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We consider two stacked ultrathin layers of different liquids on a solid substrate. Using long-wave theory, we
derive coupled evolution equations for the free liquid-liquid and liquid-gas interfaces. Depending on the
long-range van der Waals forces and the ratio of the layer thicknesses, the system follows different pathways
of dewetting. The instability may be driven by varicose or zigzag modes and leads to film rupture either at the
liquid-gas interface or at the substrate. We predict that the faster layer drives the evolution and may accelerate
the rupture of the slower layer by orders of magnitude, thereby promoting the rupture of rather thick films.
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Instability phenomena in ultrathin soft matter films with coupled long-wave evolution equations for the two interfaces
thicknesses below 100 nm became relevant mainly becauskat are valid for all interface deflections and thickness ratios.
they obstruct the fabrication of homogeneous coatifigs  We show that solely by changing the thickness ratio of the
The interest was further boosted by the possibility to controlayers, one switches between different dominant instability
such processes and to use them to manufacture functionglodes. This leads to drastic changes of the pathway of dew-
layers on the nanometer sc4ig3]. The stability of ultrathin  etting from rupture at the substrate, to rupture at the liquid-
films is dominated by the effect.ive molecular interactions"quid interface(see Fig. 2 below Remarkably, for systems
between the substrate and the film surfgép They repre- — composed of two layers of very different thickness, i.e., with
sent, for instance, long-range van der Waals forces whicer gifferent time scales for the rupture of the individual
increase(decreaspthe pressure in the film if they are attrac- |, a5 the faster layer drives the evolution and accelerates
tive (repulsivg [5]. However, to determine the emerging o o owth of surface modulations of the slower layer by
length scale and pattern for unstable films a study of the film

dynamics is required. Using a film thickness evolution equa_orders of magnitude. We illustrate our results for two-layer

tion obtained by long-wave approximati¢@], the dewetting systems of polystyrendPS and polymethylmetacrylate

of a single layer of liquid is now reasonably well nderstood(PMMA)t with silicon (.Si) or sili_con oxide_(SiO) as sub-
(see Ie.%]. RZ‘U])- quid | W y weltu strates, like those studied experimentally in R¢®s11,15.

However, littie is known about the behavior of two Ve believe our model can be used not only for the de-
stacked ultrathin layers of simple or polymeric liquid on aScription of two-layer experiments with simple or polymeric
solid substratésee Fig. 1. Such a two-layer film allows for liquids, but using an appropriate free-energy functional, also
richer dynamics than a one-layer system, because both tier a liquid film on a substrate with a stable but soft coating
free liquid-liquid and the free liquid-gas interface evolve in alike a polymer brust{18] and, including driving terms, for
coupled way. The evolution is driven by the effective mo-studies of the transport of liquid droplets in liquid-liquid mi-
lecular interactions betweedll the three interfaces separat- crofluidic systemg19].
ing the four material layers: substrate, liqyidiquid,, and Coupled film thickness equationg/e obtain evolution
ambient gas. Although experimental studies investigated thequations for the film thicknessés and h, by simplifying
different aspects of dewetting for two-layer films, like inter- the Navier-Stokes equations employing long-wave approxi-
face instabilities or the growth of hol¢8—15, up to now no  mation[6]. Thereby a no-slip condition at the substrate, the
general theoretical description of the interface dynamics hasontinuity of the velocity field, and the balance of the stress
been giver{16]. The case of small interface deflections wastensors at the liquid-liquid and liquid-gas interfaces, are
investigated in Ref[17] for a thickness of the lower layer,

d;, much larger than that of the upper oft—d,). gas

The most intricate questions for the first stage of dewet-
ting of a two-layer system arehich interface will become
unstable wheredoes the film rupture, andow longwill it
take. This will determine the observability of the instability
and the final morphology of the film. Experiments found a

roughening of the liquid-liquid interfadd 2] or an instability T LSS
of the liquid-gas interfac,15]. Holes that evolve solely in
the upper layer were also studig®]10]. FIG. 1. Geometry of the two-layer system. The mean film thick-

In this Rapid Communication, we derive and analyzenesses of the lower and upper layer dyeandd,—-d;, respectively.
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4 where u, and u, are the viscosities of liquidand liquid,
2 respectively. Note that fod,—d; <d; and for small surface
0 deflections Eqs(1) simplify to those of Ref[17]. Assuming
4 two identical liquids, Egs(l) reduce to the well-known one-
) layer equatiori6].
o To compare with the well-understood one-layer systems,

we nondimensionalize Eqggl) using scales derived from the
upper layer as an effective one-layer system. We scaléh
)\up:47T(d2_d1)2\““‘7T0'2/|A129|, hi with dZ_dlv andt with Tup
FIG. 2. Snapshots from time evolutions of a two-layer film for a:48m-2,u20-2(d2—d1)5/A§2 . The corresponding energy scale
Si-PMMA-PS-air system at dimensionless tinggsunits of 7,,) as is |A |/167-r3(d ~d)2 Tghe ratios of the mean thicknesses
shown in the insetga) At d=1.4 a varicose mode evolves, leading 129 2T . " _ '
O, - surface tensions, and viscosities dred,/d;, =05/ 04, and
to rupture of the upper layer at the liquid-liquid interface. The ratio = 11, 1y, respectively. To compare with the lower layer as
2l 1, :

