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How Does a Thin Wetted Film Dry Up'?
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We study the thinning by evaporation of completely wetted water films on clean mica surfaces
in a pure water vapor environment. In the thickness range from 100 to approximately 1000 A the
thinning is unstable to nucleation of dry patches, and the spreading of these patches invokes a "de-
wetting" of the substrate. The initial process is described by a simple nucleation theory. A number
of hydrodynamic eft'ects and instabilities are also observed at the boundary of the film.

PACS numbers: 68.15.+e, 47.20.Dr, 82.60.Nh

Thermodynamically, the simple process of drying a
thin liquid film from a wetted substrate might be con-
sidered the reversible counterpart to wetting, which en-

joys a broad and well-developed literature [1—3]. In the
case of complete wetting, a saturated condensable vapor
spontaneously forms a uniform continuous film with zero
contact angle on a substrate to which is exposed [4]. If
the vapor pressure is then reduced below saturation, the
film should simply thin. The stability of thin films is
itself an active topic, but the literature concentrates on
rupture of free or nonwetting films [5—10]. Brochard-
Wyart and Daillant [11] have proposed the possibility
that dewetting occurs by the nucleation and spreading
of dry patches in the film even for the case of complete
wetting, though with the restriction to nonvolatile fluid
materials. Here we report experimental results demon-
strating nucleated dewetting, driven by evaporation, of
a thin film of supercooled water from a completely wet-
ted mica substrate. We explain the observations in terms
of a simple classical nucleation model, intended to com-
plement, the hydrodynamic treatment of Ref. [11]. In
essence it is understood as a substrate-mediated boiling
phenomenon in two dimensions.

Two important experimental works on dewetting
[12,13] have followed from Brochard-Wyart and Dail-
lant's theory. In both cases the fluids were nonvolatile
materials on nonwetted substrates. Films were spread
mechanically by dragging or spinning. Such a film is
unstable and would be expected to remove itself sponta-
neously by a nucleation process. Because of conservation
of fluid volume the final stage of the breakup is an ar-
ray of droplets, with some hydrodynamically determined
characteristic size. Measurements of the spreading veloc-
ity of the drying front [12], and the size and spacing of
the final droplets [13],are in agreement with theory. The
theory also treats the case of a wetted substrate, again
conserving Quid volume by restriction to nonvolatile flu-

ids; the film is unstable if its thickness is below a crit-
ical value equal to the ultimate thickness of the film to
which a droplet would spread, the so-called "pancake" of
de Gennes [2].

Our case is entirely complementary to the above. We

study a volatiLe Quid, water, on a completely nettable
substrate of freshly cleaved mica. The experiment is
conducted entirely in a temperature-controlled vacuum
chamber filled with pure water vapor at controllable pres-
sure. A condensing film wets the mica with zero contact
angle. During evaporation, dewetting may nonetheless
occur by nucleation and spreading of dry patches, in-
side of which the film thickness should equal the value
which wouM be reached in an equilibrium adsorption ex-
periment at the imposed subsaturation, typically tens of
angstroms. In the final film-vapor equilibrium, the entire
film should be reduced to this value.

The apparatus consists of two well-insulated copper
chambers with independent temperature control. They
are attached to each other by a tube with a valve, and
individually to a gas handling manifold with double LN2-
trapped mechanical and mercury diffusion pumps. Ice is
condensed into one chamber by distillation from a source
flask of water at room temperature, previously degassed
by repeated pumping and freezing. This provides a va-

por source at constant pressure Pq determined by the
"source" chamber temperature Ti. Inside the second
chamber is a smaller evacuated cell containing a sealed
copper disk sitting on a small thermoelectric cooler. A
precision thermistor sits in a hole drilled near the upper
surface of the disk. On top of the copper disk a thin
plate of mica ( 50 lcm thickness) is attached by means
of graphite-loaded high vacuum grease. The graphite
loading improves the thermal conductivity of the grease
and optically darkens it. We cleave the mica in air im-

mediately before closing the chamber. (A delay here
would permit the development of undesired hydropho-
bicity, which was occasionally observed. ) This whole as-
sembly sits under an optical window in the cover. The
second chamber is held initially at a slightly higher tem-
perature than the source to prevent the formation of ice
on its interior walls. All the measurements reported here
are made with deeply supercooled water, at temperatures
as low as —30 C. This has the eKect of increasing both
the viscosity and the surface tension above their familiar
room temperature values, as well as demonstrating the
cleanliness of the system.
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Condensation is induced on the mica by cooling it. The
vapor pressure Pq equals the saturated vapor pressure
over a bulk quantity (or thick film) of supercooled water
at temperature Tg ( Tq. A liquid film at such a tem-
perature and pressure, on a wettable substrate, is stable
at any bulk thickness. Condensation is induced by cool-
ing below Tz, evaporation by warming above Tg . At the
temperature of the film the imposed vapor pressure Pq
represents a super- or subsaturation, respectively.

