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Pattern Formation in Unstable Thin Liquid Films
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The problem of spontaneous evolution of morphological patterns in thin (,100 nm) unstable liquid
films on homogeneous solid substrates is resolved based on a 3D nonlinear equation of motion. Ini
a small amplitude bicontinuous structure emerges, which either grows and fragments into a collecti
microdroplets (for relatively thinner films), or leads directly to isolated circular holes (for thicker film
which dewet the surface. The characteristics of a pattern, and its pathway of evolution, thus de
crucially on theform of the intermolecular potential in an extended neighborhood of the initial thickne
The linear and 2D nonlinear analyses used hitherto fail completely in prediction of morpholog
patterns, but can predict their length scales rather well. [S0031-9007(98)07349-9]
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The problem of stability and spontaneous pattern fo
mation in thin (,100 nm) fluid films is central to a host of
technological applications (e.g., coatings) and to a dive
sity of physical and biological thin film phenomena (e.g
wetting, adhesion, colloids, membrane morphology).

Like all spinodal processes (e.g., phase separation
incompatible materials), the free surface of an initial
uniform thin film becomes unstable and deforms spo
taneously to engender a microstructure when the seco
derivative of the excess intermolecular free energy (p
unit area) with respect to the (local) film thickness is neg
tive, viz., ≠2DGy≠h2 , 0 [1–4]. Thin film experiments
show a variety of microstructures [5–11] ranging from
microdroplets to holes, as well as a spectrum of bicont
uous structures. However, our current theoretical und
standing of thin film patterns and their relationship to th
surface properties/intermolecular interactions is very rud
mentary, and even misleading, since it is based larg
on the linear stability analysis [1,2], which, e.g., exclude
the possibility of circular holes. The 2D nonlinear simula
tions [3,4] also cannot provide a clue regarding the full 3
morphology of an unstable thin film. The purpose of th
Letter is to uncover the variety of morphological pattern
which can form spontaneously in an unstable film, and t
conditions for the selection of a particular pattern. Com
plete 3D nonlinear simulations for the first time provid
a formalism for correlating the film morphology with the
interfacial interactions and the film thickness, and ma
it possible to directly compare theory and experimen
Among other things, such a formalism will also help ad
dress the inverse problem of characterization of surfa
interactions from the observed morphology.

For simulations, we consider a fairly general exce
intermolecular interaction free energy composed of a
tagonistic (attractive/repulsive) long and (relatively) sho
range interactions [4,12].

DG  2Ay12ph2 1 SP exps2hyld . (1)

When the van der Waals component of the substrate s
face tension exceeds that of the film material, the effe
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tive Hamaker constantA is negative [4,12], signifying a
long range apolar van der Waals repulsion which pr
motes film stability and wetting. This is almost alway
the case for aqueous films and for (relatively) low su
face energy polymers on a majority of substrates, e
silicon wafers, glass, mica [4,10,12]. The shorter ran
non-van der Waals attraction (SP , 0) represents the “hy-
drophobic attraction” [4,10,12] for water (l , 1 10 nm),
as also entropic confinement effects [13] for polym
films due to adsorbed/grafting at the solid-film interfac
(l , Rg). Qualitative variations ofDG and ≠2DGy≠h2

are as shown in Fig. 1. For illustration, a realistic set
parameters are chosen, but based on a large numbe
simulations, we have verified that all of the key morph
logical features (e.g., whether a circular hole forms) d
pend on theform of potential, rather than its magnitude
Finally, the form of potential in the complementary cas
of a long range attraction combined with a strong shor
range repulsion is a special case of potential shown
Fig. 1, when the correlation lengthl is considered to be
large and, thus, the unstable spinodal region (h , hc

where≠2DGy≠h2 , 0) formally extends to infinity (viz.,
hc ! `, instead of about 17 nm as in Fig. 1).

The following nondimensional thin film equation [14]
derived from the Navier-Stokes equations, governs t

FIG. 1. Variations of the free energy per unit are
DG, and force per unit volume,≠2DGy≠h2, with film
thickness. Instability occurs for5.3 , h , 17 nm, where
≠2DGy≠h2 , 0.
© 1998 The American Physical Society 3463
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stability and spatiotemporal evolution of a thin film
subjected to the excess intermolecular interactions (wh
FH  f2ph2yjAjg f≠2DGy≠H2g).

≠Hy≠T 1 = ? fH3=s=2Hdg 2 = ? fH3FH=Hg  0 , (2)

where H sX, Y , T d is the nondimensional local
film thickness scaled with the mean thickness,h; X, Y
coordinates in the plane of substrate are scaled with
characteristic length scale for the van der Waals ca
[4], s2pgyjAjd1y2 h2; and nondimensional timeT is
scaled with s12p2mgh5yA2d; where g and m refer to
film surface tension and viscosity. A renormalized re
time, tN  tsA2y12p2mgd  Th5 can also be defined to
remove the influence of mean film thickness.

