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measured by optical phase interference mi- 
croscopy (9). Films of 80 to 800 nm in overall 
thickness were prepared by spin-casting from 
a mixture of the components at a concentra- 
tion 4 = 0.5 on smooth gold-coated silicon 
wafers. Once cast on the wafers, the films 
were placed under an optical microscope and 
monitored under ambient conditions (23" i 

An alternative pathway for the initiation of dewetting in thin metastable films 1 "C). Composition-depth profiles of the thin 
of partially miscible liquid mixtures is described. In this pathway, phase sep- films were measured with nuclear reaction 
aration is followed by a dewetting process at the interface between the two  analysis (NRA) (10, 11). This technique en- 
phases. Dewetting proceeds (from the sample edges inward) as holes form. The ables the direct measurement of the concen- 
initially smooth fi lm breaks up into droplets at  rates much faster than those tration-depth profile of a deuterated species 
allowed by classical rupture mechanisms. Marangoni f low appears t o  be re- within a nondeuterated environment. In our 
sponsible for the initiation of the flow of the dewetting front, and coupling configuration, the technique yields resolu- 
between the f low in the two  phases leads t o  accelerated hole formation. tions of 10 and -30 nm at the sample surface 

and at a depth of 400 nm, respectively. 
The stability of thin liquid films on top of a Depending on the ratio of the viscosities of Figure 1 shows the thin-film composition- 
solid surface is of importance for applications the two layers, the upper layer deforms the depth profile (as recorded by NRA) of a sym- 
ranging from the lubrication of data storage interface during the dewetting process. Par- metric mixture ( 4  = 0.5) of OEP and dOS at 
devices to microlithographic resist films (1). tial miscibility of the two liquids is expected 0.5 and 4 hours after preparation. The spectrum 
Practical considerations frequently impose to result in a more complicated interplay shows two layers with an interface aligned par- 
the choice of a liquid and a substrate that are between processes of phase separation and allel to the substrate, as expected for demixed 
not fully compatible, and the resulting film is interfacial interactions. coexisting phases in this thickness range (12, 
unstable or metastable with a finite relaxation We report experimental observations that 13). The steady state with respect to composi- 
time. A relevant question is then, How long suggest that thin films of binary mixtures of tion was reached in <30 min. 
will the film retain its integrity before it 
ruptures and dewets? According to theories 
dealing with relaxation processes of the meta- 
stable state (2 ) ,  the answer depends on the 
fastest available route for dewetting. 

For single-component, nonvolatile thin 
films of nonpolar liquids, there are two clas- 
sical dewetting routes: a process whereby van 
der Waals intermolecular forces amplify ther- 
mal fluctuations (often termed "spinodal 
dewetting") and a different pathway through 
which film rupture is induced by substrate 
contamination or imperfections that form nu- 

partially miscible liquids rupture and dewet 
by a very different pathway, associated with 
the growth of a directed dewetting front. In- 
side the miscibility gap, spontaneous phase 
separation into two coexisting liquid phases 
is followed by initiation of a dewetting front 
at the newly formed interface between them. 
The components of our liquid mixture are 
fully deuterated oligomeric styrene (dOS) 
and oligomeric ethylene-propylene (OEP) of 
molecular weights 580 and 2000, respective- 
ly (8).  The viscosities of these Newtonian 
liquids at room temperature were determined 

A typical example of the dewetting pro- 
cess of a thin film (400 nm), of the dOSiOEP 
mixture (Fig. 2) shows that dewetting pro- 
ceeds through an inward advance of a dew- 
etting front. This process is different to what 
is expected (and observed) in the dewetting 
of single-component films. In the system de- 
scribed here, as the dewetting front advances 
from the edges of the sample, hole formation 
occurs in a directed manner, proceeding from 
the edges toward the center, resulting in the 
collection of liquid and the formation of a 
rim. Ahead of this rim, new holes rupture. 

