.

We characterize the intensity profile /(r, z) of the laser
beam by using a home-built scanning slit setup. The
propagation direction of the laser beam coincides with
the z axis [as indicated in Fig. 1(a)], while r is the radial
distance from the optical axis of the beam. We install a solid
metal plate with a 25-um-wide slit in front of the active
area of a laser power meter (Thorlabs, S314C/PM100USB)
and place the assembly on a motorized translation stage
(Newport, UTS100CC). Control and readout of the trans-
lation stage and sensor is done by using LABVIEW software
(National Instruments). Because of the long time constant
of the thermal power meter, the scan speed is very small
(10 um/s) to obtain optimal resolution. The measurement
is done at low laser power (approximately 0.8 W) to prevent
damage to the slit. 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 [77].

The resulting profiles are shown in Fig. 2(a). Figure 2(b)
shows the intensity distribution obtained from a ray-tracing
simulation (Radiant Zemax) of the focusing optics used in
the experiments. The dotted lines represent radial intensity
profiles at different values of z. Because of aberrations of
the optical components as well as small alignment errors,
the beam profile is non-Gaussian. Above the focal plane
(for positive values of z), the maximum intensity of the
beam is located off center. In the focal plane, the beam
profile exhibits a narrow peak with a slightly widened base.

I(x,z) (MW)

-0.2 0 0.2

X (mm) X (mm)

FIG. 2. Intensity profiles /(x, z) of the laser beam. (a) Exper-
imental profiles from the scanning slit measurement. The dashed
line represents the numerical approximation of Eq. (1) at z = 0.
(b) Intensity distribution derived from a ray-tracing simulation of
the focusing optics used in the experiments. The dotted lines
represent intensity profiles at different heights z.
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The full width at half maximum (FWHM) is approximately
130 ym. Below the focal plane (i.e., for negative values
of z), the peak intensity decreases and the beam width
increases. In our experiments, we position the top surface
of the substrate into the focal plane of the optical setup
(z =0). The vertical alignment is performed with the
help of an Omega CHAL-001 thermocouple with a head
diameter of approximately 25 um, resulting in a position
uncertainty of approximately 50 ym.

III. NUMERICAL MODELS

In order to simulate the thermocapillary deformation of
a thin liquid film on a substrate that is moving relative
to a laser beam, we couple a model for the temperature
distribution with a second model for the thin-film redis-
tribution. We assume that the material properties of the
liquid (surface tension, viscosity, and density—see
Supplemental Material [76]) depend on the local temper-
ature T(x,y,z,t). We use Cartesian coordinates (x,y,z)
and assume that the substrate moves with a constant
velocity Ug,, 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 experiments, this distance is
approximately 15 mm.

We approximate the nonuniform beam profiles shown in
Fig. 2 by a Gaussian distribution of variable width w(z):

2P 24y
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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. (1) ensures that the intensity
decays exponentially in the negative z direction. The value
of the absorption coefficient apc of the PC substrate for
the IR irradiation is given in Supplemental Material [76].
The prefactor of Eq. (1) ensures that the xy-integrated
intensity is equal to Pexp(—apc|z|). The dashed line in
Fig. 2(a) corresponds to a fit to the experimental intensity
profile I(r,z = 0), from which we determine wy = 120 pm.
The beam width w(z) is assumed to increase linearly
according to w(z) = wy + alz|. From the data shown in
Fig. 2(a), we determine a = 0.3.

The nonuniform 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 [13]. Since the initial thickness of
the thin film % is much smaller than w,, we use the
lubrication approximation [78] to model the evolution of
the film thickness i(x, y, ).

The details of the two models (equations, boundary
conditions, and numerical aspects) are described in
Appendixes A and C. Appendixes B and D characterize
the resulting time-dependent temperature distribution and

thin-liquid-film deformation. In the remainder of this
section, we will focus on the effect of the substrate speed
on the steady-state temperature distribution.

A. Effect of substrate speed Uy,
on temperature distribution

Figures 3(a)-3(c) show steady-state surface temperature
profiles AT (x,y) =T(x,y,z=0) —T for substrate speeds
Ugp 0f 2, 8, and 32 mm/s, respectively. The uniform initial
temperature 7' is 293 K. The profiles are normalized with
max[AT,], the corresponding maximum temperature rise.
Heat is convected in the y direction due to the motion of
the substrate and spreads via conduction in the x direction.
Therefore, the surface temperature profile widens with
increasing distance from the laser spot. The solid black
lines in Figs. 3(a)-3(c) connect the points where
AT, (x,y) =3AT (x=0,y). They thus indicate the
FWHM of the temperature distribution. The dotted white
line in Fig. 3(a) is a power-law function of the form
FWHM ~ y!/2. The width of the temperature distribution
decreases for larger values of the substrate speed.

