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Liquid films on wettable solid surfaces can be disturbed to dewet when low surface
tension liquids or surfactants are added because the surface tension difference gives
rise to stresses on the film interface. Here we consider an alcohol drop placed above
a thin aqueous film, which punctures a hole in the film starting from underneath
the alcohol drop. Such film dewetting is attributed to the Marangoni effects caused
by the spatial gradient of alcohol vapour concentration. We measure the liquid—gas
interfacial tension of aqueous liquids rapidly responding to the surrounding isopropyl
alcohol vapour concentration, and observe evolution of the film morphology consisting
of central hole, fringe film, thinning region and bulk. We construct scaling laws to
predict the dewetting rates of the film by considering the Marangoni stress, viscous
shear stress and evaporation. It is shown that our experiments are consistent with our
theory.

Key words: capillary flows, contact lines, thin films

1. Introduction

Thin liquid films on non-wettable surfaces easily dewet when subjected to small
disturbances, while they are relatively stable on wettable surfaces (Keller 1983; Redon,
Brochard-Wyart & Rondelez 1991; Kim, Moon & Kim 2013). Besides a mechanical
scheme to blow an airflow through a narrow nozzle (Berendsen et al. 2012), adding a
low surface tension liquid drop on the film was found to cause film dewetting (Gaver
& Grotberg 1990; Troian, Herbolzheimer & Safran 1990; Jensen & Grotberg 1992;
Warner, Craster & Matar 2004; Hernandez-Sanchez, Eddi & Snoeijer 2015) or even
fragmentation (Keiser et al. 2017) on a wettable solid. This is owing to the difference
of the interfacial tensions of the two liquids, which develops the stress at the liquid
surface pointing radially outward. While the drop merely spreads out on a liquid pool
of sufficient depth (Berg 2009; Kim et al. 2017), the outward radial flow nucleates a
hole in thin liquid films to expose a dry solid surface.

Here we consider a liquid film placed under a volatile low surface tension droplet.
The film on a highly wettable solid is punctured underneath the droplet (Marra &
Huethorst 1991), implying that one can remotely induce the dewetting of a liquid
without direct mixing of multiple liquids. Such interfacial phenomena are attributed to
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the Marangoni effect caused by the spatial gradient of organic vapour concentration,
which we term the vapour-mediated Marangoni effect. This effect was previously
explored in order to dry water films on substrates that are withdrawn from a water
bath by supplying organic vapour near the water—air—solid contact line (Leenaars,
Huethorst & van Oekel 1990). Although such a Marangoni drying process of wet
surfaces was numerically analysed (Matar & Craster 2001), the growth dynamics of
a dry hole and the complicated thickness variation of the water film under the effects
of organic vapour have yet to be addressed.

Interfacial flows driven by the vapour-mediated Marangoni effect were also observed
in the motion of liquid drops. Bangham & Saweris (1938) found that a water drop
could be moved by an adjacent acetone drop. The motion was supposed to be
caused by a thin invisible film emitted from the acetone drop that changed the
solid—gas interfacial tension around the water drop. Carles & Cazabat (1989) reported
a relatively volatile trans-decaline (TD) drop to repel a polydimethylsiloxane (PDMS)
drop. The TD vapour condensed on the PDMS drop was supposed to reduce the
liquid—gas interfacial tension locally, inducing the Marangoni flows and eventually
displacing the entire drop. Cira, Benusiglio & Prakash (2015) proposed a mechanism
to explain the relative motion of two compound drops, in which the vapour from
each drop was supposed to affect the liquid—gas interfacial tension of the other drop’s
precursor films.

The specific goals of this study are as follows. First, we aim to evaluate the
effects of isopropyl alcohol (IPA) vapour on the instantaneous surface tension of
aqueous liquids. This is because the previous studies of vapour-mediated drop motion
mostly relied on speculation of the effects of the vapours without quantitative data
of the surface tension coefficient as a function of the vapour concentration. Second,
we aim to provide theoretical models to rationalize the dynamic behaviour of film
profiles, which is based on the aforementioned measurement of surface tension.
The fundamental understanding of the mechanisms underpinning the film dewetting
behaviours owing to the vapour-mediated Marangoni effect will open a novel pathway
to control the shape, motion and evaporation of liquid films.