Observations are made optically using thin-film inter-
ference with incident light microscopy and monochro-
matic illumination at As ——5896 A.. The image from the
substrate and film is captured by a black-and-white
charge coupled device video camera and recorded onto
video cassettes. When a film of quarter-wavelength opti-
cal thickness appears on the mica, the normal incidence
refiectivity is reduced by destructive interference to its
minimal value. This occurs at a physical thickness of
1107A. Thinner films are resolved by quantitative analy-
sis of intensities and comparison to the squared sinusoidal
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dependence of refiected intensity with thickness.
In Fig. 1 we show a typical pattern of dry patches nu-

cleated from a thinning film. The time interval between
the images is 12 s. In Fig. 2 we show an optical inten-
sity profile taken horizontally across one patch along its
diameter. It is clear that the adjoining film is thicker to
the left of the patch than to the right, yet the shape is
circular; thus the surface tension at the edge dominates
in determining the shape. (In other observations we saw
a uniform thinning film, also with circular dry patches. )
The diameter of the patch grows linearly with time, as
can be seen directly from Fig. 2. The thickness of the
film remote from the expanding patch decreases linearly
in time.

Brochard-Wyart and Daillant make a number of pre-
dictions relevant to the observations reported here. We
address them with caution as we have broken the condi-
tion of conservation of liquid volume. First, they predict
that the rate of increase of the dry patch diameter should
decrease in time as t ~ . This is not borne out by our
observations. All patches analyzed spread with a linear
time dependence until breakup, and within a given run
the velocity was the same from patch to patch. Second,
Fig. 2 of Ref. [11] shows a schematic profile of a broad
rim at the edge of a patch. We observe this rim clearly
However, its shape evolves more quickly than the expan-
sion of the dry patch, in contradiction to the assumption
of Ref. [11]. The rim is apparent in the "wings" around
the patch indicated in the earliest time profiles of our
Fig. 2, and can be seen in the photographs of Fig. 1.
At later times this rim becomes unstable to oscillations
in its thickness, and the abrupt halt to spreading of the
patch coincides with the final collapse of the rim and its
breakup into droplets.
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FIG. 1. A film thinning by evaporation begins to "dewet"
by the nucleation of circular dry patches (a). The patches
spread as the surrounding film thins (b). The rims surround-
ing dry patches thicken, however, leaving a network of unsta-
ble annuli before final evaporation. The sample temperature
is —30.4 'C. The patch indicated by the dark line is analyzed
in Fig. 2.

FIG. 2. An intensity profile through one droplet at
two-second intervals shows the spreading of the dry patch.
The successive curves are ofFset by 0.1 intensity units for clar-
ity. The diameter of the patch increases linearly in time. A
broad "rim" is indicated past the edge of the patch in the two
earliest curves; it collapses rapidly into the edge. Note that
the intensity at the edge of the patch cannot be interpreted
for thickness due to the high curvature there.
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A rich series of hydrodynamic phenomena come into
play at the rim of the patch. When a dry patch first
opens one might expect to see a receding contact angle
connecting the surrounding film smoothly and gradually
to a film of molecular thickness remaining in equilibrium
with the subsaturated vapor pressure. This is not ob-
served. Instead the receding edge disconnects from the
substrate and rolls up quickly into a cylinder many times
the thickness of the film, under the effect of the Laplace
pressure in the highly curved region. Unable to force liq-
uid into the thin viscous film behind, it feeds itself &om
the Glm through which it sweeps, simultaneously losing
mass by evaporation. The toroidal rim, all the while ex-
panding, is then unstable to axial capillary oscillations
leading to its collapse. Figure 3 shows this process in
progress.

