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External electric fields were used to amplify thermal fluctuations at the interface between two thin
liquid films. Similar to the results shown previously for the enhancement of fluctuations at the
polymer/air interface, interfacial fluctuations having a well-defined wavelength were enhanced with
a characteristic growth rate. A simple theoretical framework to describe the experimental
observations is presented. Both experiment and model calculation show a substantial reduction in
feature size as a result of the change in surface/interfacial energy when going from the thin film to
the bilayer case. Experimentally, features develop nearly 50 times faster for the bilayers in
comparison to the polymer/air case. These results point to a simple route by which the nanoscopic
feature can be easily and rapidly produced or replicated.2001 American Institute of Physics.
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INTRODUCTION Here, the findings of Sclifer et al® are extended to the

Reorganization processes of liquids at interfaces hav&ore general case of a liquid bilayer confined between two
been studied extensively. The dynamic instabilities of thinsolid electrodes. Qualitatively, good agreement is found be-
liquid films induced by long range van der Waals interac-tween the experimental observation and the predictions of
tions, i.e., spinodal dewettingfor example, have been the the extended theory. More generally, the model calculations
subject of many studies theoretic&lf§ and experi- show a means by which electrically induced instabilities can
mentally’~** Spinodal dewetting is characterized by the de-be used to tune the size scale of self-assembled morphologies
velopment of correlated fluctuations at the surface of a liquidrom the micron to the submicron level.
film, ultimately leading to the disruption of the film and dew-
etting. In pommercial applications, where film stability is gypERIMENT
crucial, this is unwanted. However, @ntrolled structure
formation has potential for numerous applications. Miniatur- ~ Figure 1 shows the typical sample configuration used in
ization of these structures into the nanometer range is a déhis study. Thin liquid films of polyisoprené®l) and oligo-
sirable, albeit nontrivial, task. meric styrendOS) were spin coated from toluene solutions

A method to control structure formation at liquid/air in- onto bare and gold-coated silicon wafers, respectively. The
terfaces, where electrostatic forces were used to induce dim thickness was 140 nm. For some experiments, a small
instability at the liquid/air surface of a thin film, was recently air gap was left above the liquid to form liquid/air bilayers.
reported by Sckéer et al'*!® Their calculations indicated In the remaining experiments, the air was replaced with a
that the instability exhibits a well defined lateral wavelength,layer of oligomeric dimethylsiloxan€ODMS), thus forming
which follows a power-law dependence as a function of thea liquid/liquid bilayer. No solvent was used to deposit the
applied electric field. Experimeritst®investigating thin lig- ODMS layer. The overall thickness of the bilayer was nomi-
uid polymer films mounted between parallel capacitor platesially 1 um. Table | summarizes the physical constants of the
with an air gap showed quantitative agreement between exiquid oligomers and polymers. The interfacial tension of
perimental data and predictions. A hexagonal array of cylinOS/ODMS, OS/PI, and PI/ODMS are 6.1, 1.68, and 3.2
ders spanning the gap between the two electrodes was foumalN/m, respectively® The last value was estimated from the
to develop. Similar observations were made by Chou angegmental interaction parametegs of different polymer
co-workerst**> however, under conditions where no exter-pairs, which follow the order xpsppms™ XpiPDMS
nal electric field was applied. > ypyps -8 Thin rails of silicon oxide were evaporated on

top of indium—tin—oxide (ITO)-coated microscope slides
dpermanent address: Department of Chemistry, Harvey Mudd College, CIa(-De”a T_eChnomgles and Fhese slides Were_r_nounte(_j on '.[Op
remont, CA 91711, of the bilayer samples with the ITO and silicon oxide side
PElectronic mail: russell@mail.pse.umass.edu facing downward, as shown in Fig. 1. The separation dis-
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FIG. 1. Sketch of the sample geometry used in the experiments. A bilayer of "z o) ?
two liquids is confined between two solid electrodes: a highly polished '.7’.
silicon wafer(lower electrodgand an ITO coated microscope slilgpper [

electrode. The distance between the two electrodes is controlled by the
height of spacer structuréSiO) evaporated at the edges of the slides on top ™
of the ITO. The temporal evolution of the confined samples under an applied q
electric field is studied by optical microscopy in the reflectance mode. L=

tance between the substrdf& wafen and the upper bound-
ary was thus controlled by the height of the evaporated spac-
ers and was typically 1.0@&m. The samples were placed
under an optical microscope and a small voltdge=20V

for Pl/air, PI/ODMS bilayer experiments ard=50V for
OS/air, OS/ODMS bilayer experimentsvas applied be-
tween the Si substratelectrode 1 and the ITO layeKelec-
trode 2.1° As the ITO-coated substrates do not significantly
absorb light in the visible range, this geometry permitted a
direct observation of the temporal evolution of the thin liquid
films in the electric field.