of the time scales derived from the upper and lower effective onet~ ] . .
layer system s,/ 70, =0.066. (b) At d=2.4 a zigzag mode an effective one-layer system, one introduces in an analo-

evolves and rupture of the lower layer occurs at the substratdOUS way the length scalg,, and time scaleny.
(7upl Tow=34.98. The domain lengths are five times the corre- e simulate the coupled time evolutionlofandh,, Egs.

sponding fastest unstable wavelength ardo=1. (1), in a one-dimensional domain using a semi-implicit time
integration scheme and periodic boundary conditions. Initial

used. Considering an isothermal two-layer system, Whergondltlons consist of flat layers with an imposed noise of

both layer thicknesses are smaller than 100 nm, we neglegtmpl'tUde 0.001. Alternative pathways of dewetting that oc-

. : . cur for different thickness ratiod are presented in Fig. 2
gravity and solely focus on the effective molecular mterac-usin a Si-nolvmethvimethacrvlate-polvstvrene-air system
tion. For simplicity we only regard nonretarded long-range 9 noly y Y POlysty Y

van der Waals forces resulting from dipole-dipole interac-O-PMMA-PS-aiy as an example. Figurgd shows that for

. ) ; . relatively smalld=1.4 the two interfaces start to evolve
tions between apolar materials. However, the inclusion o . . . Lo .

. . deflections that are in antiphase, indicating the dominance of
other forces, like, e.g., short-range polar for¢26€] or slip

boundary conditiong6] (that may be necessary for polymer a varicose mode. When the liquid-gas interface approaches

. . , . . _the liquid-liquid interface the latter starts to move down-
films), is straightforward as for one-layer films. The details ds d d ical eff hi h lead
of the derivation will be presented elsewhere. We obja6j wards due to dynamical effects. This pathway leads to rup-

ture of the upper layer, i.e., at the liquid-gas interface. On the
dhy SF SF contrary, Fig. 2b) shows that for a largedt=2.4 the growing
E =V (QHV . +QV E) deflections of the two interfaces are in phase, indicating the
1 2 dominance of a zigzag mode. As a consequence, here the
lower layer ruptures, i.e., rupture occurs at the substrate.
dhy, Note that in both Figs. @) and 2b), at the moment of
i \4 Q21VE+Q22VE ' @) rupture, the respective nonruptured layer is also in an ad-
vanced stage of its evolution, leading to subsequent rupture.
where 6F/ éh; with i=1,2 denotes functional derivatives of This is remarkable, because their time scales as effective

(a)

the total energy of the system, one-layer systems are 1big. 2a)] and 35 timegFig. 2(b)]
slower than the time scales for the respective fast layer. The

: ) . . 5

F= + dx. 2 ratio of the time scalesyy/ 7o, is proportional to(d—-1),
J[Ps pvwl @ i.e., for a lower layer ten times thicker than the upper one,

) N the rupture time of the lower layer is about 5 orders of mag-
It_contains the densities of the surface energy pitude larger than the one of the upper layer. However, a
=3[01(Vhy)?+0,(Vhy)?] and the energy for the van der simulation for a Si-PMMA-PS-air system witth=10 and
Waals  interaction pyw=-Agis/ (127h3)=Ags/ (12mh)  d,—d;=1 shows that at rupture of the upper layer tat
_Alzg/[lz’ﬂ(hz_hl)z]. The surface tensions; and o, be-  =0.617,,=3.99X 10757, the lower layer already evolved a
long to the liquid-liquid and liquid-gas interface, respec-depression of one-fourth of its thickness. If the lower layer is
tively. Agis, Azis, and Ajpy are four- and three-index Ha- the fast one, the effect also exists, but is less pronounced.

maker constants, with subscripis1, 2, andg referring to In both cases, the acceleration of the rupture of the slower

the substrate, liquid liquid,, and gas, respective[21]. layer is caused by the direct coupling of the layers via the
The symmetric matrix of the positive mobility facto@,  liquid-liquid interface. The fast evolution of the thinner layer

reads deforms the interface and brings the thicker layer beyond the
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zigzag modg for parameters as in Fig. 2; ang3&k) for a SiO-

o . ) . PMMA-PS-air system atl=2.16(solid line) for =1 ando=10.
FIG. 3. Stability diagram for fixed scaled coupllmglthvw