In the following sections, we start by measuring the instantaneous change of
liquid—gas interfacial tension of aqueous liquids as a function of the concentration of
surrounding IPA vapour. Then we observe the shape evolution of a thin liquid film
on a highly wettable solid surface owing to IPA vapour in the atmosphere. As the
film dewets, rich interfacial dynamics are observed including recession of fringe film
with growth of a dry hole, emergence of a very thin region connecting the fringe
and the bulk, and recession of a bulk rim. We theoretically analyse the flows and
construct scaling laws to predict the evolution rate of each region.

2. Experiments
2.1. Measurement of liquid—gas interfacial tension

To measure the instantaneous change of liquid—gas interfacial tension under the effects
of surrounding IPA vapour, we use the pendant drop method as schematically shown
in figure 1(a). A drop of liquid emerges from the lower end of a vertically situated
capillary tube with inner radius a = 0.58 mm. As a liquid, we use deionized water
and aqueous glycerine solutions of 30 wt% and 60 wt%. Table 1 lists the physical
properties of the liquids used in the experiments. We make the inner wall of the glass
tube highly wettable by cleaning it with the piranha solution, i.e. a 3:1 mixture of
sulphuric acid and 30 % hydrogen peroxide solution. The shape of the drop is such
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FIGURE 1. (@) A schematic of the experimental apparatus to measure the liquid—gas
interfacial tension at different concentrations of IPA vapour. (b) Images of a swelling
water drop as the IPA vapour concentration increases with time. The distance of the IPA
source to the liquid drop, s, and the initial liquid column height, /, are 20 and 35 mm,
respectively.

Liquid p (kgm™) y Nm™") u(Pas)
A Water 998 0.072 0.001
B  Glycerine 30 wt% 1071 0.069 0.0022
C Glycerine 60 wt% 1151 0.067 0.009

TABLE 1. Properties of liquids used in experiments.

that the hydrostatic pressure at the bottom of the tube, Ap, = pgl with p being the
density of liquid, g the gravitational acceleration and [ the height of liquid column, is
balanced by the Laplace pressure, i.e. a product of the drop curvature and the liquid—
gas interfacial tension y;s. By measuring the liquid column height and the curvature,
we deduce y;g.

The measurement takes place in an acrylic vessel equipped with a shutter at the
bottom under which a pool of IPA is contained. The 17 cm high vessel has a square
cross-section measuring 10 x 10 cm?, and is open to the atmosphere at the top. Upon
placing the liquid-filled tube above the bath of IPA, we open the shutter to let the IPA
vapour diffuse into the air inside the vessel. As the concentration of IPA molecules
surrounding the liquid drop increases with time, it swells as shown in figure 1(b),
indicating the decrease of y;s. The shape of the meniscus z = z(r) is related to yg
via the Young-Laplace equation

&z 1dz dz\*| pg
(&) =L p—1, -
dr? + rdr [ + (dr> yLG( + 1=

q 5732
1+<;>] , @2.1)

where [; is the Jurin height, or the equilibrium capillary rise height of the
uncontaminated liquid with the liquid—gas interfacial tension j, and zero contact angle
l;=2y/(apg), and b is the distance between the tube bottom and the drop apex, as
shown in figure 1(a). One can solve (2.1) numerically under such boundary conditions
as z=dz/dr =0 at r =0 with an assumed value of y;;. The computational results
are compared with the experimental images of the liquid drop to improve the guess
of yi1c, which eventually gives y;c. We see good agreement of the experimentally
found liquid—gas interfacial profile and the numerical result with a correctly assumed
yic in figure 2(a).

Figure 2(b) shows the measurement results of the temporal evolution of the surface
tension coefficient of the liquid drops at different distances from the source, s. The
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FIGURE 2. (a) Meniscus profile of an IPA-contaminated water drop with y; 6 =
0.050 N m~'. The circles and solid line correspond to the experimental results and the
solution of the Young—Laplace equation (2.1), respectively. (b) The scaled liquid—gas
interfacial tension y;s/y, versus time. (c¢) Re-plotting the data of y;5/y, which correspond
to the instantaneous response of surface tension to the IPA vapour in phase I, versus c/c;.

scaled surface tension y;5/yp decreases for initial ~20 s (phase I) and then it plateaus
(phase II). The change of the surface tension is related to the IPA vapour concentration
in the air, ¢, which obeys the one-dimensional diffusion equation with the boundary
conditions being such that ¢ =c; at the surface of IPA pool (s=0) and c=0 as s - o0
as follows

