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Abstract

On-line optical imaging of continuously thinning planar films in a spin cast configuration reveals the rupture behavior of ultra-thin
films of binary mixtures of a volatile solvent and a nonvolatile solute. The pure solvents completely wet the silica substrates whereas
the solution films rupture at certain film thicknesses, /,pur., Which depend on, co, the initial weighing in solute concentrations.
With small co, Aypure increases proportional to ¢o. With high co, all films rupture at /,,pu. = 50 nm, independent of cy. The
findings can be explained by the solute enrichment during the evaporative thinning. Solute crystallization at the liquid/substrate
interface upon reaching solute supersaturation leads to locally different wetting properties. This induces locally the rupture of the
film as soon as it is sufficiently thin. A proper data rescaling based on this scenario yields a universal rupture behavior of various

different solvent/solute mixtures.
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1. Introduction

A liquid deposited on a solid surface may wet the surface
completely or only partially. As a result it may form a pla-
nar closed film or rupture and form a film with holes, or even
rearrange into individual droplets. The wetting and rupture be-
havior of thin films on planar solid substrates is a permanent
research topic[1-5] not the least because it is of eminent prac-
tical relevance [6—11].

For liquid films thinner than millimeters gravitational forces
can be neglected. Their wetting behavior is determined by the
interactions between the substrate and the film [12—-15]. With
smooth substrate surfaces the interactions depend on the com-
position and state of the film (e.g. its temperature). It depends
also on the film thickness and of the bulk properties of the sub-
strate (e.g. with VAW interactions the disjoining pressure and
its sign).

Typical wetting studies address the relation between all these
parameters and the wetting and film rupture behavior. There
have been experimental studies on the rupture of liquid films
[16-20], as well as thin polymer or thin metal films[21-26].
The film rupture has also been investigated theoretically[27—
30]. In most cases investigated up to now the composition of
the liquid film was kept fixed.

However, in most naturally occurring and industrially ap-
plied cases, in particular with volatile liquid components,
the composition of the liquid changes with time and film
thickness[31]. Aside from the film thickness this constitutional
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change can have a very strong impact on the interactions de-
termining the wetting and rupture behavior. The change in film
composition, for instance, may switch its behaviour from inher-
ently wetting to non-wetting and thus lead to film rupture.

For experimental investigations addressing the impact of the
(changing) film composition on the rupture behaviour the com-
position has to be (continuously) controlled and known while
the wetting and rupture behavior is monitored. In the follow-
ing we will present studies on the wetting/rupture behavior of
continuously thinning liquid planar films consisting of binary
solvent/solute mixtures deposited on smooth planar substrates.
The wetting/rupture properties are investigated by continuously
imaging a small area of the liquid film with reflection optical
microscopy, while the film is continuously thinning due to the
evaporation of the volatile liquid component. At the same time
the nonvolatile solute gets continuously enriched in the thinning
film. Practically the experiments are performed in a spin cast
configuration, where the thinning of the film and the evolution
of its composition is well known [32, 33]. The investigations
show that the film composition affects the wetting and rupture
behavior. The local crystallization of the solute at the interface
leads the formation of holes at these locations if the film is thin
enough so that film rupture is energetically favorable.

2. Methods and Material

2.1. Experimental Setup

The wetting/rupture of the thinning liquid films is investi-
gated in a ”spin cast configuration” by time resolved reflec-
tion microscopy [34-38] as depicted in Figure 1. The micro-
scope setup was implemented with a Axio Scope.A1l Vario from
Zeiss. The images were recorded with a fast CMOS camera
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Figure 1: Experimental setup to investigate the thinning and rupture behavior
of thin planar films of volatile liquids on rotating planar solid substrates. With
volatile liquids and sufficiently thin films, film thinning is dominated by evap-
oration. A small area of the evaporating film is continuously monitored with
time-resolved optical reflection microscopy. Interference effects of the various
parallel planar interfaces of the system cause oscillatory brightness variations.
These are used to measure the overall film thinning behavior. In addition optical
imaging reveals the evolution of local structures such as holes (film rupture).