The Peclet number

UsubWO
ksub/ (psub cp )

Pe,, (2)

quantifies the relative importance of convective and dif-
fusive heat transfer. The values of the thermal conductivity
ksub, the mass density py,p, and the specific heat capacity ¢,
of the PC substrate are given in Supplemental Material [76].

Figure 4(a) shows the steady-state surface temperature
along the track center line AT (x = 0, y,t — oo) for differ-
ent values of Ug,,. The dotted black line is a power-law
function of the form AT, ~y~'/2. Figure 4(b) shows the

ATs/ max (ATs)
Ommm 1

FIG. 3. Simulations of the steady-state surface temperature
profile AT (x,y) for P=8 W and (a) Uy, =2, (b) 8, and
(c) 32 mm/s. The profiles are normalized with the corresponding
max[AT,]. The solid black lines represent the full width at half
maximum of the profile. The dotted white line in (a) is a power-
law function with an exponent 1/2.
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FIG. 4. Numerical results of the heat-transfer model.
(a) Steady-state surface temperature rise along the track center
line AT, (x = 0,y) for different values of Ug. (b) Maximum
temperature rise in steady-state max[AT,] as a function of Pe,,.
(c) Steady-state surface temperature gradient along the track
center line, 9T,/dy(x =0,y) for different values of Ugy.
(d) Maximum and minimum absolute values of the y derivative
and minimum absolute value of the x derivative in the steady state
(max[0T/dy], | min[0T/0y]|, and | min[OT ;/Ox]|, respectively)
as a function of Pe,.

maximum temperature rise in steady-state max[AT(r —
o0)] as a function of Pe,, (wy is fixed at 120 ym). When
Pe,, < 1, the maximum temperature rise is independent of
the substrate speed, because in this regime heat conduction
dominates over heat convection. When Pe, > 1, the
temperature rise scales as max[AT,] ~ Pe;;!, as indicated
by the dashed line in Fig. 4(b) [79]. In this regime, heat
convection dominates over heat conduction. Typical values
for our experiments are 1 < Pe,, < 8.

Figure 4(c) shows the steady-state y derivative of the
temperature along the center line, OT,/dy(x =0) for
different values of Ug,. Both its maximum value
max[0T,/Jy] and its minimum absolute value
| min[0T,/dy|| decrease for increasing values of Ugy,.

This is shown more systematically in Fig. 4(d), where
additionally the minimum absolute value of the x derivative
| min[0T/0x]| is plotted as a function of Pe,. In the
conduction-dominated regime (Pe,, < 1), max[0T/0dy|=
|min[OT/0y]|=|min[0T/0x]|, and all three derivatives
are independent of Ug,. In the convection-dominated
regime (Pe,, > 1), both max [0T,/dy| and | min[OT/0x]|
scale as Pej!, while |min[0T,/dy]| scales as Pej?.
The derivation of these scaling relations is discussed in
Appendix A.

IV. RESULTS AND DISCUSSION
A. Completely wetting films

Figure 5 shows the steady-state deformation of a thin
squalane film on a moving substrate for a laser power of
P =8 W. Figures 5(a)-5(c) are obtained from numerical
simulations with substrate speeds of 2, 8, and 32 mm/s,
respectively. These values of Uy, correspond to those used
in Fig. 3. The profiles are normalized with the maximum
film thickness /,,,, that occurs off center in the rim. This
normalization is the reason why the undisturbed film
thickness iy = 5 um is represented by different colors in
Figs. 5(a)-5(c).

hlh

3

FIG. 5. (a)—(c) Simulations of the steady-state thin-liquid-film
profile h(x,y) for P=8 W and (a) Ug, =2, (b) 8, and
(c) 32 mm/s. The profiles are normalized with the corresponding
maximum film thickness (a) h,,, = 17, (b) 12, and (¢) 7 um. (d),
(e) Experimental interference micrographs of the steady-state
deformation of a thin film of squalane on a moving PC substrate
with P = 7.8 W and (d) Uy, = 3 and (e) 7 mm/s. The yellow
circles indicate the size and position of the laser beam, and the
dotted red line its trajectory.
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The liquid in front of the laser spot is displaced by the
thermocapillary stresses and accumulates into a rim flank-
ing the track center line. The track width increases with
increasing value of y, which reflects the widening of the
temperature profiles shown in Fig. 3. The track width
decreases with increasing value of U, because the
temperature profile narrows as shown in Fig. 3. The
thickness of the rim upstream of the track is lower than
that of the rim flanking the track.

