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Thin Nematic Films: Metastability And Spinodal Dewetting
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We present new results about the stability of 5CB nematic films spun cast onto silicon wafers.
We observe experimentally the dewetting of thin films while thick ones remain stable. We interpret
this behavior as a competition between elasticity and van der Waals forces. At later stages, the
experimentally observed dewetting instability leads to the formation of structures (islands) which grow
and finally merge to form a film of uniform thickness. We show that the islands’ characteristic size
L(¢) scales as!/? as expected from late stage growth theories. [S0031-9007(99)08781-5]

PACS numbers: 61.30.-v, 05.40.—a, 64.70.Md, 68.45.Gd

Dewetting may occur in thin liquid films because of resulting from the strong coupling of both interfaces,
the high deformability of the liquid-air interface. This significantly affects the dewetting behavior of such films.
has been extensively studied for mainly two reasonsWe report in this Letter on spinodal dewetting occurring
Dewetting may hinder technological applications such asn 5CB nematic films and propose a first quantitative
coatings or lubrication. From a more fundamental pertheoretical interpretation of such a behavior that is specific
spective, a better knowledge of specific interactions into liquid crystals. In the second part, we discuss the
volved during (de-)wetting processes is necessary. Tweelaxation towards equilibrium of initially unstable films:
main mechanisms have been identified as inducing dewethe dewetting instability yields to a formation of islands
ting [1-3]: dry patches nucleation due to material het-which spread and finally coalesce to form a film of
erogeneity (dust, defects), or amplification of thermaluniform thickness. This coalescence process is very
fluctuations at the free surface of the liquid film. The lattersimilar to an Ostwald ripening.
dewetting mechanism is callspinodal dewetting.While Samples of 5CB were purchased from BDH Ltd. and
the stability of thin polymeric liquid films has been largely used without further purification (purity better tha$%).
studied [4,5], little is actually known about the dewetting 5CB exhibits solid, nematic, and isotropic phases. In the
of liquid crystals [6]. Spinodal dewetting has been onlybulk, 5CB molecules associate in dimers. The apparent
recently observed in “soft solid” liquid crystal films [7]. thickness of this bilayer is estimated2® A [13] while the
As far as liquid crystals are concerned, a significant efforindividual molecule length i$8.7 A. As solid substrates,
has been carried out, for the last two decades, to achievevee use silicon wafers (type, dopant P, orientation (100)
precise understanding of the solid/liquid crystal interfacepurchased from Siltronix) bearing a natural oxide layer of
anchoring mechanisms [8], surface-induced orientationa? nm. These substrates are cleaned by an UV-0zone expo-
order [9], and orientational wetting [10] have been and stillsure [14]. Nematic films are spun cast from toluene solu-
are the objects of intensive research. tions at a typical spin rate @40 rad - s~!. The thickness

In previous Letters, we have reported on a detailedf the films (typically tens of nanometers) is controlled by
investigation of the spreading of 5CB nematic dropletsconcentration and spin rate, and measured using ellipsome-
on silicon wafers [11,12]. The anchoring conditionstry. We have used polarized optical microscopy to follow
are antagonist (strong homeotropic anchoring at the frethe dewetting of the nematic films. The microscope is cou-
nematic-air interface and weak planar anchoring close tpled to a video camera which allows one to capture images
the solid surface) and thus induce an elastic distortiorof the dewetting process.
in the film. Ellipsometric profiles of the drops reveal Preliminary observations have been performed at am-
two characteristic thicknesses. The first, belonging to thdient temperatureT{ = 20 = 1°C). A 17 nm thick ne-
molecular scale, corresponds to a trilayer structure (tilteanatic film dewets a few minutes after deposition while a
monolayer bearing a smecticlike bilayer). The second2.8 nm thick film remains stable over days. There is
belongs to the mesoscopic scale (tens of nanometerfflus a strong influence of the initial thickness of the film:
and corresponds to the equilibrium thickness of the dropit seems that thin films are unstable while thicker ones
That previous study allowed us to identify the basicremain stable. To explain this behavior, we propose an
interactions which account for the structure of wettingextension of existing models of dewetting [1—3] by tak-
nematic droplets on silicon wafers. Now, we focus ouring into account the specificity of nematic liquid crystals.
attention on the dewetting of thin 5CB nematic films The central hypothesis of spinodal dewetting models is that
spun cast onto the same surfaces. The inner structuteng-range van der Waals forces induce the amplification
of the film, induced by the boundary conditions andof capillary waves. Our previous study of nematic droplets
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on silicon wafers showed that the elastic distortion, whichand if the Hamaker constantis positive [15] so that the
results from antagonist anchoring conditions, may stabiterm(Kh(i2 - 2Ah4) is negative. This latter condition also
. . o
lize t_h(_e droplet in a metastab_le state. We argue here th%riteshg < h*, where the thickness® is defined as
elasticity may act as a restoring force able to balance van
der Waals forces. Let us callly the initial thickness of B = A 5)
an infinite nematic film on a solid surface. One consid- 27K0?%°
fez;(S:eainotnh(:dlg?sanc?ilggalasrgllFeldt?)f(t)r:g]zﬂ%rs]troaftéheTfrzzefiIilerwe conclude that elasticity renormalizes the Hamaker
thickness a):ta iven (F))int of the free surface ié written as(_:onstant. we can, define an effective Hamaker con-
heet) — h +g o) Ii)n( ). whereg is the wave vector stant: Aeee = A(1 — 3¢). Instability develops ifAq >