N
Cc= C‘Yerfc (W) . (22)

Here, ¢, = 142 g m™ and D =1 x 107> m? s7! (Lugg 1968) are the saturation
concentration and the diffusion coefficient of IPA in the air at 25 °C, respectively.
The surface tension coefficient of water with volumetric mixing of liquid IPA was
measured (Hernandez-Sanchez et al. 2015), which showed monotonic decrease of the
surface tension with the increase of the volumetric composition of IPA. However,
considering that ¢ increases monotonically with time in the current experiments, the
surface tension data of the volumetric mixture of water and liquid IPA are not likely
to explain the plateau in figure 2(b).

We carry out additional experiments to scrutinize the effects of the IPA vapour on
the surface tension, in which we suddenly remove the IPA vapour in air by closing
the shutter and supplying fresh air in the vessel. When the removal occurs in phase I
(at 10 s), the pendant drop almost recovers its original shape but at a lower rate than
when y;¢ is being lowered, as shown in figure 9(a). This indicates a profound effect
of the IPA vapour concentration in the surrounding air on the surface tension of the
liquid in phase I.

As discussed in appendix A, in the early stages of the exposure of an aqueous
liquid surface to IPA vapour, the adsorption of IPA vapour molecules to the liquid
surface is supposed to play a dominant role in altering the surface tension of the
liquid. Therefore, it is the IPA vapour concentration in the surrounding air, not the
volumetric composition of IPA in the water-IPA mixture, that determines the surface
tension of liquid in phase 1. Here, phase I refers to the initial period when the surface
tension is decreased under a low concentration of IPA vapour in the surrounding air
(c/cy <0.2). We see that the rather scattered data of y;s/y are collapsed onto a single
line when plotted versus c¢/c, in figure 2(c), implying a dominant effect of the IPA
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FIGURE 3. (Colour online) IPA vapour-induced dewetting of water films with the original
thickness, hy, of (a) 30 wm and (b) 50 pwm.

vapour concentration on surface tension in phase I. In the following experiments of
dewetting films, fresh surfaces are continually generated, whose instantaneous surface
tension under the effects of IPA vapour is assumed to follow the behaviour exhibited
in phase L.

2.2. Observations of film dewetting

To observe the dynamics of a liquid film under the effects of IPA vapour, we prepare a
highly hydrophilic surface in the following procedure. We immerse a 10 cm diameter
silicon wafer in the piranha solution for 1 h. Upon withdrawing the wafer from the
solution, we rinse it with deionized water. The wafer is dried with nitrogen gas and
then treated with oxygen plasma for 5 min. To obtain a thin film on the circular wafer,
we place liquid drops on the wafer and horizontally vibrate it until the entire circular
area is covered with a thin film. The resulting film is almost free from interference
patterns owing to its flatness as shown in the first images (0 s) of figures 3(a) and 3(b).
The film thickness, hy, is deduced from its weight measured by a precision balance
(Mettler Toledo XS205). The resolution of the balance is 0.1 mg, which corresponds
to the uncertainty range of £0.01 wm in deducing the film thickness. Special care
is taken to keep the wafer surface horizontal and free from contamination, failure
of which results in notably abnormal film dewetting behaviours including elliptic dry
holes and locally pinned contact lines.

A capillary tube is filled with IPA to its Jurin height, /; ~1 cm with a=0.58 mm.
This forms a meniscus of zero curvature at the lower end of the tube, allowing us to
neglect the effects of interface curvature on the vapour pressure of IPA (Butt, Graf &
Kappl 2006). We slowly bring the capillary tube from ~3 cm to a distance d above
the film, which takes approximately 7o =10 s. The time ¢ is measured since the tube
reaches the final position at d. The dynamics of the liquid film is imaged by a CMOS
camera (Photron SA 1.1) at a frame rate of 60 s~' with a resolution of 896 x 896
pixels. Figure 3 shows the responses of liquid films to IPA vapour emitted from the
capillary tube.
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FIGURE 4. (Colour online) (a) Thickness profile of a dewetting film. (b) Temporal
evolution of the inner radii of bulk film r,, thinning region r,, and fringe film r;. The
original thickness of the water film was hy =50 pwm, and the IPA source was d =2 mm
above the film.