The second term of the thin film equation denot
the effect of surface tension for a curved surface, whi
in a 3D geometry may be stabilizing (due to “in
plane” curvature as in 2D cases) or destabilizing (due
transverse curvature as in Raleigh instability of circul
cylinders). The third term describes the effect of exce
intermolecular interactions, which engender instability b
causing flow from thinner to thicker regions in the case
negative “diffusivity,” viz., whenFH , 0.

The linear stability analysis [1,14] of the 3D thin film
Eq. (2) predicts a dominant characteristic length scale
the instability, l  4py

p
2FH , which is the diagonal

length of a unit square cell of lengthL  ly
p

2. In order
pond

)

), (31,
FIG. 2. Different stages of evolution of a pattern in a 16 nm thick film. Gray scale pictures in the first two rows corres
to (from left to right) T  0, 1, 7, 110, 131, 144, 167, 260, 460, and 6000, respectively. Area of each cell is4L2 and
increasing shades of gray (from white to black) represent nondimensional thicknessH in the range of 0.25 (equilibrium thickness
, 0.4 , 1 , 1.07 , 1.5 , 3.64 (maximum thickness). Complete 3D morphology is shown over an area of6.25L2 in the third
row at T  110, 130, 161, and 260. The maximum and minimum thicknesses (in nm) in the 3D pictures are (17, 4), (22, 4
4), and (45, 4).
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to address the problem of pattern selection, we direc
solved the nonlinear thin film equation numerically ove
an area ofnL2 (n  4 or 16), starting with an initial
small amplitude (ø1 Å) random perturbation. A30 3 30
grid (n  4) and a60 3 60 grid (n  16) were found
sufficient when central differencing in space with half nod
interpolation was combined with Gear’s algorithm for tim
marching, which is especially suitable for stiff equations

We found two completely different morphological pat
terns and their sequence of evolution by which (pseud
dewetting can occur, depending on theform of the po-
tential in the neighborhood of the initial film thickness
Figure 2 summarizes the major events in the time evo
tion of patterns in a relatively thick 16 nm film (close to
the critical thickness), which is sufficiently removed from
the location of the minimum in the free energy where r
pulsion becomes important (Fig. 1). The initial random
disturbance is first reorganized into a small amplitude b
continuous pattern on a length scale close tol. This
stage is reminiscent of the linear concentration field
the spinodal decomposition [1]. Long “hills” of the struc
ture undergo some fragmentation, while the “valleys” th
locally to produce largelycircular full thicknessholes sur-
rounded by circular uneven (in height) rims. As expecte
[4] a true dewetting of the substrate, however, does n
occur at the base of these holes (white areas), wher
nearly flat film of thickness close to the location of th
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black)

FIG. 3. Different stages of evolution of pattern in a 7 nm thick film over an area of16L2. Gray scale pictures correspond to
(from left to right) T  0, 0.6, 56, 77, 100, 155, 237, 1334, 1713, and 20000, respectively. The gray scale is (from white to
0.58 (equilibrium thickness), 0.6 , 0.8 , 1 , 2.4 , 4.12 (maximum). 3D morphologies in the third row are shown atT  10,
100, 134, and 1713. In 3D pictures, maximum and minimum thickness (in nm) are (7.5, 6.6), (14, 4), (18, 4), and (26, 4).
-

e
se

-

re-
s.
e
s-

n-
ch
its
l
al
ot
n
of

ir
to

y
t-
ist.
,

ale
expand by the displacement of their (pseudo-) conta
lines. Eventually, a repeated coalescence of holes s
gests rudiments of a polygonal structure in which th
intervening pools of liquid slowly fragment and trans
form into increasingly circular droplets (long time re
sults not shown). Interestingly, a very similar sequen
of morphological evolution (bicontinuous pattern! cir-
cular holes with rims! hole expansion! hole coales-
cence) was also shown [14] by simulations forall thick-
nessesin thin films subjected to only a long range van de
Waalsattraction. This indicates a rather general pathwa
of pattern evolution and dewetting by the formation o
full thickness, isolated holes (viz., air-in-liquid dispersion
whenever the initial mean thickness (viz., liquid phas
concentration) is sufficiently high so that the repulsive in
teractions at the minimum thickness are encountered o
after a considerable growth of the instability. The fo
mation of circular holes is therefore notnecessarilyin-
dicative of “nucleation” by large dust particles, defect
etc. [9], but canalso occur by a spontaneous growth
of surface instability. This explains the experiments
Thiele et al. [10], who observed the formation of circu-
lar holes by spinodal mechanism in evaporating aqueo
films [the form of their potential is identical to Eq. (1)
Fig. 1], since the instability of initially thick evaporating
films is initiated close to the critical thickness.