(EoSense®CL MC1362, Mikrotron GmbH). A blue diode laser
(6 W, 445 nm, LDM-445-6000, LASERTACK) was used for il-
lumination. The laser light was de-speckled by a combination
of a liquid light guide and a rotational diffuser. The samples
were placed on the sample plate of a spin coater within a home-
build environmental chamber to control/adjust the gaseous en-
vironment. The spin coater itself was mounted on a X-Y table
to adjust the sample position relative to the optical microscope.
An optical encoder on the spin coater rotation axis provided a
periodic trigger signal for image recording at fixed rotational
angles. Thus 60 images per rotation could be recorded phase-
locked with the axis rotation. The images were processed and
analyzed by a custom-made image analysis software. In post
processing the frames were rotated and shifted relative to each
other to yield a sequence (movie) of non-rotating images.

2.2. Hydrodynamic-evaporative film thinning

In a spin cast configuration film thinning as well as the
evolution of the solvent composition are meanwhile quantita-
tively well understood for mixtures of non-volatile solutes and
volatile solvents [32, 33]. All thinning films were prepared
and investigated under constant roation speed. A small amount
of liquid (= 200 pl = “excess volume”, see [32, 33]) is de-
posited on the rotating planar substrate. Right after liquid de-
position the interplay of hydrodynamics and viscous forces pla-
narizes the liquid into a flat film [39]. With volatile liquids this
planar film is continuously thinning due to hydrodynamically
driven flow as well as evaporation [40]. Whereas at the begin-
ning, with relatively thick films, the film thinning is dominated
by hydrodynamics, at later stages its thinning is dominated by
evaporation. The crossover between hydrodynamic and evap-
orative film thinning occurs at the so-called transition height
hy[32, 33]:

hi = (E[2K)'" M

(K = ”Spin-Off” coefficient, w = rotational speed, and v =
kinematic viscosity) With typical evaporation rates of £ =

1.5 um/s and typical spin cast parameters of K = w?/(3v) =
5-107° mm~2s~! (w = 1000 rpm, v = 0.65 mm?2/s) h,, is in the
range of a few ym. Therefore, as soon as the films are thinner
than ~ um the time evolution of the film thickness is dominated
by evaporation.

2.3. Film thickness determination and thickness/time resolution

The system of the thinning film on the solid substrate con-
tains several parallel planar interfaces. Under illumination in
the reflection microscopy configuration these interfaces lead to
optical interference effects. As a result the reflected intensity
varies during the film thinning. These intensity variations are
used to determine the liquid film thickness. With the addition of
interference enhancement through artificially grown SiO, lay-
ers on the substrates and image processing (background sub-
traction, oversampling) the liquid film thickness can be deter-
mined with nm resolution [41, 42] (the lateral imaging resolu-
tion is diffraction-limited and in the range of about 500 nm).
With the installed camera (typical frame rate: 1000 s, expo-
sure time for each individual frame < 80 ps) individual im-
ages can be recorded for film thickness increments of typically
nanometers.
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Figure 2: Time resolved imaging data and corresponding time dependent
film thickness curve measured from the hydrodynamic-evaporative thinning of
toluene on a rotating SiO, substrate (w = 1000rpm). The transition height
hy characterizes the transition between the early (hydrodynamic) stage of film
thinning controlled by viscous forces, and the later stage determined by liquid
evaporation. Experiments for this report focus on the very late stages of film
thinning with film heights, /¢, smaller than 100 nm. In this case (hy << hyy)
film thinning is dominated by evaporation.

2.4. Example of a film thinning measurent

Figure 2 shows an example of the hydrodynamic-evaporative
thinning of a film of pure toluene performed in a spin cast
configuration. The imaging of the planar film shows uniform
gray areas with oscillating gray levels as the film is thinning.
The combination of gray level variation, (known) refractive
indices and (known) illumination wavelength yields the film
thinning curve [43]. It is characteristic for the hydrodynamic-
evaporative thinning of a film of a volatile liquid in a spin



cast configuration [32, 33]. It starts with a rapid, non-linear
decrease of the film thickness driven by hydrodynamics. Then
the thinning slows down and eventually it proceeds linearly
until complete drying. During this linear thickness decrease
film thinning is dominated by evaporation. Essentially it
is a planar liquid film on a planar solid substrate, which is
evaporating with a constant evaporation rate E. In particular in
the late stages of the film thinning hydrodynamic effects, such
as lateral shear flow can be neglected.