For a film of hy =30 wm, figure 3(a), we observe the reduction of film thickness
below the IPA source, indicating the recession of bulk from the centre. The growing
region of reduced thickness is enclosed by a dotted line (# = 0.5 and 1.4 s). The
physical origin of the bulk recession is simple — the high concentration of IPA
molecules adsorbed on the water surface in the centre lowers the liquid—gas interfacial
tension locally. Then the peripheral area with a relatively high surface tension draws
the liquid away from the region of a high IPA concentration, causing the bulk to
recede from the centre. The continual decrease of the thickness eventually punctures
the film (r > 2.3 s). The retraction of a fringe film right next to the dry area is
unstable and thus forms fingers (=2.3 and 4.9 s), which are diminished as the dry
hole keeps expanding (¢ > 7.6 s).

Figure 3(b) for a thicker film with ;=50 pwm exhibits a narrower area of reduced
thickness compared with figure 3(a), which allows us to see a thickness profile of the
film from the central dry area to the peripheral bulk area in one image (1.3 and 2.3 s).
The image at r=1.3 s clearly shows that the surrounding bulk area and an inner area
developing fingers is separated by an annulus of very small thickness. It is indicated
as a thinning region, being thinner than both its inner and outer regions.

Therefore, we schematically draw the thickness profile of the film from the centre to
periphery as in figure 4(a). The dry region meets the fringe film at a distance r; from
the centre, and the fringe film is surrounded by the thinning region at r,. Thus, r; and
r, correspond to the inner radii of the fringe film and the thinning region, respectively.
We note that the average radius of the dry hole was used to obtain the value of ry
when fingers were developed. The thinning region ends at r,, where the bulk begins.
The film thickness reaches h, after bulging to form a ridge of characteristic length A.
Figure 4(b) plots the growth of ry, r;, and r, with the continual supply of IPA vapour
from the source.

3. Theoretical analysis
3.1. Receding of bulk

We first consider the rate of bulk receding, or the growth of r,. The Reynolds number
based on the characteristic receding speed #,, and the film height hy, Re = pipho/1L,
is less than 1 for all the cases. Furthermore, the product of Re and the aspect ratio
ho/ry is less than 107!, and thus we neglect inertia as compared with viscous forces
(Batchelor 1967). The flow is driven by the difference in the liquid—gas interfacial
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tensions across the ridge of the characteristic width A, Ay;g ~ 1072 N m~'. The
gravitational effects are negligible because the Bond number Bo = pghl/Ay;c ~ 1072
The balance of the driving interfacial forces and the resisting viscous forces gives the
receding rate of the bulk, or r,(7).

Because hy < r, for most of the dewetting process, we ignore the curvature effects
and consider a simple force balance for a dotted control volume in figure 4(a). The
liquid—gas interfacial tension in the periphery beyond the ridge is assumed to be close
to that of the uncontaminated liquid, y,, because of continual replenishing flow in the
bulk. The liquid—gas interfacial tension at the outer rim of the thinning region, r =r,,
is lower than y, because the IPA molecules adsorbed on the thinning region are hardly
advected to the surrounding for the small thickness of the region. The surface tension
coefficient y;; varies with the distance from the IPA source and time, and thus the
driving force Ay = yy — y1c changes as the bulk recedes, which we evaluate in the
following paragraph.

As yc is a function of IPA concentration ¢ as shown in figure 2(b), we first
consider ¢ on a film at a distance (r} + d*)'/? from the IPA source. Adopting
the solution for diffusion in the spherical coordinates from a source of radius a
(Carslaw & Jaeger 1959), we estimate c/c; ~ (a/ry)erfc(l /2rb/\/D_r), where we used
(r; +d*"?~r, for d < r,. Here T~ 1y+1 is the duration the water film is exposed
to IPA, as explained in § 2.2. We have 7 > 1/4r7/D ~ 1 s, and thus c/c, & a/r,.
When c/c; is small for a/r, <« 1, the data in figure 2(c) allows us to approximate
vic/Yo =~ 1 — &c/c; with &€ = 1. Therefore, the liquid—gas interfacial tension at r, is
scaled as y;6/yo~ 1 —a/r,, which gives the driving force per unit depth Ay ~ ypa/ry.