cleated holes (3, 4). In spinodal dewetting, as qdos = 15 poise (P) and qOEp = 50 P, and The area over which fresh holes rupture typ- 
the expectation time for holes to form, T, is the mixture has a (upper) critical temperature ically extends up to a few tenths of a milli- 
predicted to vary strongly with the film thick- of T = 368 K, as estimated from cloud-point meter ahead of the front. At a later time, 
ness h, as T - ho5. Heterogeneous nucleation measurements. Apparent contact angles of 9" depending on film thickness, the thin film is 
is expected to be faster, especially in meta- i 0.5" and 8" 2 0.5" (of an OEP droplet on in a typical intermediate stage, with droplets 
stable films. Investigations (5, 6 )  reveal that a liquid dOS substrate and a dOS droplet on forming at the outer regions of the films 
dewetting of nonvolatile liquids on solid sub- a liquid OEP substrate, respectively) were while the middle area of the sample remains 
strates exhibits the following common fea- 
tures, independent of the instability origin 
that initiates the rupture of holes: (i) Dewet- 
ting is initiated by the formation of round 
holes surrounded by a rim. (ii) The distribu- 
tion of hole sizes over the entire sample at 6 o s  rn 

any given time is nearly monodisperse, which . 
indicates that holes form within a very short 
time window. (iii) The areal density of holes 

. . 
is found to be constant over the entire sample . 
(5). When the substrate is itself an (immisci- *. 
ble) liquid, viscous coupling at the liquid- - 
liquid interface may modify the dewetting 
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processes relative to the solid interface (7). Depth (nm) 

Fig. 1. Composition-depth profiles of dOS/OEP mixtures (A)  0.5 and (B) 4 hours after coating, as 
'Department of Chemical Engineering, Ben-Gurion measured with NRA (10, 17). Although dewetting had already notably progressed in (B), the profile 
University of the Negev, 84105 Beer-sheva, Israel. in the center area of the sample that was not yet dewetted could be measured by focusing the 
2Department of Materials and Interfaces, Weizmann profiling ion beam into that area. Both profiles show a dOS-rich (6 = 0.9) layer close to the air 
Institute o f  Science, 76100 Rehovot, Israel. surface and a dOS-poor ($ = 0.1) Layer below. 
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visually smooth and unperturbed. After - 12 
hours, the entire surface is covered with drop- 
lets (Fig. 2F), with an average diameter that 
decays toward the center of the sample. The 
areal density of holes increases toward the 
center of the sample, and the rate of hole 
formation is much faster than that in single- 
component films of a similar thickness. 

An intermediate stage of the dewetting 
process in a thicker film (800 nm) of the same 
initial composition (Fig. 3A) shows that the 
retracting top layer exposes a lower thin liq- 
uid layer rather than the gold substrate. The 
shape of the propagating front preserves the 
geometry of the sample, and the mean veloc- 
ity of the rim is comparable to the growth 
velocity of the holes themselves (1 kdmin).  

Special attention should be given to the 
rupture of holes ahead of the front (Fig. 3B). 
In Fig. 4, we present the distribution of hole 
diameters as a function of the distance from 
the dewetting front in a sample such as that 
shown in Fig. 3B. In contrast to classical 
schemes of dewetting, where holes of nearly 
equal diameter are spread over the entire 
sample, the mechanism described here exhib- 
its holes of similar diameter only in a narrow 
region of the film. With increasing distance 
from the dewetting front, the average hole 
diameter decreases roughly exponentially. 

Fig. 2. Time evolution 
of the dewetting pro- 
cess of (A) a 400-nm- 
thick ~OSIOEP film 
cast from a 50% solu- 
tion. A dewetting front 
starting at the sample 
edges propagates in- 
ward, leaving droplets 
on the dewetted area. 
Propagation after (8) 
1.5. (C) 3.0, (D) 6.0. (E) 
9.0, and (F) 12 hours. 
The scale of each image 
panel is 1 cm by 1.5 
cm. 

Fig. 3. (A) Intermediate 
stage of the same pro- 1 

cess shown in Fig. 2 in a 1 

sample with twice the 
thickness of the original 
sample. A rim forms at 

The sharp distribution of hole diameters with- 
in a given region indicates that hole rupture 
occurred only during a narrow time window, 
because of the propagation of the front; the 
locus of newly ruptured holes precedes the 
dewetting rim. 