2.5. Materials

Solvents: Toluene (C,;Hg, Chromasolv Plus for HPLC,
99.9+%), methylcyclohexane (MCH, C,H,,, high purity
99.5%, Sigma-Aldrich), n-nonane (CyH,,, high purity 99.8%,
Sigma-Aldrich), and deionized water (MilliQ).

Solutes: n-Hexatriacontane (C,4H.,, high purity 99.99%,
Sigma-Aldrich), n-triacontane (C;)H,, high purity 99.99%,
Sigma-Aldrich), and NaHCO; (99.7+%).

Substrates: Single sided, polished silicon wafers ((Si(100),
p-dotated, 1 — 30 Qcm, Siegert Wafer, Aachen, Germany)
with an artificially grown oxide layer (wet oxidation) of 50
nm thickness. The wafers were cut into substrates of roughly
2 x 2 cm.

Substrate Cleaning: The substrates were sonicated in a
ultrasonication bath for 5 min each in a sequence of MilliQ ,
ethanol, acetone, ethanol, and MilliQ-water. Then they were
cleaned with piranha solution (3:1 (v/v) - H,SO,/H,0,) for
~ 30 min @ 70 °C. Then they were flushed with copious
amounts of water, sonicated again in MilliQ-water for about
~ 10min and finally stored in MilliQ-water for a maximum of
6 h until use. Directly before use, they were rinsed again with
fresh MilliQ and dry-blown with clean nitrogen (purity 5.0).

3. Concentration and crystallization scenario for planar,
continuously thinning solution films

If the liquid film consists of a mixture of a volatile solvent
and a nonvolatile solute the solvent will evaporate and the so-
lute will continuously get enriched until it remains on the sub-
strate as a final deposit. Because the solvent evaporates with
from the film surface the solute primarily gets enriched near
the surface. However, this local solute enrichment is counter-
balanced by dilution through diffusion away from the surface.
The competition between solute enrichment through the loss
of solvent via E and solute dilution through diffusive transport
quantified through its diffusion constant D can be estimated by
a Sherwood number. The Sherwood number for the largest rel-
evant distance, Sh,,, i.e., on the length scale of a film with the
thickness of the transition height #;, is:

Shy = (E - hy)/D = E*? - 2Ky . D™ )

If Sh,, < 1, even though the solute enrichment primarily oc-
curs near the film surface, diffusive dilution is very efficient
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Figure 3: Schematic of the film thinning behaviour and of the concentration
evolution in the case of a mixture of a volatile solvent and a non-volatile solute
Depicted is the situation for films thinner than the transition height, ;. A
homogeneous vertical solute distribution is assumed during solute enrichment
as result of the continuous solvent evaporation (i.e., Sh; < 1, which is the case
in most practical cases).

and effectively the vertical solute distribution is rather homo-
geneous. If Sk, < 1, i.e. it is small for a film thickness of A, it
is even smaller for thinner films (the distribution within thinner
films is even more homogeneous [32]). Typical Sherwood num-
bers! Sh,, for the various solvent/solute systems investigated in
this report are significantly smaller than 1. Therefore, it can
be assumed that the vertical distribution of the solute remains
rather homogeneous during the entire process of evaporative
film thinning respectively solute enrichment. Assuming contin-
uous homogeneous solute enrichment Figure 3 depicts the es-
sential relations between film thinning, solute enrichment, nu-
cleation and growth as it occurs during spin casting of a mixture
of a volatile solvent and a nonvolatile solute. It shows the film
thickness and the solute concentration as function of the time
between the transition time, ¢,,, and complete drying at ¢t = 7,,4.
As discussed earlier, for hy << h;, the film thickness decreases
due to solvent evaporation approximately linearly with:

h(t)~h, —E-t (3)