We now turn to a thermodynamic treatment of the
nucleation problem in dewetting. An initial film of thick-
ness lo, greater than the range of long-ranged interfa-
cial forces, is in coexistence with the vapor above when
the chemical potentials of the two phases are equal.
The imposition of a chemical potential difference Ap =
pi, —pv ) 0 drives evaporation. At the same Ap, a
film of thickness li is stabilized by a disjoining pressure
characterizing the complete wetting. We write the free
energies:

Gthick = A[lopi. &/+ 0'sr, + ~Lv + f(lo)),
Gthin = A[lrpr, kg + 0'sr, + &r,v + f(li)],

where A is a unit area, pr, is the density of the liquid, a
terms are bulk surface tensions between solid (S), liquid
(L), and vapor (V) phases. We have made the approx-
imation that pr, )& pv. f(l) is the free energy contri-
bution due to interactions across the thin film, for ex-
ample van der Waals forces varying as l s. It is posi-

tive and monotonically decreasing for complete wetting.
The thick film is beyond the range of f(l), i.e. , essen-
tially bulk liquid, so that f(lo) = 0. For the thin film
this term cancels the first term involving Lp, , leaving
Gth;„=A[parsi, + err,v] = Aosv', to give zero spreading
pressure in equilibrium.

A film with a single hole of radius x has the free energy:

Ghole = (A &x ) [loPL+I + &sL + &LV]

+ &x &sv + 2vrx(lo —lr)o'r.v. (3)

The last term represents the cost of creating the extra
surface at the cylindrical wall surrounding the hole. The
free energy difference b,G = Gh~~, —Gth;, k reduces quite
simply to

QG = —n x lo PAP, + 2n x4o Lv. (4}

The critical hole radius and free energy barrier are found
at the point where M G/Bx = 0:

&I,Vx
Pr.&P

7rloo Lv
2

Pr.~P

Note that 2:* is exactly half the radius of the criti-
cal sphere in ordinary three-dimensional nucleation, and
that AG' varies as loo2/Ap rather than o /(6p) [14].
A crossover occurs when the film thickness reaches 8/3
the radius of the critical sphere; in thinner films the ac-
tivation barrier is smaller for the two-dimensional mech-
anism.

We have made a number of quantitative measurements,
the results of which lead to Fig. 4. In order to maintain
constant temperature conditions, a modified procedure
was used for these data. A thick film ( 5000 A) was first
prepared, and then with the communicating valve closed,
the sample temperature was changed to the target value
for evaporation. Dewetting was observed when the valve
was reopened. The relevant numerical data are source
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FIG. 3. Following the rupture of the cohesive edge sur-
rounding a patch, the film continues to "dewet, " leaving a
succession of droplets behind the drying front. Many stages
in the process are visible here. The sample temperature is
—30.0 'C.
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FIG. 4. The number of optically resovable holes nucleated
in a selected region of the surface, as a function of temperature
imbalance AT. The balance temperature T = —15.7'C.
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temperature Ti = —15.7'C, hT ranging from 0.104 to
1.161. Evaporation rates for thick films under such con-
ditions were 200 to 2100 A/sec. For thin films (& 500
A) this rate slowed dramatically, to approximately 1 to
10 A/sec. If the valve is closed during the process the
film rewets, though very slowly compared to the dewet-
ting. Similarly, if Tz is lowered following dewetting, the
film rewets with no advancing contact angle.

We translate the evaporation drive Lp into the exper-
imentally measured temperature diiference between that
at which the thick film does not grow or recede relative
to the imposed vapor pressure, and the actual (warmer)
temperature of the film. Using the chemical potential
of the ideal gas and the Arhhenius dependence of vapor
pressure on temperature, we get his = qbT/T, where

q is the heat of evaporation and T is the balance tem-
perature described above. Extrapolating from standard
tables [15] for q (q = 6.8 x 10 is erg/mol), the critical
hole radius in angstroms x' = 82/b, T and thus ranges
from 790 to 71 A.

Figure 4 shows the number of holes sufficiently large to
be resolved optically which nucleated in a selected region
of the surface, approximately 5 mmz in area, plotted vs

I/6T. The dependence is clearly activated. However,
our inability to detect holes of a size comparable to z*
makes it impossible to determine a meaningful activation
energy. There is little direct evidence for heterogeneous
nucleation by defects or impurities since we only rarely
observed patches nucleating repeatedly in the same po-
sitions.

In summary, we have presented experimental evidence
of nucleated dewetting of volatile water films on a sub-
strate which has been completely wetted by direct va-

por adsorption. The nucleation of holes in the film is
modeled as a substrate-mediated boiling. Connection has
been made with nucleated dewetting of nonvolatile, non-

wetting films, where the departure from equilibrium is

imposed by the initial film geometry rather than the ex-
ternally variable evaporation drive. There is also a quali-
tative similarity to the nucleated thick-thin transition in
Newton black films [16]. The system displays a richness

of hydrodynamic effects and instabilities which we will
discuss at greater length in future publications.
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