The viscous resisting force per unit depth, F,, associated with flows in the ridge
can be estimated using the well known inertialess wedge flow assumption (de Gennes
1985; Redon ef al. 1991; Kim, Lee & Kang 2002; Kim 2007). By solving the
Stokes equation and integrating the wall shear stress in the ridge, one obtains
F.~ pipyIn(A/h,)/6,, where h, is the thickness of the thinning region and 8, is taken
to be a constant of 0.1 as optically measured in separate experiments. The interference
patterns in figure 3 allow us to estimate the film thickness in the thinning region
(Isenberg 1992; van der Veen et al. 2012), which ranges from 50 to 200 nm. Thus,
we take 10°> nm as a characteristic scale of %,, a value consistent with the thickness
of a thinning region that appears when a surfactant spreads on a liquid film (Jensen
& Grotberg 1992).

Balancing the driving force Ay and the resisting force F, leads to a scaling law

for r, given by
6
Py~ g | —L 2, 3.1)
mIn(A/hy)

We compare the theory with our experimental measurement results of r, for different
liquids, original film thickness and source locations in figure 5. Here we take A =
3 mm, an empirical value which hardly changes in the course of dewetting regardless
of experimental conditions. Slight variations of A/h, have negligible effects on its
logarithmic value and the scaling result. We see that the raw data, which are scattered
in figure 5(a), are collapsed onto a single line when plotted according to (3.1) in
figure 5(b). The slope of the best fitting line is 0.36. We note that the bulk rim
was also reported to recede with its inner radius growing like 7'/ when a liquid
alcohol, instead of vapour, was continuously supplied at a localized spot on a water
film (Hernandez-Sanchez et al. 2015).
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FIGURE 5. (a) Experimentally measured inner radius of bulk film r, versus time ¢. (b) r,
plotted according to the scaling law (3.1). (¢) Experimental conditions for the symbols.
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FIGURE 6. (a) Experimentally measured thickness profiles of the fringe film at t=1.8 s
under different source distances, d = 1.6 (circles) and 3.3 mm (squares). (b) Thickness
profiles of the dewetting fringe film. Circles, squares and triangles correspond to the
measured height at r —7,=2.2, 5.0 and 7.4 s, respectively. The filled and empty symbols
are for d=1.6 and 3.3 mm, respectively. (c) The receding contact angle of the fringe film
0r versus ;. The liquid is water and the original film thickness Ay =30 pm.

3.2. Receding of fringe film

The inner radius of the fringe film, r;, matters when the centre is completely dried to
result in hole nucleation. The annular fringe spacings of interference patterns, which
are evident in figure 3, allow us to construct the thickness profile near the contact
line as shown in figure 6. Figure 6(a) shows that the locations of the contact line, or
ry, differ even at the same ¢ depending on the distance of the source d. It is because
of a delay time, #;, before the hole nucleates, which is a function of d: t;, =0.2 and
1.0 s for d=1.6 and 3.3 mm, respectively. When we plot the thickness profiles under
different source distances d at the same time after nucleation, ¢t — #;, they coincide as
shown in figure 6(b). The slopes of the trend lines in figures 6(a) and 6(b) give the
receding contact angles of the fringe film, 6, as a function of r;. Figure 6(c) shows
that 6; is almost constant except for the extremely early stages of the hole nucleation.

The growth of the hole can be driven either by the surface tension effects or
the evaporation. We first check whether the Marangoni effects that worked for the
aforementioned bulk receding play an important role. Balancing the difference of the
liquid-gas interfacial tension across the fringe film (from r; to r,), Ay ~1072 N m™',
with the viscous resisting force in the wedge-like fringe film per unit depth,
F, ~ wiy In[(r, — 17)/A1/6;, gives iy~ Ay6;/{p In[(r, — r;)/A]}. Here, A is the cut-off
distance of molecular length scale, which is introduced to relieve the singularity
at the contact line (de Gennes 1985). Considering that A ranges from 1 to 10 nm,
typical for highly wettable smooth surfaces (Bonaccurso, Kappl & Butt 2002; Cheng
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FIGURE 7. (a) Experimentally measured inner radius of the fringe film r; versus time .
(b) r; plotted according to the scaling law (3.2). The slope of the best fitting line is 3.4.
(c) Experimental conditions for the water films.