Figures 5(d) and 5(e) show interference micrographs of
the steady-state deformation for Ugy =3 and 7 mm/s,
respectively. The measurement for Uy, = 5 mm/s is shown
in Fig. 1(c). The dashed yellow lines in Figs. 1(c), 5(d),
and 5(e) indicate the rim shapes as obtained from the
numerical simulations, which agree well with the exper-
imental shapes, especially in the vicinity of the laser spot.
For positions further away from the laser spot, the exper-
imental rim shapes deviate slightly, because in the numerical
model we assume that the substrate moves in a straight line,
whereas in our experimental setup the substrate is rotating.

The minimum film thickness of the profile, &,,,, occurs
along the laser trajectory, as indicated in Fig. 5(d). Using
dual-wavelength interference microscopy [75], we are able
to determine the absolute film thickness profile along a
cross section as indicated with the green line segment in
Fig. 5(d). We determine A, at six different positions along
the laser trajectory. The values of A, that are reported in
the remainder of this manuscript are the average of these
values. For the corresponding error bars, we take the
standard deviation of these six values.

Figure 6(b) shows simulations of the steady-state center
line film profile i(x = 0) for different values of Uy, for
P =8 W and hy = 5 pm. For increasing Ug,,, the height

T T T L L P A
| e experiment i
¢ simulation wyp =150 pm A
o simulation wy =120 pym o
100 e i
= F 2.3 :
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X
<
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FIG. 6. (a) Minimum film thickness ., as a function of the

substrate speed Ug,,. The red circles are obtained from experi-
ments (P =7.8 W and hy = 4.5 um) and the blue diamonds
and green squares from numerical simulations (P =8 W,
hg = 5.0 um, and wy = 120 or 150 um). (b) Numerical simu-
lations of the steady-state centerline film profile i(x = 0) for
different values of Ugy,.

of the rim decreases, the position of the maximum shifts to
increasing (i.e., less negative) values of y, and the minimum
film thickness increases. This is shown more quantitatively
in Fig. 6(a), where h.;, is plotted as a function of Ugy,.
The red circles are obtained from experiments, and the
solid red line is a power-law fit /5, ~ Ufub with exponent
p = 2.3. The green squares and blue diamonds correspond
to numerical simulations for beam radii of w, = 120
and 150 pum, respectively. The simulations reproduce the
power-law exponent # = 2.3 of the experiments very well.
A reason the simulations for wy = 150 ym provide a better
agreement could be that the laser beam may have been
slightly out of focus during the experiments.

Figure 7(b) shows simulations of the steady-state center
line height profile 4(x = 0) for different values of P. The
substrate speed Uy, is 3 mm/s, and the initial film thick-
ness hy =5 pm. For increasing laser power, the height
of the rim increases and the minimum film thickness
decreases. In Fig. 7(a), hy;, is plotted 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 50 Hz. A
power-law fit of the form A, ~ P~* gives an exponent
a = 1.8. For the cyan triangles, the frequency of the duty
cycle signal is increased to 5000 Hz, and for the magenta
triangles, the laser is not modulated. The exponent of the
power-law fit in both cases is equal to a = 2.0. The green
squares and blue diamonds are obtained from numerical
simulations with wg =120 and 150 um, respectively.
The power-law exponent a for the numerical data is equal
to 2.2, i.e., slightly larger than for the experiments.
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FIG. 7. (a) Minimum film thickness A, as a function of laser

power P. The red circles and the cyan and magenta triangles are
obtained from experiments (U, = 3.1 mm/s, hy = 4.5 um),
with a duty cycle frequency of 50 Hz (red), 5000 Hz (cyan), or
no duty cycle (magenta). The blue diamonds and green squares
are obtained from numerical simulations (Ug, = 3 mm/s,
hg = 5.0 um, and wy = 120 or 150 um). (b) Numerical simu-
lations of the steady-state center line film profile A(x = 0) for
different values of P.
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FIG. 8. Rim width wy;;, as a function of laser power P (bottom
axis) and substrate speed Uy, (top axis). The orange squares
are obtained from experiments (with Ug, = 3.1 mm/s,
hy = 4.5 um, and a duty cycle frequency of 5000 Hz) and the
green diamonds from numerical simulations (Ug,;, = 3 mm/s,
hy =5.0 ym, and wy = 150 ym). The red circles represent
experimental data (P =7.8 W, hy = 4.5 ym, and a duty cycle
frequency of 50 Hz) and the blue diamonds numerical simu-
lations (P =8 W, hy = 5.0 um, and wy = 150 um).