At the same time the solute concentration in the film, c(h),
increases with (cp is the weighing in solute concentration):

c(h) = co - (hy/h) “

This means that the solute concentration reaches its satura-
tion value, ¢y, at a film thickness /Ay, (at a time #,,):

hsat =Co- (htr/cmr) (5)

1Sh,r(C36H74/toluene) < 0037, Shy(Cy,Hg,/toluene) < 0.031,
Shi(CygHy )/ MCH < 0.110,  Shy(Cy H,,/nonane) < 0.008 and
Shyy(NaHCO5/H,0) < 0.0003 [44]. Diffusion coefficients D from Stokes-
Einstein-Relation [45]: D = kgT/6mxnRy (kg = Boltzmann coefficient, T =
absolute temperature, 7 = dynamic viscosity, and Ry = radius of spherical par-
ticle, with Ry = +/I2/12 for C;,Hy, and C;H,, as cylindrical molecules with
lengths(/) of ~ 4.6 nm and ~ 5.6 nm).



With a nucleation barrier, right after ¢, the solute concen-
tration will temporarily exceed c,,, until it overcomes the nucle-
ation barrier and the solute starts to crystallize. Then the solute
concentration will decrease to cy,; and remain at this value until
the system gets completely dry.

4. Film rupture heights for mixtures of toluene/C 3 6H7 ” and
H,0/NaHCO,

Figure 4 presents the hole formation (rupture) behavior of
planar films of (a) solutions of C;,H,, in toluene and (b) solu-
tions of NaHCO, in water. The optical imaging shows that after
liquid deposition on the rotating substrate, in both cases and for
all weighing in solute concentrations, ¢y, all solutions first form
a whole, homogeneously planar film. During evaporative thin-
ning all liquid films remain whole as long as they are thicker
than about 50 nm. With thinner films the wetting behavior de-
pends on the solute concentration. Pure solvent films remain
whole during the entire film thinning until all the liquid has
evaporated. Films of solutions form holes and rupture as soon
as they become thinner than a specific film thickness, A.ypure.
This /1,,pmre depends on the solution composition, in particular
on the solute concentration. If the weighing in solute concen-
tration, co, is very 1ow, A,y is rather small. A, ;.. increases
linearly with ¢ until it reaches a maximum rupture thickness of
hyuprure = 50 nm. Upon increasing co further, A, pur. Temains
constant at ~ 50 nm.

The optical investigations during and after the film thinning
as well as AFM studies on the dry samples show that the
hole formation starts at spots, where the solute crystallizes at
the interface between substrate and liquid film. C,H,, forms
the typical dendritic 2-dimensional mono- or multilayer aggre-
gates that are described already in the literature elsewhere [46—
49]. NaHCO, forms small crystals with the typical monoclinic
structure [50]. The crystallization of anorganic salts from evap-
orating aqueous solutions is described elsewhere [51, 52].

5. Film rupture thicknesses for various different binary
mixtures

Figure 5(a) presents the hole formation behavior i.e., the film
rupture thicknesses, Ay pure, of five different solutions as a func-
tion of the solute concentration. All pure solvents wet the sub-
strate completely. As already presented for two solutions in
Figure 4, in all cases h,pur. increases linearly with the solute
concentration, ¢o. As soon as M,y reaches h’r’}l‘;ﬁm ~ 50 nm,
it remains constant, even as ¢ is increased further. The solubil-
ities of the solutes in the different solvents vary considerably.
Accordingly, the transition from the increasing A,puyr. to the
plateau with A}, ~ 50 nm is orders of magnitude different
for different solutions. Figure 5(b) shows the same data in a plot
of hyupure VS. hge. The dashed line shows ., pire = hyo. With
this rescaling all data collapse into one universal behaviour.
Ryupre increases linearly with Ay, up to a maximum value of