& Giordano 2002; Joseph & Tabeling 2005), and that r, — r, ~ 1 mm, we find
iy ~ 107> m s™', which is much lower than the observed dewetting velocity of the
fringe film (~1073 m s").

We thus turn to the effects of evaporation on the dewetting of fringe film. The
steady diffusion equation from the liquid interface to the air gives the volume
evaporation rate per unit area near the contact line, J = Jox~V/2=%/=%)  where x is
the distance from the contact line, x =r — r; (Deegan et al. 1997). For 6, < 1, we
get J ~ Jy/+/x with Jy, a function of the diffusivity and the saturation concentration
of the liquid molecules in the air and a typical length scale of the fringe film, being
estimated to be Jy ~ 107 m*? s=! (Berteloot et al. 2008). Balancing the rate of
volume evaporation per unit depth with the rate of wedge disappearance, we write
Ji Jo//xdx ~d(r26;) /dt, which leads to dry/dt ~ (Jo/6)r; >, Because the radius of
a hole increases from zero to r; for the duration of # —f,, we finally obtain

Jo 2/3
rf~<9f> (t—ta)*. (3.2)

With typical measured values of 6y~ 107* and r; ~ 107 m, i} is estimated to be of
the order of 10~* m s~', consistent with the experimental results shown in figure 7(a).
When plotting the scattered raw data obtained for different original film thickness and
source distances according to the scaling law (3.2), they are collapsed onto a single
line as shown in figure 7(b). Therefore, we see that the dewetting of fringe film is
caused primarily by evaporation rather than the Marangoni effects. A similar power
law for the receding distance of the contact line, which depends on >3, was reported
previously when a sessile drop dries while leaving a band of suspension particles at
its periphery (Rio et al. 2006; Berteloot et al. 2012).

3.3. Creation of thinning region

The thinning region, located between the IPA-rich fringe film and the IPA-poor bulk
film, has a very small thickness as shown in figure 4(a). Figure 8(a) shows that
the experimentally measured onset radius of the thinning region, r, o, decreases with
ho. That is, the larger the original film thickness, the earlier the thinning region
appears. Furthermore, we see in figure 8(a) that it emerges earlier for a less viscous
liquid (liquid A, filled symbols). The film thickness is reduced in the thinning region
because too much liquid is drawn into the bulk. We attribute this flow to excessively
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FIGURE 8. (a) Experimentally measured inner radius of thinning region at its onset, r,,
versus the original film thickness hy. (b) Measurement values of r,o plotted according to
the scaling law (3.3). The slope of the best fitting line is 1200. Filled and empty symbols
correspond to liquid A and B, respectively.

large Marangoni forces along the same line as Gaver & Grotberg (1990, 1992) and
Warner et al. (2004), which considered a thinning region arising from spreading of a
surfactant drop on a thin liquid film.

When the thinning region emerges, the imbalance of IPA concentrations of the
liquid surface within and beyond the radius r,o occurs, which allows us to obtain a
scaling law for 7o as a function of A, and the material properties. IPA molecules
are supplied from the source by diffusion in the air, and the IPA concentration on
the liquid surface at the radius r is estimated as c¢/c, ~ a/r in §3.1. The supply
rate of IPA to the liquid surface by diffusion, or the diffusion velocity U, is scaled
as U; ~ —Dd(c/c,)/dr ~ Da/r*. Those IPA molecules are rapidly carried away by
advection into the bulk region, whose velocity U, is given by the balance between
the Marangoni stress and the viscous shear stress, Ay/A ~ uU,/hy. Here, Ay
corresponds to the difference of the liquid—gas interfacial tension across the ridge
over which the driving force for advection acts: Ay ~ ypa/r as derived in § 3.1. Thus,
U, is scaled as U, ~ yyahy/(urA).

The thinning region occurs where U, overwhelms U,, so that we scale the onset
radius of thinning region as

Du A
o~ 22 (3.3)
Yo ho

Figure 8 shows that the scattered raw data of the onset radius of the thinning region
in (a) are collapsed onto a single line in (b) when plotted according to the scaling law
(3.3). It implies that for greater A, and lower u, advection of IPA becomes stronger
as compared with diffusion, resulting in an earlier appearance of the thinning region.
The slope of the best fitting line in figure 8(b) corresponds to the Péclet number, Pe =
U,/U;=1200, a ratio of IPA advection rate in liquid to IPA diffusion rate in air.