We determine the width of the rim at a distance of 8w,
from the position of the laser beam. This width is called
Wyim and is indicated in Fig. 5(e) with a blue arrow. Figure 8
shows wy, as a function of P and Uy, in a double-
logarithmic plot. The red circles and orange squares
represent experimental data, and the blue and green
diamonds are obtained from numerical simulations. The
solid orange and red lines are power-law fits of the form
Wiim ~ P and wy, ~ U2, with exponents ¢; = 0.3 and
¢y = 0.6. The numerical simulations reproduce the expo-
nents very well.

Compared to film deformation by a gas jet [75], h;, and
Wim Now depend more sensitively on the substrate speed
U The difference is caused by the driving mechanism of
the film deformation, i.e., the temperature gradient, depend-
ing strongly on Ug,. Moreover, the liquid viscosity is
temperature dependent and thus also depends on Ugy,.

1. Scaling analysis

In the case of a stationary substrate, the minimum
thickness &, scales as [70]

2ut™!

hmin(t) ~ o ) R
O oin |O°T 4 O°T
ar in |:Bx2 + ayz]

; (3)

where Jy/OT is the temperature coefficient of the surface
tension and u the viscosity. By replacing the time variable ¢
with wy/ Uy, it follows that &, in the case of a moving
substrate scales as

2” Usub

(4)

hmin ~

Oy 0 |O*T | O*T
Wo 77 Min [W"’a_yz:|

When we assume a constant, temperature-independent
viscosity in our simulations, we obtain a scaling relation
Pinin ~ U/:ub with exponent S~ 1.3 (data not shown).
The term min [(9*T/0x?) + (9*T/0y*)] decreases with
increasing Ug,,, which increases f from a value of 1 to
1.3. According to Eq. (4), the minimum film thickness
should scale as A, ~ P~%, where @ = 1, since the term
min [(0°T/0x*) + (0°T/Dy?)] scales linearly with P. This
result is reproduced by the simulations using a constant,
temperature-independent viscosity, which results in an
exponent @ = 1 (data not shown). Accounting for the
temperature dependence of viscosity increases the expo-
nents extracted from simulations to f = 2.3 and a = 2.2,
in excellent agreement with the experimental data in
Figs. 6(a) and 7(a).

B. Partially wetting films

We study the IR-laser-induced dewetting of partially
wetting 3EG films on PC substrates that are moving with
respect to the laser beam. Figure 9 shows the deformation
of liquid films on moving substrates for different values
of Ug,,. The laser power is P = 8.2 W, and the initial film
thickness hy =5 um. The yellow circles indicate the
position of the laser spot, and the red dashed line its
trajectory. For Uy, = 5.3 mm/s [Fig. 9(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 [75], where multiple dry
spots are nucleated along the track, resulting in a multitude
of residual droplets on the substrate. We attribute this
different dewetting behavior to a temperature-induced

FIG. 9. Interference micrographs of the IR-laser-induced
dewetting process of a thin 3EG film on a PC substrate for
P =82W, hy =5 pm, and substrate speeds Uy, of (a) 5.3 and
(b) 8.2 mm/s. The yellow circles indicate the position of the laser
spot, and the red line its trajectory.

024005-6



INFRARED-LASER-INDUCED THERMOCAPILLARY ...

PHYS. REV. APPLIED 3, 024005 (2015)

increase in dewetting speed, due to the reduction of the
viscosity of the liquid. Figure 9(b) shows that, for
Ugp, = 8.2 mm/s, the track is no longer completely dry
and residual droplets are left behind on the substrate
(indicated by the green arrows). The most likely reason
is that, for an increasing substrate speed, the temperature
rise of the substrate decreases [as illustrated in Fig. 4(a)],
which increases the rupture time and decreases the dewet-
ting speed. When Uy, exceeds the dewetting speed,
multiple dry spots are nucleated, and droplets will be
deposited on the substrate. We refer to the maximum value
of Uy, that still results in a dry track as U,,,,. Figure 10
shows U, as a function of the laser power P. The red
open circles are obtained from experiments. We estimate
the uncertainty in the value of U, to be 0.5 mm/s.
The solid red line corresponds to a power-law fit of the
form U, ~ P%°.