x,1) = hy * &o(t)sinlgx), whereq is the wave vector =ty ¢ ritical wave vector, below which fluctuations
of the considered fluctuation. We assume that hg in

order to perform a linear stability analysis. The free enJ"OW and lead to the rupture of the film, can be ex-

. o . Spressed as a function of the effective Hamaker constant:
ergy per unit surface of the nematic film may be written a A

) de =13 7. The fastest growing mode corresponds
1 K6 A mYiho .
F(h) = vst + vio + 2 h 1wkl @D 1o, = f]—: = \/%. The associated time constant

where y,; and vy;,, respectively, represent the surfaceis r = w Taking typical values iy = 30 nm,

tension between the solid and the liquid, and betweenthg,, = 30 mN - m~!, = 0.01 P andA.; = 10720 J),
liquid and the air. The third term in Eq. (1) correspondspne obtainst,, = 30 wm. The order of magnitude of

to the elastic energy [11]X is an elastic constant (in a js the minute. We note that this model properly corre-
one approximation constant), afds the anchoring angle sponds to this preliminary experimental fact: thin nematic
defined as the angle between the normal to the surface afiins dewet while thicker ones remain metastable. In
the director orientation at the solid surface. The anchoringyrder to check further these predictions, we have per-
energy may be included ipy,. We neglect in this study formed complementary experiments.

any coupling between andé [11]. The last term isthe At ambient temperature, 80 nm thick film remains

van der Waals energyA is the Hamaker constant. The stable while dewetting has been observed fot7anm
potential energy per unit volume of the film is written as thick film. This gives an evaluation df*:

oF K6? A * _ o
ep(h) = — ) 17<h"<20nm (T =20=%1°C).

— = —— +
oh 2h? 6mh3’ .
, Tr _ The values £*=20nm, K ~10°'' N and A ~
The deformation of the free surface induces an incom- 520 J) vield to 6 ~ 10! rad. We note that this

pressible viscous flow in the film. We suppose that this,a|ye of ¢ 'is compatible with the assumption of a weak
flow is bidimensional so that the flow velocity is written anchoring at the solid surface. So, a weak elasticity

asv = u(x,z)ux + v(x,z)u,. The dynamic viscosity)  gistortion is sufficient to cancel the destabilizing effect of
of the nematic liquid crystal is supposed to be isotropicyan der Waals forces. It is well known that the nematic
The pressg;e field is given by the Laplace lgwix,1) =  gjastic constant vanishes close to the nematic-to-isotropic
po — Yi(5) = po + viwéog® sin(gx). Then we solve (N/I) transition [16]. The Hamaker constant should not
the Navier-Stokes equations in the lubrication approximavary significantly at the N/I transition. Thus we expect
tion (ghp < 1). Taking into account the following bound- 7* to increase close to the N/I transition ahtl should

ary conditions, no slip at the solid surface€ 0) and no e infinite for isotropic films. In order to check this
tangential stress at the free surfaeg($:),—;, = 0], we  assumption, we have heated &8 nm thick film from

can calculate the flow in the film: the ambient temperature where it remains stable, to a
Eoho z temperature oB3.5 = 0.5 °C close to the N/I transition
u(x,z) = ETY a(q) o 2 |(gz)codgx), (3) (for our samplesTn; = 34.8 = 0.3°C [12]). At this

temperature, the thickness of the filiy (= 42.8 nm) is
£oho z > supposed to be smaller thah. As expected, we observe
6n a(q)<h_0 - 3)(qz) singx), (4 spinodal dewetting. Figure 1 provides a snapshot of

) the early stages of this process. The characteristic length
with a(q) = [viq* + (th — 27fh4)]. Writing the bound-  scale on this picture has been estimatedGqum. The