4. Conclusions

We have shown that a thin liquid film on a highly wettable solid can be dewetted by
the vapour-mediated Marangoni effect when a liquid drop of a relatively low surface


https://doi.org/10.1017/jfm.2019.390

https://doi.org/10.1017/jfm.2019.390 Published online by Cambridge University Press

110 S. Kim, J. Kim and H.-Y. Kim

tension is placed nearby. The separate measurement of instantaneous liquid—gas
interfacial tension depending on the surrounding IPA vapour concentration gave the
Marangoni stress as a function of the distance from the source, which played a
pivotal role in constructing scaling laws for the dewetting dynamics. The dynamics of
three important length scales, inner radii of bulk film, thinning region and fringe film,
that define the liquid film morphology have been analysed through scaling analysis.
It is interesting to note that although their evolutions occur simultaneously, different
forces or mechanisms are at work to generate each region. The recession of bulk is
driven by the Marangoni force while resisted by the viscous dissipation in the ridge,
to give r, ~t'/2. The fringe film surrounding a dry hole recedes owing to evaporation
in the centre, and the associated mass balance leads to r; ~r*/3. The thinning region
appears where the Marangoni advection velocity of liquid overwhelms the diffusion
rate of IPA vapour in the air, to give .o~ hy'.

Evolution of each length scale is essential in sophisticated control of liquid film
dynamics. The inner radius of bulk corresponds to the entire range where the liquid
is disturbed by IPA vapour. The inner radius of fringe film gives the area of the dry
hole, the most salient feature in the film dewetting. The thinning region beyond the
fringe film is also prone to complete drying owing to its small thickness, potentially
allowing us to generate multiple dry spots with a single drop of alcohol.

Although we have focused on thin films where the fringe, bulk and thinning region
develop distinctively, their discrimination may become hardly possible as the film
thickness increases. As shown in figure 8(b), the thinning region appears so early
that the fringe can seldom grow for very thick films. The high concentration of
IPA near the centre may expedite evaporation of the thinning region, facilitating the
hole nucleation. Another aspect which calls for further study is a role of solid—gas
interfacial tension change in the hole growth owing to surrounding IPA vapour.
While we have precluded such effects in modelling r; of thin films based on the
insignificant change of the receding dynamic contact angle 6;, the detailed study of
the solid surface energy under the vapour-mediated Marangoni effect may further our
understanding of the aforementioned droplet movement as well as the dewetting of
thick films.

The vapour-mediated scheme to control liquid surfaces hardly alters the volumetric
properties of the liquid when the exposure time to vapour is short. Even the surface
tension is restored to its original value after removing alcohol vapour. It is particularly
relevant to such semiconductor manufacturing processes as rinsing (Kern 1990),
cleaning (Reinhardt & Kern 2018) and drying (Mishima et al. 1989; Leenaars et al.
1990), where elimination of contaminants is critical. Furthermore, the scheme can be
used even when the alcohol source and the interface are separated by porous barriers
like membranes (Jin et al. 2012), extending our capability to remotely control fluid
flows in a variety of circumstances.
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Appendix A. Effects of IPA vapour on surface tension change of aqueous liquids

Here we briefly discuss the implications of our experimental observations of the
surface tension change of aqueous liquids owing to IPA vapour in the surrounding
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FIGURE 9. The temporal evolution of the surface tension coefficient of a pendant water
drop with s =20 mm and / = 37 mm. The filled symbols correspond to the continual
supply of IPA vapour from the source as shown in figure 1(a). The open symbols are for
the experiment where IPA vapour is suddenly removed. The removal occurs at (a) #,=10 s
in phase I and (b) ¢, =60 s in phase II.

air. We are focused on the physical reasoning behind the observed phenomena, rather
than rigorous theoretical development of such novel dynamic surface tension, which
calls for a significant amount of future work. Figure 2(b) exhibits two distinct regimes
in the temporal evolution of y;;, of which phase I is our primary interest because it
is relevant to the film dewetting process. But we include the physical reasoning for
phase II as well, which may help us to understand the mechanism working in phase I
more clearly.

Figure 9 shows the effects of the removal of IPA vapour on the temporal evolution
of y1c. As mentioned in § 2.1, the surface tension coefficient is recovered following
the removal of IPA vapour, as shown in figure 9. The results suggest the following
physical picture for surface tension change.