In order to rationalize the experimental data, we perform
one-dimensional (1D) model calculations, where the laser-
induced temperature distribution and the liquid height
profile are assumed to be functions of y only. Instead of
Eq. (1), we use the 1D intensity distribution

V2P y
1= \/7_7.'WICI‘) exp <—2 F) (5)

where the parameter ¢ = 150 ym has been chosen such that
the maximum intensity of Eq. (5) coincides with that of
Eq. (1). The parameter Pp/c quantifies the laser power per
unit length in the x direction.

For the simulations of partially wetting liquids, we
explicitly consider the material-specific interactions

Pip (W)
2 5 10
T T T T T T T T T

8[" » 1D sim., (n, m, 6) = (10, 4, 10°)
| A1Dsim.,m=0

Unax (mm/s)

O experiments
& 2Dsim., mT=0

FIG. 10. Double-logarithmic plot of the maximum substrate
speed U as a function of laser power. Red open circles
represent experimental data, blue diamonds 2D model calcula-
tions without disjoining pressure, green triangles 1D model
calculations without disjoining pressure, and orange triangles
1D model calculations including disjoining pressure with param-
eters (n,m, h*,8) = (10,4,10 nm, 10).

between the liquid and the substrate by means of a
phenomenological model for the disjoining pressure [80]:

(6)

where n, m, and h* are parameters that determine the shape
of the disjoining pressure function, 6 is the contact angle,
and y is the surface tension.

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 morphology is reminiscent of that shown in
Figs. 6(b) and 7(b) with the difference that the rim height
keeps growing. The quasi-steady-state liquid height profile
in the vicinity of the laser spot is illustrated in Fig. 11(a).
The blue line corresponds to a simulation with parameters
(n,m,h*,0) = (3,2,10 nm,5’) in Eq. (6). The film is
thinned from an initial thickness of iy =5 ym down to
approximately 30 nm and becomes unstable at
y~0.25 mm, beyond which a series of nanometer-sized

T 1 T

IR =0 (a)
I (n,m,0) =
200 — (32,5 i
— ity ——— (10,4,10°)
g L o
=
100 I(_ <hmin> -
h*
ok

-0 (10,4,10°
100 -+ (3,2,5°)
- 17T=0
£
X 50 (b)
&
%
20
| | | | | | N |
2 5 10
Pip W)
FIG. 11. (a) Height profile in the vicinity of the laser spot for a

one-dimensional model and different disjoining pressure param-
eters for Pip =4 W and Uy, = 3 mm/s. The horizontal dotted
line indicates the value of h*. (b) Average minimum film
thickness (hpi,) as a function of P;p for different values of
Uy, and different disjoining pressure parameters.
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droplets is observed. The red curve corresponds to a
completely wetting liquid with vanishing disjoining pres-
sure. It essentially coincides with the blue line until y ~
0.25 mm but does not exhibit the instability. The green
curve corresponds to disjoining pressure parameters
(n,m, h*,0) = (10,4, 10 nm, 100). In this case, the film
thins down to approximately A*, which in terms of our
disjoining pressure isotherm corresponds to an essentially
dry surface.

Figure 11(b) shows numerical simulations of the average
film thickness (h,;,) downstream of the laser spot as a
function of P;p for different values of Ug,. For the
determination of (h;,), we average the film thickness in
the interval 2w, < y < 6w, at the time the substrate has
moved a distance of approximately 8w, after switching on
the laser. The green circles correspond to (n,m,h*,0) =
(10,4, 10 nm, 10°), whereas the blue triangles represent (3,
2, 10 nm, 5°). The red diamonds correspond to a completely
wetting liquid with IT = 0. The insensitivity of (/,) to the
value of IT in the film thickness range (hy;,) = 5h* =
50 nm is clearly visible. The dotted line indicates a power-
law relation of the form (h,) ~ Py with an exponent
a = 2.7, which approximates the numerical data well for
(hmin) = 5h* = 50 nm. The exponent 2.7 is larger than the
value of 2.2 found in Fig. 7(a), due to differences in the
temperature dependencies of the viscosity for squalane and
3EG. The data for (10, 4, 10 nm, 10°) exhibit a sudden drop
in (hy,;,) at a certain power value, which we attribute to the
much higher absolute value of I1 and the steeper gradient
dll/dh for h <5h* = 50 nm [81].