R pure and then remains at this value, even if hy, increases
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Figure 4: Rupture behavior of films of (a) mixtures of C;.H,,/toluene (co =
6-10% M) and of (b) NaHCO;/H,0 (co = 0.09 M). The top rows show
examples of images recorded as the films become thinner due to solvent evap-
oration. The cartoons depict the corresponding cross sections through the films
indicating the crystallization of the solute at the substrate/film interface and
the film rupture (hole formation) at this location. The plots show /e, the
film heights at which hole formation is observed/commences, as function of ¢,
the weighing in concentration of the solute. Also shown are AFM images of
the dry solute on the substrates after complete solvent evaporation. Each data
point represents the results of several experiments (errors estimated from rup-
ture statistics and thickness resolution). Different data points at the same co
represent results from different measurement series.

further. Optical imaging reveals that the holes in the film al-
ways develop where solute crystals start to grow at the sub-
strate/liquid interface for the the case when hy, < )y, For
hsar < Mypure sOlute crystals probably grow already as soon
¢ > cyq for films thicker than A7, In this case hole forma-
tion commences as soon as fig, < hypy,,. at locations with so-
lute crystals at the interface between film and substrate. These
scenarios are depicted in the cartoons of Figure 5(b).
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Figure 5: (a) Film rupture (hole formation) thicknesses, hyuprure, as func-
tion of the weighing in solute concentrations, cp, for various solutions:
CyHy, /toluene (coar = 1.8 - 1073 M, hy ~ 5 pm), CyHyy /MCH (Csar =
141072 M,hy ~ 7 wm) (MCH - methylcyclohexane), CycH,,/nonane
(csar = 2.5+ 1072 M, hyy & 3 pm), CyoHy, /toluene (coq = 5.5 - 1072 M, hyy ~
5 um), NaHCO;/water (cgqr = 1.1 M, hyy ~ 3um). The dashed lines show
hgar, the film thicknesses, where the solute concentration reaches its saturation.
(b) Plot of hyyprure as function of hy,,. The dashed line shows hyypure = hsar-
The cartoons show how for Ay, < R solute crystallization and hole for-

ruplure
mation occurs approximately simultaneously, whereas for iy, > A% solute

L | rupture
precipitation occurs before film rupture.

6. Discussion

Figure 5(a) shows that for small solute weighing in concen-
trations, ¢, the rupture film thicknesses, A,ypzre, increase pro-
portional to cy. As soon as fpure & 50 nm, it remains constant
at this value Ay, (independent of ¢p). The linear increase
of Aypure With ¢o and the limit with h;’;‘gm ~ 50 nm is ob-
served for all the various combinations of solutes and solvents
investigated although the transition between the linear increase
and the plateau behavior occurs with ¢y, which are different by
orders of magnitude.

The key to understanding this behaviour is the solute enrich-
ment during the evaporative film thinning in a spin cast configu-
ration, which has recently been analyzed quantitatively[32, 33].
Figure 3 shows qualitatively the increase of the solute concen-
tration as the film becomes thinner due to the solvent evap-
oration. With the setup shown in Figure 1 the evaporation
rates, E, of the various solutions can be measured (Equation
3). Thus, the increase of the solute concentration can be de-
termined (Equation 4) and A, can be calculated. The mea-
surements show that the transition between the range with a
linear increase of /1,,pure & co and the plateau behaviour with
Ryupure = const = h’:}ﬁ,jm occurs in all cases when the solute
concentration within the film reaches its saturation value, ¢y,
at film thickness of 4y ~ 50 nm. Taking this into account the
rupturing behaviors of all the different solutions can be rescaled
and plotted universally as depicted in Figure 5(a).

The time-resolved optical imaging of the films during the
film thinning and rupturing reveals the possible reason for the
hole formation. It appears as if film rupturing always occurs at
locations, where the solute is forming (or has already formed)
crystals at the interface between substrate and liquid film. This
indicates the following film rupture scenario: As soon as the
solute becomes sufficiently supersaturated (i.e., ¢ = ¢y + Oc,
where dc accounts for the extra concentration to overcome the
nucleation barrier) it starts to crystallize. Basically, nucleation
and crystal growth might occur at three different locations: 1.)
at the substrate surface, 2.) within the solution, or 3.) at the film
surface. During nucleation and early crystal growth the crys-
tals are very small and they are not directly visible with optical
microscopy. As soon as they grow to micron size they may be-
come optically visible and their location at this stage indicates
where their nucleation and early growth may have occurred.