=8712A129/|A129\. Shown are the stability thresho{dolid line) and
the boundary between unstable one- and two-mode regitashed [compare to the time evolution in Fig(@]. Ford>2.3, i.e.,
line). The thin lines represent the trajectories for commonly studiedor smaller thicknesses of the lower layer, the unstable mode
systems(1) Si-PMMA-PS-air,(2) SiO-PMMA-PS-air,(3) SiO-PS-  is an asymmetric zigzag mode. Figure 4 give&) for d
PDMS-air, (4) Si-PS-PDMS-air, ang5) Si-PDMS-PS-air. The Ha- =2 .4 corresponding to the time evolution shown in Fign)2
maker constants were calculated as detailed b¢ik For the fastest mode the zigzag mode is strongly asymmetric,
i.e., the deflection of the liquid-liquid interface dominates the
slow linear stage of its evolution. If the upper layer is thelinear stage of the evolution. Note thétk) and the dominant
driving layer the process is, in addition, dynamically en-mode type depend oo and w, whereas the stabilitgoes
forced because the liquid-liquid interface is “pushed away’not
by the advancing liquid-gas interface. Further on, the simultaneous action of the van der Waals
Linear stability analysisA deeper understanding of the forces between the three interfaces allows for dispersion re-
different pathways can be reached by studying the linear stdations with two maxima. An experimental system showing
bility of the initial flat layers. We linearize Eqsl) for small  this unusual form of3(k) can be realized with a substrate
disturbancesy; exp(Bt)cogkx) for i=1,2, wherek, 8, and that is less polarizable than both layers. This is the case for
x=(x1.x2) are the wave number, growth rate, and ampli-the SiO-PMMA-PS-air systenfi2l1]. A dispersion relation
tudes of the disturbance, respectively. The dispersion relatioshowing maxima of equal height is given fd=2.16 and
B(K) is obtained solving the resulting eigenvalue problemo=10 in Fig. 4. The maxima at small and largeorrespond
[k’Q-E(k)+ Bl 1x=0, whereQ is the scaled mobility matrix to strongly asymmetric zigzag and varicose modes, respec-
and E is derived from the free-energy Eq2) as E; tively. This implies that the largeismalley wavelength will
:f?hih.va+5.j77ik2 (01=1,5,=0, ands;=1 fori=j and zero predomlnantly be seen at the I|qU|Q—anU|d—!|qU|d) inter-
otherwise. The stability threshold shown as a solid line in face[Fig. 5a)]. Increasingdecreasingthe ratio of the sur-
Fig. 3 is determined b¥ for disturbances of infinite wave- face tensions strengthens the smalllargen wavelength.
length, i.e.k=0. The system is linearly stable for

detE >0 andE;; >0 atk=0. (4)

An instability sets in if at least one of the conditio® is
violated. This implies that the two-layer film can be unstable
even if both,ahlhlpvw and I h,Pyw are positive, i.e., if the
effective one-layer systems related to these terms are both
stable.

Fixing the Hamaker constants, i.e., the combination of
materials, and changindj one finds a lingtrajectory) in the
stability diagram(Fig. 3) as shown for a variety of experi- 3
mentally studied systems. Interestingly, for van der Waals =2
interactions calculated as detailed[#1], one can show that 14
such a trajectorgannotcross the stability threshold, i.e., it is 0
not possible to stabilize such a two-layer system by solely 0 0.25 05 0.75
changingd. For instance, for the Si-PMMA-PS-air system © x

the second condition it4) is violated for alld and the sys- FIG. 5. Single snapshots from time evolutions of a SiO-PMMA-
tem is always unstable. At=1, i.e., for a vanishing upper ps_ajr system fod=2.16,x=1, and differenw-. (a) The respective
layer, the system is on the boundary between the one- anglolutions of the two interfaces are dominated by modes of differ-
the two-mode regiongdashed ling For 1<d<2.3 the un-  ent wavelength§o=10,t=3.83. In (b) and (c) the evolution is
stable mode is an asymmetric varicose mode. A correspon@dominated by the liquid-gas and the liquid-liquid interface, respec-
ing dispersion relation3(k) is shown ford=1.4 in Fig. 4 tively (¢=5,t=3.9 ande=100,t=0.52.
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This implies that solely changing by adding an otherwise describe a broad variety of experimentally studied two-layer
passive surfactant, one can switch from an evolution entirelgystemg25]. Linear and nonlinear analysis have shown that
dominated by the liquid-liquid interface to one dominated bythe mobilities have no influence on the stability threshold,
the liquid-gas interface. This illustrates Fig. 5 by single snapbut determine the length and time scales of the dynamics. We
shots from the nonlinear time evolutions for different have shown that for a two-layer systdmothinterface deflec-

To conclude, we have derived coupled evolution equation modes—zigzag and varicose—may be unstable and lead
tions for a thin liquid two-layer film driven by long-range to rupture at the substrate or the liquid-liquid interface. Re-
van der Waals forces. The system represents the most genenaarkably, the faster layer accelerates the evolution of the
form of coupled evolution equations for two conservedslower layer even if the latter is rather thick, implying that its
order-parameter fields in a relaxational situation and is apt toupture time may be shortened by orders of magnitude.
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