In order to compare the experimental data with numeri-
cal results for U,,,,, we introduce two criteria: (i) For a
given value of Ug,,, we determine the value of P;p that
results in a certain residual film thickness (/) = e, DY
using curves such as those in Fig. 11(b). Alternatively,
(i1) for a given value of Ug,,, we determine the value of Pp
corresponding to the sudden drop in (h,), observed for
(10, 4, 10 nm, 10°) in Fig. 11(b).

The green triangles in Fig. 10 are obtained from 1D
model calculations using the first criterion with hg; =
5h* = 50 nm. For these simulations, we do not include the
disjoining pressure owing to the above-mentioned insensi-
tivity of (h;,) to the value of I1. The orange triangles are
obtained from 1D model calculations, including the dis-
joining pressure with parameters (n,m,h*,0) = (10,4,
10 nm, 100) and using the second criterion. The dashed
green and orange lines represent power-law relations
Upax ~ PY3° and U, ~ PU?, respectively, in excellent
agreement with the experimental data. The blue diamonds
correspond to 2D model calculations for a completely
wetting liquid with IT =0 and the first criterion using
heie = Sh* = 50 nm. The data are well represented by a
power law U, ~P"! and also agree well with the
experimental data. We attribute the small differences
relative to the 1D model calculations primarily due to

differences in the temperature distributions. Because of
prohibitive computational cost, we could not include the
disjoining pressure in our 2D calculations or use a contact
angle larger than 10° in our 1D calculations. Overall, the
agreement is remarkable, given that the disjoining pressure
parameters are determined with a highest sensitivity to a
film thickness range [74] of 40—400 nm.

V. SUMMARY AND CONCLUSIONS

We study the deformation and destabilization of thin
liquid films on polymeric substrates by means of infrared
laser illumination. The substrates are moving with respect
to the laser beam. The intensity distribution of the laser
beam is measured with a home-built scanning slit setup. In
the case of wetting substrates, we measure the thickness
profile of the deformed film by using dual-wavelength
interference microscopy. We develop numerical models
for the temperature distribution of the substrate and the
subsequent redistribution of the liquid film based on the
lubrication approximation.

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 by either conduction or
convection of heat. 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 temper-
ature dependence of viscosity is properly accounted for.

In the case of a partially wetting substrate, the thin films
can become unstable and rupture when sufficiently thinned.
We find that 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 and thus the expansion
rate of the dry spot; i.e., 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 [75].
Residue-free dewetting is desirable for several technologi-
cal applications such as immersion lithography and sol-
ution processing of organic electronic devices.
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APPENDIX A: HEAT-TRANSFER MODEL

For a substrate that is moving in the y direction with a
speed Uy, the temperature distribution 7'(x,y,z,1) is
described by the heat-transfer equation [82]

oT oT

PsubCp (E + Usup 8_y> = ksubva +g.

(A1)
The second term on the left-hand side of Eq. (Al)
represents the convection of heat by the motion of the
substrate. The term ¢ = apc/ represents a heat source as a
consequence of laser light absorption [83-85], where
I(x,y,z) is the intensity distribution of the laser light
[given by Eq. (1)].

Figure 12(a) shows a sketch of the three-dimensional
computational domain of the thermal model with dimen-
sions of x; =2 mm, y;; = —1 mm, and y;; = 3 mm. We
use the following boundary conditions:

oT 0 oT

5y P =0 =5 (r=x) =0, (A2)

oT oT
ay v =ya) = Dy (v =Ya) =0, (A3)

oT oT
_ksubaiz (Z = 0) = ksubaiZ (Z = _dsub) = ¢loss' (A4)

The first part of Eq. (A2) reflects the mirror symmetry of
the problem with respect to the plane x = 0. The value of x,
is chosen sufficiently large so that the temperature rise does
not reach the right boundary. At y =y, and y =y, we
employ the so-called convective boundary condition; i.e.,
we assume that the diffusive fluxes ky, (0T /9v)(y = ya1)
and —kg,, (0T /0y)(y = y4) are negligible compared to the
convective fluxes pgnc, U To and pgnc, U T(Y = Yan)-

@ yoyy Qe XFx (D) [V
ar_ ah_
a—)7(-=C > oy~ x=0
P
Y/ Usub g_xzo Usub T
X a__ ﬂp_o
7 ox~ T ox~
1
©/Z=0---- oh
4 ﬂ-=O Qy=Usubh0 ax =0
Y —Z=-dgup
{}q)
loss

FIG. 12. Schematic representation of the computational do-
mains and the applied boundary conditions of (a) the three-
dimensional heat-transfer model and (b) the two-dimensional
thin-film model.