Alkanes form quasi-2-D mono- or multilayer domains, which
indeed can be imaged by optical microscopy [46, 47]. For the
alkane solutions investigated for this report, with initial alkane
concentrations substantially lower than the saturation concen-
tration (co < 0.lcgy), we do not observe any alkane domains
before the film ruptures (neither within the solution nor at the
substrate/film or the film/air interface). On the other hand, we
find that the film always ruptures and forms a hole at a spot,
where an alkane domain is attached to the substrate. This do-
main can be seen either already during the widening of the hole
or later on the dry substrate. This is the scenario depicted in Fig.
4(a). It is corroborated by experiments with films of very high
initial alkane concentrations (c¢y > 0.1cy,), which are not the
subject matter of this report, because their thinning behaviour
is fundamentally different to the case described in this report 2.
Nevertheless, films with very high initial alkane concentrations
(0.1csqr < co < 0.9¢44) show the following relevant behaviour:

1.) Occasionally alkane multi-layer domains are observed,
which are attached to the substrate and underneath (i.e., cov-
ered by) a rather thick (>> 100 nm), whole (unruptured)

2With high initial alkane concentrations the liquid film surface becomes on-
dulated, supposedly because of Marangoni flows. These observations are well
beyond the scope of this manuscript (the rupture of the films) and will be the
topic of another report.



alkane/solvent film. As soon as the film on top of the multi-
layer domains becomes sufficiently thin (= 50 nm), it ruptures
at the location of these domains.

2.) Repeatedly alkane domains are observed, which are at-
tached to the film/air interface of a rather thick (>> 100 nm)
alkane/solvent film. The location of these domains can be iden-
tified, because a) they are moving laterally relative to the sub-
strate surface (floating) and b) they visibly distort the film sur-
face in their vicinity. Again, the film ruptures preferentially at
the location of these floating domain as soon as it is thin enough
(= 50 nm).

3.) Very rarely alkane domains are observed, which float
within a thick (>> 100 nm) film. These domains move laterally
relative to the substrate surface without causing a film surface
distortion. This case is so rare that we do not have conclusive
experimental data on how these domains influence film rupture.
It appears as if these floating domains attach to one of the in-
terfaces during film thinning and eventually the film ruptures
as described in the two cases with the domains attached to the
interfaces.

As in the case of the alkane solutions, with solutions of
NaHCO;/water we also never see crystals before film rupture.
And, as in the case of the alkanes, the film always ruptures and
forms a hole at a spot, where we always find (later) optically
(or by AFM) a crystal of NaHCO; (see for example Fig. 4(b)).
This crystal is usually larger than the other crystals in its vicin-
ity (which result from the receding three phase contact line).
With NaHCOj also the three nucleation and growth scenarios at
the three different locations are conceivable, as discussed above
for the alkanes. However, with NaHCO, these cases cannot be
distinguished by optical microscopy in a way as described for
the alkanes, because NaHCO; forms 3-D crystals. Therefore,
as soon as the crystals are large enough to be optically observ-
able, they already are larger (higher) than the thickness of the
film in which they grow.

It should be mentioned that the results of a few selective ex-
periments with aqueous solutions of NaCl agree with the find-
ings obtained with NaHCO; and with the alkanes. By and large,
the observation with the alkane domains agrees with the expec-
tation that the crystallization preferentially commences at the
film/substrate interface, because heterogeneous nucleation at
this interface is more favorable than homogeneous nucleation
within the film or heterogeneous nucleation at the film/air inter-
face [53].