A detailed analysis of dewetting and 
spreading at a liquid-liquid interface was pre- 
sented by Brochard-Wyart and co-workers 
(7, 14) and by Joanny (15). At the limit of a 
high-viscosity subphase, the expected charac- 
teristic rupture time is similar to that of the 
solid-liquid case. At the limit of low viscos- 
ity, dewetting is accelerated by the fluidity of 
the substrate, which allows flow (and thus 
viscous dissipation) in the lower film (7). 
Although the rupture time is predicted to be 
somewhat shorter than that in the case of a 
solid-fluid interface, dewetting is essentially 
still expected to proceed through one of the 
two classical routes. 

The dewetting process described here, 
however, is distinguished by the following 
features: the initiation of the growing dewet- 
ting front at the sample edges, the subsequent 
accelerated rupture of holes ahead of this 
front, and the associated hole growth and 
dewetting. The spin-coating process causes 
the sample edges to differ from the bulk in 
two aspects: (i) The edge acts as a sharp 

discontinuity in the otherwise continuous 
film; a rim of the liquid accumulates at the 
sample edges and forms a region of thicker 
film. (ii) The differences in viscosity and 
solubility of the two fluids in the casting 
solvent lead to enrichment of the rim by the 
lower viscosity component (dOS in this 
case). To decouple the influence of these 
effects, we performed two sets of experi- 
ments. In the first set, we simulated the edge 
effect by creating an elongated rimmed de- 
pression at the center of the smooth film of 
the as-cast mixture to form an artificial thick- 
ness gradient. No new dewetting front was 
initiated at this line. In the second set, a 
macroscopic droplet of dOS was placed at the 
center of a precast film of the symmetric 
dOS/OEP mixture to create a local concen- 
tration gradient. A second dewetting front 
starting from the dOS droplet developed and 
propagated outward with time. It is well 
known (16, 17) that gradients (dyldx) in in- 
terfacial tension y (with distance x), generat- 
ed by composition gradients, can lead to the 
evolution of a Marangoni flow that induces a 
net mass transport in the interfacial plane (as 
illustrated in Fig. 5A). For a weakly curved 
surface, the shear velocity v, of the liquid 
(viscosity q)  from the sample edge in- 
ward may be described by the relation v, = 

(h/2q)(dyldx), which gives an upper limit 
value of 6 p d m i n  (la), comparable to the 
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Fig. 4. Average hole diameter as a function of 
the distance from the dewetting front. To cal- 
culate the average hole diameter, we measured 
all holes within 90-p,m strips. Error bars rep- 
resent the statistical deviation of the hole 
diameters. 

Fig. 5. Schematic model of a possible mecha- 
nism connecting the motion of the liquid rim 
with the accelerated hole rupture ahead of it. 

the 'edges of the re- As the rim begins to  move (A), its flow distorts 
trading dOS film. The the lower film, leading to  a wave of the sub- 
scale of the image is strate liquid forming ahead of the moving drop- 
1.5 cm by 1 cm. (0) A let. This front thins the upper layer [as in (B)], 
sample prepared in an creating a line of "preferred breakup points" 
analogous way to the one presented in F I ~ .  5. The magnltlcatlon IS 10 tlmes greater than that in (A). ahead of the dewetting front. 
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obsemed initial velocity (-3 km:min) of the 
front. Thus, the gradient of chemical potential 
rather than the thickness gradient is respon- 
sible for initiating the growing dewletting 
front. Once the dewetting front advances, one 
urould expect the driving force exerted by the 
Marangoni flow to decay. The front. howev- 
er. continues to move, driven by the reduction 
in free energy associated with progressive 
exposure of the lower layer. 

In Fig. 5B. we schematically show a pos- 
sible mechanism. suggested by the above re- 
sults, connecting the motion of the liquid rim 
with the accelerated hole rupture ahead of it. 
A liquid drop or a rim resting on a liquid 
substrate will deform the contact area be- 
tween the two fluids. As the rim begins to 
move, its flow distorts the lower film and 
leads to a wave of the substrate liquid form- 
ing ahead of the moving droplet. Similarly. a 
droplet spreading on top of another liquid 
leads to the formation of a wave ahead of the 
spreading precursor film. The wave locally 
thins the upper layer to a thickness h < h,,. 
the unperturbed thickness. to form a zone of 
higher rupture probability (recalling that. for 

a spinodal dewetting process. T - h5). This 
mechanism results in a line of "preferred 
breakup points" ahead of the dewetting front 
and qualitatively explains both the directed 
growth and the variation of hole diameters 
shown in Fig. 3. For the case of liquid mix- 
tures. this process represents an alternative 
and more rapid pathway to the classical pro- 
cesses associated with spinodal dewetting or 
with heterogeneous nucleation mechanisms. 
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Salt Tolerance Conferred by 
Overexpression of a Vacuolar 