We approximate the heat loss on the top and bottom
surfaces of the substrate (z =0 and z = —d,, respec-
tively) as a superposition of Newtonian convective cooling
and thermal radiation:

¢loss = hN(T - Too) + €GB(T4 - Tio) (AS)

Here, 65 = 5.67 x 1078 W/(m?K*) is the Stefan-Boltzmann
constant, € = 1 is the thermal emissivity, iy = 5 W/(m?K)
the convective heat-transfer coefficient, and T, =T, =
293 K the ambient temperature.

The presence of the liquid film is not accounted for in
the thermal model, because its thickness on the order of
hg = 5 pm is much smaller than dg,;, = 750 pum, and its IR
absorption, thus, is negligible.

All models are implemented by using the finite-element
software COMSOL 3.5a.

1. Scaling analysis

For large Uy, the two dominant terms in Eq. (Al) are

or .
PsubCp Ui a_y ~dq, (A6)

where the relevant length scale in the heat source term ¢ is
wy. The balance of these terms immediately yields the
scaling relations max[AT| ~ U,} ~Pe;! and max[0T,/
dy] ~ Uzl ~ Pe;;l, which are consistent with the results of
Figs. 4(b) and 4(d).

The asymptotic behavior of the center line temperature in
the limit of large distances from the laser spot is governed
by the Green’s function solution for an instantaneous plane
source [82] with strength ~UZ} upon replacing the time

sub
variable with y/Ugy:

_ Usub)62

1
——¢
VarkU g,y xp( 4ky

AT (y > 2wy) ~

). )

where & = kg,/(psubc,) is the thermal diffusivity of the
substrate. In this limit, temperature gradients in the y and z
directions become negligible compared to gradients in the
x direction. The predicted asymptotic behavior for the
centerline temperature is thus AT (x =0,y > wy)~
(kUgpy)~"/%. The relation AT, ~y~'/? is indeed found
in Fig. 4(a), and the relation AT ~ Us_ulb/ 2
(data not shown).

According to Eq. (A7), the asymptotic behavior for the
FWHM of the temperature profile is FWHM ~ +/ky/Ug-
The relation FWHM ~ y'/2 is reproduced in Fig. 3(a),
and the relation FWHM ~ U;llb/ % is also verified (data not
shown).

is also verified
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FIG. 13. Simulations of the surface temperature profile
AT (x,y,t) at different times ¢ for P =8 W and Uy, =
3 mm/s.

APPENDIX B: TIME-DEPENDENT
TEMPERATURE DISTRIBUTION

Figure 13 shows simulations of the surface temperature
profile AT (x,y,t)=T(x,y,z=0,1) =T, at different
times ¢ for a laser power P = 8 W and the substrate speed
U, = 3 mm/s. The laser is switched on at r = 0. The
position of maximum temperature rise is not located at the
position of maximum intensity (x =0,y =0) but at a
slightly larger value of y.

Figure 14(a) shows the surface temperature rise AT (x =
0,y.1) along the track center line (x = 0) of the profile.
All parameters are the same as for Fig. 13. It shows that the
maximum temperature rise is reached already after approx-
imately 0.1 s. Convection of heat in the y direction causes
the temperature profile to elongate. The thicker, orange line
shows the steady-state temperature profile AT (¢t — o0).
Figure 14(c) shows the y derivative of the temperature
along the center line, (0T, /dy)(x = 0, y, t). Its maximum
value max[0T,/dy], indicated in Fig. 14(c) with the label
“max,” increases in time and rapidly reaches a steady
value. The minimum absolute value of this derivative,
| min[OT/Dy]|, labeled “min” in Fig. 14(c), first increases
and then decreases in time. The thicker, orange line
shows the steady-state surface temperature gradient
(0T, /dy)(t — o). Because of the motion-induced asym-
metry of the temperature profile, the maximum value of the
steady-state temperature gradient is larger than its mini-
mum absolute value.