The observations indicate that, if the film is sufficiently thin
(a few tens of nm), film rupture is initiated at a spot, where
the interface between film and substrate is locally modified by
a crystal. The local growth of a crystal effectively changes a)
the local wetting properties and b) it reduces locally the film
thickness. In the case of long chain alkanes, the local crystal
is a flat mono- or multilayer domain, typically only a few nm
thick. Therefore the local film is not much thinner (on the scale
of hyhure) than the film on the substrate without the alkane do-
main and the locally different wetting properties might be more
important than the locally thinner film. It is known that surfaces
of solid long chain alkanes are not wetted by liquid short chain
alkanes, such as nonane ([46, 54-56]). It can be assumed that

they are also not wetted completely by other hydrophobic lig-
uids, such as roluene or methylcyclohexane. Very little is known
about the wettability of anorganic crystals (NaHCO;) by anor-
ganic solute/solvent mixtures (NaHCO;/water), with the so-
lute and the crystals being identical substances. The observed
rapidly retreating contact line of the NaHCO, /water solutions
as soon as the film is thinner than /757, and has ruptured indi-
cates that the NaHCO, /water solutions do not wet completely
substrate surfaces that are (partially) covered by NaHCO; crys-
tals. In any case, with a globally continuously thinning film,
the local non-wetting properties in combination with the locally
thinner film eventually will lead to film rupture either by a spin-
odal [20, 57] or a nucleated process [24, 58].

The wetting behavior of films is affected by VAW interac-
tions and in the non-wetting case film rupture driven by VdW
interactiosn typically occurs for film thicknesses of a few tens
of nanometers. This is what we observe (/;,,,.). This is also
in agreement with the cases of low solute concentrations, when
the films rupture instantaneously as soon as the substrate (lo-
cally) switches from wetting to non-wetting due to the local
growth of a crystal at the interface between film and substrate
(hy < Bpure for low o).

Based on the assumption that VAW interactions drive the film
rupture we performed experiments with different Hamaker con-
stants. We used substrates with oxide layers of different thick-
nesses (natural oxide layers of only ~ 1.5 nm thickness, artifi-
cial oxide layers 50 nm and 100 nm thick). These variations are
part of the data presented in Figures 4 and 5. They are not in-
dicated individually, because there is no systematic correlation
between the variations and the observed behaviour. Aside from
modifications of the substrate surface, the VdW-interactions of
systems with water as solvent should be different to those with
toluene (the refractive indices and thus the Hamaker constants
of both systems are significantly different). Figure 5 shows that
within the errors the results are not sensitive to these variations.
The results with different substrates and solvents do neither sup-
port nor exclude VdW-interactions as main cause for the film
rupture, because the errors for /577, are quite large. Even if
differences in the VdW-interactions had an impact on /57,
this hardly could be derived from the data.

7. Summary and Conclusion

A setup has been designed and implemented to optically im-
age time-resolved the thinning and rupture behaviour of thin
planar films of binary mixtures of a volatile solvent and a non-
volatile solute on planar substrates in a spin cast configuration.
The solutes form crystals as soon as the concentration exceeds
a know saturation value. The focus is on the wetting/rupturing
behavior of very thin films. The thinning behavior and time-
dependent variation of the film composition in the applied spin
cast configuration has been studied and is well-known. At the
very late stages of the spin cast process, hydrodynamic flow
can be neglected. The system is essentially a planar liquid
film, which is thinning due to a constant evaporation rate. It
is observed that depending on the type of solvent/solute mix-
ture and solute concentration the films rupture at certain film



thicknesses. This behaviour is analyzed and discussed in some
detail.

In conclusion, the experimental results and their analysis re-
veal three significant, important, and hitherto unknown find-
ings: 1.) the films rupture if a.) the solute concentration reaches
its saturation value and if b.) the film is as thick or thinner than

a certain film thickness, A7, 2.) The rupture behaviour is

remarkably universal in view of the really very large variation
of initial solute concentrations and different combinations of

solute/solvent, 3.) In all cases A7, has a value somewhere

between more than 10 nm and less than 100 nm. Supposedly
the crystallization of the solute at the film/substrate interface al-
ters locally the wetting properties. This leads to the film rupture

at this location. The value of A7, is an indication and con-

sistent with VdW-interactions as main reason for the film rup-
ture. It can be assumed that such a film rupture behavior occurs
very often. For instance, most natural aqueous solutions con-
tain non-volatile, precipitating/crystallizing components such
as salts. Regarding application, the findings can also be used to
tailor-make solutions to trigger the rupture of evaporating films
at specified thicknesses with specific hole formation scenarios
(e.g. by adjusting how the solute crystallization/precipitation
occurs).
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