N~+/H+ Antiport in Arabidopsis 
Maris P. Apse,* Gilad S. Aharon,* Wayne A. Snedden, 

Eduardo Blumwaldt 

Agricultural productivity is severely affected by soil salinity. One possible 
mechanism by which plants could survive salt stress is to compartmentalize 
sodium ions away from the cytosol. Overexpression of a vacuolar Nat/H' 
antiport from Arabidopsis thaliana in Arabidopsis plants promotes sustained 
growth and development in soil watered with up to  200 millimolar sodium 
chloride. This salinity tolerance was correlated with higher-than-normal levels 
of AtNHX7 transcripts, protein, and vacuolar NaL/HL (sodium/proton) antiport 
activity. These results demonstrate the feasibility of engineering salt tolerance 
in plants. 

Salinity stress is one of the most serious factors 
limiting the productivity of agricultural crops. 
The detrimental effects of salt on plants are a 
consequence of both a water deficit resulting in 
osmotic stress and the effects of excess sodium 
ions on critical biochemical processes ( I ) .  In 
order to tolerate high levels of salt, plants 
should be able to utilize ions for osmotic ad- 
justment and internally distribute these ions to 
keep sodium away from the sites of metabo- 
lism (1). Plant cells are structurally well suit- 

ed for the sequestration of ions because of the 
presence of large, membrane-bound kacu- 
oles It has been proposed that in salt-tolerant 
plants. the compartmentatlon of Na- Into 
\acuoles, through the operation of a kacuolar 
Na- H t  antiport, pro\ ~ d e s  an efficient mech- 
anism to akert the deleterious effects of Nat 
in the cytosol and maintains osmotlc balance 
by using Na- (and chloride) accumulated in 
the kacuole to drike uater into the cells (2) 
T h ~ s  Nat H- antiport transports Na- Into the 
kacuole bv using the electrochemical gradient - - 
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and the OS-rich phase aligns at the gold surface. 
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icles froin red beet storage tissue (j) and later in 
various halophytic and salt-tolerant glycophytic 
species (6, 7). Chloride transport into the vac- 
uole is mediated by anion chaimels (8) .  In 
.-lvahrdopslc, a \acuolar chloilde chaimel. At- 
CLCd. slmllar to the yeast Gefl. has been 
cloned (9). The analysis of genes involved in 
cation detoxification in yeast led to the identi- 
fication of a novel Na"H' antiport (Nkxl).  
Nhxl was localized to a prevacuolar compart- 
ment and showed a high degree of amino acid 
sequence similaiity to Na7HL antiports from 
Caenorhab(liti.s ekeguns and humans (NHE6. 
mitochondrial) (10). Recently. the ..lrahiclol~sis 
thrrl~ana genome-sequencing project has al- 
lo~bed for the identification of a plant gene 
(,-lt2VfLYI) homologous to the Sac c lrnr oirr1 t rc 
terellcine \hul gene product (11 13)  Both 
Nhxl and Gefl are localized to the yeast pre- 
\acuolar compartment suggestlng a role for 
this compartment in salt tolerance 0\ ereupres- 
sion of AtVHXl suppresses some of the salt- 
sensitir e phenotypes of the Anhi 1 > east straln 
(13). suggestlng that the plant and the yeast 
gene products might be fi~nctionally similar. 

Af.YHri1 transcripts are found in root. shoot. 
leaf, and flower tissues il I ) .  To determine the 
subcellular localization of AtNHX 1, we iinmu- 
noblotted membrane fractions (14) isolated 
from wild-type plants and plants overexpress- 
ing AtNHXl (1  5 )  with antibodies raised against 
the COOH-terminus of AtNHXl (Fig. 1). A 
protein of an apparent molecular mass of 47 kD 
was detected mainly in the tonoplast- and 
Golgi.!endoplasmic reticulum (ER)-enriched 
fractions, and was more abundant in the trans- 
genic plants. No noticeable cross-reactivity 
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