In Ref. [70], we show that, in the case of a stationary
substrate, the time scales for reaching a steady-state
temperature or a steady-state temperature gradient are very
different (as is explained in Supplemental Material [76]). In
the case of a moving substrate and for the values of Pe,
considered in this study, these time scales are quite
comparable.

Figures 14(b) and 14(d) show the steady-state values of
max[AT,], max [0T,/dy| and | min[0T/dy]|, as a function

160

0) (K)

ATg(x

0) (10 K/m)

(x

aTs
oy

L min AN 0.8
\ . 02
5| t=0.05s 0.1
1 I

0 y (mm) 2

FIG. 14. Numerical results from the heat-transfer model.
(a) Surface temperature rise along the track center line,
AT (x =0,y,1). (b) Maximum temperature rise in steady-state
max[AT(r - oo)] as a function of P. (c) Surface temperature
gradient along the track center line OT,/dy(x =0,y,1).
(d) Maximum and minimum absolute values of the temperature
gradient in the steady state, max[(0T,/0y)(t - oo)] and
| min[(OT/dy)(t — o0)]| as a function of P.

of the laser power P. Since the nonlinear radiative heat
losses are small, all quantities scale linearly with P.

APPENDIX C: LUBRICATION MODEL

The lubrication equation [78] in Cartesian coordinates is
given by
@ + an aQy
ot Ox Oy

=0, (C1)

where the fluxes Q, and Q, are defined, respectively, as

h? n oP

C=umt wme (@
_n n oP
O =™ oy T (S
The augmented pressure
Ph  O*h
=—y(T)|=—+— T)gh —11 4
P=—(0)(55+53) +oman - (C¥
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FIG. 15. (a)—(d) Simulations of the thin-liquid-film profile
h(x,y,t) at different times for P =8 W and Ug,, = 3 mm/s.
(e)—(h) Corresponding experimental interference micrographs for
P=8 W and Uy, = 3.1 mm/s.

represents the influence of capillary pressure, hydrostatic

pressure, and the disjoining pressure I1 [86]. The values of

surface tension y(T), viscosity u(T), and density p(T) are

given in Supplemental Material [76]. For the simulation of

partially wetting liquids we use Eq. (6) for the disjoining

pressure, and for completely wetting liquids we set IT = 0.
The terms 7, and 7,

_8}’_ Jy 0T,

_8}/_ dy 0T,
Tx=a—ﬁa and T, = —

Y79y 0T dy (©3)
are the thermocapillary shear stresses that act on the thin
film. Here, T is the temperature at the liquid-air interface,
which is essentially equal to the surface temperature of the
substrate 7; = T(x,y,z = 0, 1), since the thickness of the
liquid film is small, hy < dg,;,- We extract the substrate
temperature from the heat-transfer calculations.

Figure 12(b) shows a sketch of the computational
domain that we use for the thin-film model. We use the
following boundary conditions:

Oh oP
a(x—o)_o, a(x—o)—O, (C6)
Oh oP
a(x - xd) =0, a(x - xd) =0, (C7)
h(y = ya1) = ho. Oy(y =ya1) = Uwho.  (CB)
Oh
a_y ()’ = de) =0, Qy(y = ydz) = Ugph. (C9)

Equation (C6) reflects the mirror symmetry of the problem
with respect to the track center line. The domain width

x = x,4 is chosen sufficiently large so that the thin-film
deformation does not reach the lateral boundary of the
domain. Equations (C8) and (C9) reflect the motion of the
substrate: The thin film enters the domain with a volume
flux O, = Ugphg at y =y, and leaves the domain with
volume flux Q) = Ugh aty = y4,. The initial condition is
a film of uniform thickness h(x,y,t = 0) = h,.

APPENDIX D: TIME-DEPENDENT
THIN-FILM DEFORMATION

Figure 15 illustrates the deformation of a thin
squalane film on a PC substrate for Uy, =3 mm/s
and a laser power of P =8 W. Figures 15(a)-15(d) are
obtained from a numerical simulation and Figs. 15(e)—15(h)
from an experiment. The interference micrographs
show the film deformation at approximately the same times
t as the corresponding images in Figs. 15(a)-15(d).
Figures 15(d)-15(h) essentially correspond to the steady-
state height profiles.
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