In contrast to the above scenario, Fig. 3 depicts a d
ferent universal pathway of evolution for relatively thin
(,8 nm in Fig. 1) unstable films which encounter re
pulsion in the early stages of growth. A bicontinuou
structure composed of long hills and valleys persists (wit
ct
ug-
e
-
-
ce

r
y
f
)
e
-

nly
r-

s,

of

us
;

if-

-
s
h-

out the formation of circular holes) until the fragmenta
tion of “hills” directly produces an array of microdroplets
(viz., liquid-in-air dispersion). These droplets becom
increasingly circular due to surface tension and increa
in height due to flow from the “valleys” which thin and
flatten out. The formation of flat equilibrium film (pseudo
contact line) occursafter the formation of isolated droplets.
Thus, in this case, the (pseudo-) dewetting occurs by
traction of droplets, rather than by the expansion of hole
At long times, ripening of the structure continues by th
merger of neighboring droplets due to the Laplace pre
sure induced flow from the smaller to bigger drops. Eve
tually, a truly thermodynamic stable state is reached, whi
is represented by the coexistence of a single drop with
surrounding equilibrium flat thin film or “pseudo-partia
wetting.” The same qualitative pathway of morphologic
evolution was seen in a large number of simulations (n
shown) for all thicknesses to the left of the minimum i
the≠2DGy≠h2 curve, and thicknesses close to the right
it, regardless of the numerical values of the parametersA,
SP , andl which characterize the potential.

Thus, it is the form of the potential which gov-
erns vastly different morphological patterns and the
sequence of evolution (i.e., isolated holes leading
pseudodewettingbefore droplets are formed, or large
amplitude bicontinuous ridges leading to dewetting b
droplets). Therefore, on a chemically (or physically) he
erogeneous substrate, both types of pattern can coex
While the form of the potential selects the morphology
it is the precisemagnitudeof ≠2DGy≠h2 which deter-
mines the actual (dimensional) characteristic length sc
3465
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FIG. 4. Gray scale images of 7, 9, 13, and 16 nm thick film
(pictures 1 to 4, respectively) at the same renormalized re
time, tN  1.9 3 106 nm5. Areas shown are4L2 except for
picture 1, where it is16L2. A continuous linear gray scale
between the minimum and the maximum thickness in ea
picture is used.

of the pattern, as implied by Eq. (2) and its linear analy
sis. Also, a large number of simulations showed th
about three to five drops (or holes) are initially forme
on a substrate area of4L2, which also confirms the ex-
pectation of the linear theory,beforea significant ripening
of drops or hole coalescence occurs. Thus, although
linear theory can be used as a good approximation f
prediction of length scales (or for the prediction of the po
tential, 2FH  16p2yl2 from the observedl), it fails
completely in prediction of the morphological pattern
(holes, bicontinuous ridges, drops, etc).

For a range of intermediate thickness (8–10 nm
Fig. 1), the initial bicontinuous pattern resolves into
mixture of both dropsand (partial thickness) holes in
varying proportions, depending on the distance from th
minimum in the potential (simulations not shown). An
increase in the film thickness from Fig. 3 increases th
relative population of isolated circular depressions of in
creasing depth and increasingly well-formed rims, un
the mature, full thickness holes shown in Fig. 2 are o
tained at higher thicknesses (about 11 nm). Concep
ally, this phenomenon (droplets-in-air! holes-in-liquid)
can be thought of as a transient “morphological phas
inversion” in which liquid film thickness, which is an ana
log of concentration, is the control parameter.

Different pathways and kinetics of pattern evolutio
can produce strikingly different morphologies at the sam
real time in different thickness films, as shown fo
comparison in Fig. 4. Because of a faster evolution
instability in thinner films, formation of droplets in a
7 nm film is already visible at the time when the initia
phase of evolution is proceeding in a 16 nm film, whic
will eventually result in expanding circular holes. Very
similar morphologies have been experimentally observ
previously (Fig. 2 of Zhaoet al. [6]) and in recent
3466
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experiments with PDMS films [9]. Detailed comparison
will be published elsewhere.

An important conclusion is that different morphologie
(isolated circular holes, droplets, bicontinuous) and the
combinations can all be produced by thespinodal de-
composition mechanismdepending on the film thickness
vis-a-visthe location of the minimum in the spinodal pa
rameter. Moreover, all of the three patterns (holes an
drops of varying sizes, bicontinuous ridges, droplets) ca
coexist at a given time, most prominently, on heterog
neous surfaces. This should help in correct interpretati
of thin film experiments, where, in the absence of 3D non
linear results, the linear analysis has widely been used
a guide. Most notably, the latter excludes the possibili
of circular holes and their sequential formation. There
also a way now to correlate thequantitativeaspects of
morphological patterns in thin films with the excess inte
molecular forces and the film thickness by a quantitativ
matching of patterns.

We thank Gunter Reiter for very useful discussions an
suggestions. This work was supported by a grant fro
the Indo-French Centre for the Promotion of Advance
Research/Centre Franco-Indien Pour la Promotion de
Recherche.

Note added in proof.—A recent publication [R. Xie
et al., Phys. Rev. Lett. 81, 1251 (1998)] has reported
dewetting by the formation of droplets in thin polystyren
films similar to the pathway shown in Fig. 3.
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