If the bulk mixing of IPA with water is responsible for the change of the surface
tension, the surface tension values measured for a duration of #, under the supply
of IPA vapour correspond roughly to those of the concentration boundary layer,
which reaches the thickness of § ~ (Dyt,)!/?. Here the diffusivity of IPA in water
D; ~ 10 m? s7!, and ¢, = 10 and 60 s in figures 9(a) and 9(b), respectively.
In the absence of IPA vapour in air after time ¢, the IPA concentration in the
boundary layer formed within the spherical periphery should be smoothed out owing
to diffusion into the bulk. The diffusion time scale for such smoothing can be scaled
as 7, ~R*/D;~ 10° s with R~ 107 m being the characteristic radius of the pendant
drop, which is too far from the recovery time scale seen in figure 9.

The change of y;c is then modelled to be caused by the surface concentration
of TIPA, c¢*, which results from a balance between the adsorption rate from the gas
phase and the absorption rate into the liquid bulk. Then c¢*, with the unit of gm™2, is
estimated to follow dc*/dt=J; — J,. Here J; is the net adsorption rate of IPA from
the surrounding gas to unit area of liquid surface, whose magnitude is proportional
to ¢ (Sutherland 1952; Miller, Joos & Fainerman 1994). Here J,, is the net absorption
rate of IPA into the liquid bulk from unit interfacial area, proportional to ¢* when the
bulk concentration of IPA is negligible (Baret 1968; Dukhin, Kretzschmar & Miller
1995). Combining the observations of y;; in phase I of figure 2(b) and figure 9(a)
leads us to speculate that the adsorption (J;) dominates over the absorption (J,) in
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phase I to sustain a continual decrease of ;5. The adsorption of soluble molecules at
the liquid—gas interface is known to occur at a layer of molecular thickness, so-called
subsurface (Eastoe & Dalton 2000). It is likely that hydrophilic hydroxyl groups of
IPA make contact with the water surface while hydrophobic alkyl groups stay in the
air to avoid water, achieving a molecular arrangement similar to that of surfactant
monomers (Shaw 1992). Owing to the dominant effect of the adsorption governed
by the instantaneous IPA vapour concentration, ¢, the somewhat scattered data of
figure 2(b), measured for different times and distances from the source, are collapsed
onto a single curve when y;5/yo is plotted versus c/c, in figure 2(c).

The plateauing behaviour of y;5/vo in phase II of figure 2(b) is supposed to be
caused by the following two facts. First, IPA is highly surface active (Vazquez,
Alvarez & Navaza 1995), which results in a rapid decrease of y;; with a small
amount of IPA vapour initially but rather a mild decrease of y;s afterwards. Second,
for low concentration of IPA in liquid, the equilibrium molar fraction of IPA in air
is much higher than in the liquid (Brunjes & Bogart 1943). Furthermore, the steep
increase of IPA concentration in air causes only a slight increase of IPA concentration
in the liquid. In phase II, therefore, IPA concentration in the subsurface is expected
to hardly change despite continued growth of c/c, in air.

Now we discuss the estimation of y;s in our dewetting experiments. The original
film thickness ranging from ~10 to 100 pm is similar to the concentration boundary
layer thickness in figure 9(a), whose surface tension is governed by the adsorption
of IPA rather than the bulk mixing. In our model, the difference of the liquid—gas
interfacial tension from the inner edge of the ridge to the outer plateau is estimated
as Ay /yo~c/cs~a/r in §3.1. Because the fresh surface is continually generated as
the bulk recedes, the instantaneous value of the interfacial tension upon the surface
generation at the inner edge of the bulk is likely to be dominated by adsorption of IPA
molecules in air with the concentration of c¢. Then the volumetric composition of IPA,
¢y, can be increased through absorption with time. Obtaining the temporal evolution
of ¢, in the inner edge of the bulk needs consideration of the replenishing influx of
uncontaminated liquid from the bulk as well as the diffusive transport of IPA into the
neighbouring bulk and the film, a topic that requires complicated further analysis. Here
we assume the dominant effects of ¢ on y;s associated with the vigorous adsorption
of IPA to the continually generated fresh liquid surface in the inner edge of the bulk
owing to the low concentration of IPA vapour in air during the dewetting experiments
(c/cs < 0.15).
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