" T " _ order of magnitude of this estimate is in very good
a_ry condition at _the free |_nte.r;?ocea—’f[ U(x’_z h(.))] agreement with the theoretical prediction. Note that the
gives ﬂ:l? following e%?tlon.g—t  s(g)6o = 0 with observed dewetting pattern is reminiscent of Wilson’s
s(q) = 53 ¢’lywg® + (55 — 3;7)]. Thermal fluctua-  pictures dedicated to the study of the critical point in
tions grow exponentially if(¢g) < 0 while they decay if second order phase transitions [17]. Alf is infinite for
s(g) > 0. Thus the spinodal dewetting of a nematic film isotropic films, they should never be stable whatever
may be initiated for long wavelength fluctuations-& 0)  their initial thickness. Experiment also confirms this

v(x,z) =
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FIG. 2. Snapshot of the islands’ coalescence process:
' ' @t=0s;(b)r=234s; (c)t=126s; (d)r =416s. The
FIG. 1. View of spinodal dewetting of 42.8-nm-thick film initial film thickness is25 nm andT = 25 = 0.5°C. Note
(T =33.5 £0.5°C). This pattern is reminiscent of those that the time origin is arbitrary. One can clearly see in views

observed in spinodal decomposition studies. The image sizé&) and (d) that small islands of high curvature retract. The
is460 um X 460 pm. size of an image 1230 um X 230 pum.

prediction. As a first conclusion, we emphasize thef ctor is introduced to account for a relaxation towards
very good agreement between theoretical predictions ang Uilibrium via a diffusive process. The diffusion coef-
experimental observations. 9 P i

. : ficient D(¢r) may vary in time. Assuming thak(¢) fol-

; Deiwettlnghusuagly ylel?s] to ha polyﬁonal pel;ttern c;f lows & s(cz);\ Iing%aw )\/Ne W DY A?L(t)z( )Then

roplets on the substrate [4]. That is what we observe fo . ' S N

isotropic films. However, the final state can be different{he Binder-Stauffer structure function is written as [19]
for a nematic film. We have observed that spinodal S(k,t) = L(t)*Fgs(x), (7
dewetting leads to the formation of structures (islands here x — kL and Fys(x) — A [1 — exp(—Asx?)]
= BS = Tre Ll — —A3 .

on top of a very thin nematic film. Its thickness cannot

: : ; : have plotted.(r) 2S(k,) as a function ofkL [see
be precisely measured with our ellipsometer which ha /e ;
a limited spatial resolution26 X 200 um?). This film 1¥\|/g. 3(b)]. We observe the collapse of the experimental

; : PRI ; the master curvgss(kL). This validates the
might well be the trilayer which is usually observed in curves on ) >N X 3
this kind of system [11], but we are not able at presentscallngl hypothesis. The plotin Fig. 4(a) displdys)” as

to check this assumption. The thickness of the island function ofl;t;me. Ve obtain a straight line. It suggests
increases until they begin to spread and finally mergelN@t L(1) = /7. This asymptotic growth law is known
A metastable nematic film, whose thickness is uniform,

results from this coalescence process. We have studie (@)
the dynamics of coalescence of the islands. Figure ! &0
provides a view of this process. Assuming that the .
islands’ distribution is isotropic across the film, we have -,
applied a 2D Fourier transform to our images. Figure 3(a3* o
displays a typical radial averaged power specfi@, r). =30 .
The main feature inS(k,r) is the existence of a peak. 3,, N *
Thus we can represent the islands’ distribution by & *t

single time-dependent characteristic length sédle. To 10 *Lave,

determine this characteristic length scale, we fit our dati o

s (b)
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using the Binder-Stauffer structure function [18]: k (a.u.) kL (a.u.)

_ Ay . _ 2 FIG. 3. (a) Radial averaged power specii@, ) as a func-
Slk.1) = L()~2 + k2 {1 — exd—A:DOk" L. (6) tion of k and its fit by the Binder-Stauffer structure function

. . . (dashed line). (b) Test of the scaling hypothesis: experimental
The first Lorentzian factor corresponds to the OrnsteincurvesL(r)2S(kL,t) (with + = 126's; t = 206 s; t = 266 s;

Zernike structure function [19,20], while the second: = 326 s) collapse on the master cur¥gs(kL) (dashed line).
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. (a) (b) uniform thickness while isotropic films finally give an
prak 3 1 array of droplets. During this relaxation process, one
observes the coalescence of islands which have been
3 P 08 formed by the dewetting instability. The characteristic
5 06 . size of the islands scales like!/3 showing that the
o 2 /’ o, rae coalescence regime is very similar to an Ostwald ripening.
g 0.4 e A more systematic study of the first stages of the spinodal
1 ool dewetting process is under way.
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FIG. 4. (a) Characteristic length scale to the power of 3 (in
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