In the first set of experiments, a layer of Pl was placed
between the electrodes, leaving an air gap of 940 nm. Similar
to th?_expe“mems rep(_)rted recently b)/ _Sffmaet al"lz an FIG. 2. (a) Optical microscopy image of a thin liquid film of polyisoprene;
amplification of fluctuations at the Pl/air interface occurred,(v) optical microscopy image of a bilayer of polyisoprene and oligomeric
ultimately leading to the creation of an array of vertically dimethylsiloxane annealed for 2 days in an electric figid=940 nm,
standing PI columns. A typical image of this morphology e om0 e e of the mages arquepby 607
can be seen in Fig.(d. The average distance between the = greyscale. g y
center of two neighboring columns igdgy_c,)=47.4

t4.4,um_. ) cylindrical structures at the PI/ODMS interface was about 1
The influence of changes iandy of the upper layer on -, nearly 50 times faster than the time needed to produce the
the time and size scales of the evolving structures was inve$sgiumns in the single film case. Additional experiments on

tigated in the second set of experiments. Figui® Bhows  og/air and OS/ODMS bilayers showed essentially the same
the final state of a PI/ODMS bilayer annealed at ambienpenayior, with (deyi_ey)=12.7-2.8um for OS/air and

conditions. A \_/isugl comparison of Figs(._az and _Zb) shows (deyl_oyd = 7.6=2.9um of OS/ODMS.

a clear reduction in length scale, associated with the replace-

ment of air by ODMS. The cylinder structures now exhibit a

typical spacing ofdgy_cy) =20.6+ 1.3um. This spacing is DISCUSSION

about one half that observed in the single film experiments. The central finding of the experiments presented is a

The characteristic times for the growth of the cylinders werereduction of the length scale of dynamical instabilities in-

determined for both the single and bilayers cases by opticaluced by an electric field when the liquid/air interface is

microscopic observations. The time required to produce theeplaced by a liquid/liquid interface. A reasonable starting

first observable features was taken as the characteristic timpoint for the discussion of the dynamical instability is the

It is important to note that the time required to produce thepressure distribution along the interface itself. Similarly to
the case of a thin liquid film mounted between parallel ca-
pacitor plates leaving an air gap,following previous

TABLE |. The physical constants of liquid oligomers and polymer. work?®~??the overall pressure at the interface can be written
as
oS Pl ODMS
7 (mN/m) 39 32 20 p2=p1—712@+p (Ah)+ pgis(Ah) Y
p 25 2.37 2.93 ox* e e
Mn 580 40 000 commercial grade . . L . .
7 (poisd 15 400 0.1 ¢ wherep; is the pressure in mediuithaving thickness; ; the

second term is the Laplace pressure, arising from changes in
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interfacial energy contribution due to changes in the interfa- ~ gAh  9(J;—J,)

cial area,Ah is the local displacement of interface position, ot T 20x O (5b)

peo is the electrostatic pressure, apgs is the disjoining

pressure. Sincé; andh, are large in these studieggs is  which show the relationship of flow within the two layers, a

negligible in comparison tp, and the Laplace pressure and, differential equation describing the dynamic response of the

therefore, will be neglected:** interface is obtained. In the linear approximation, the disper-
To evaluate Eq(1) let the origin of the coordinate sys- sion relation

tem be located at the interface between the liquid layers,

such that at=0 the interface is locatez=0. The system i 1_(—hihp) 9Peq’

. ystem is T 4

bounded az=h, andz=h, (h,<0). Local changes in the 7 3C(p 7 gan

thickness of the layers are given hyh,=h;—Ah and

Ah,=Ah—h,. Therefore, the electric field is given by

(6)

is found whereC(#) contains all terms involving viscosity,
and is given by

EJU
Ei= €1Ah,+e,ANy

(i,j=1,25i#})), (2 Cly)= ﬂ%hg_ 7]1712h1h2(4h§_ 6h1h2+4h§)+ ﬂ%hi
g (_hlhz)alz( 7201 — 71h3) '

The fastest growing wave number, corresponding to the
maximum in Eq.(6), is given by

)

whereU is the applied voltage ané is the dielectric con-
stant of mediumi. For the initial stage of the instability,
when the wavelength of the instabilityis much larger than

Ah, the electrostatic pressure is )2
P Qe 22D (BB (83
— = :
Pei= — €0 €2~ €1)E1Ep, ) " v(eier)

wheree, is the permittivity in a vacuum. It should be noted The fastest growing wavelength is found from

that this scalar approximation of the electrostatic pressure U 1
holds only for the early stages of fluctuation growth, as ) —27/q,.,=27 /%(EIEZ)SM' (8b)
ol€27 €1

treated within the framework of the linear instability analy-

sis. it : : :
o . The characteristic response timg,, is then given b
Similar to the model calculations of Vrf, Brochard P FRax g y
et al®* and Sch#fer et al,'*!3 a linear stability analysis, 3C(7) y1.U% €, ©
: ; ) AT o= .
which assumes small height fluctuations at the liquid/liquid max (—h1h2)3’26(2)(62—61)4(E1E2)3

interface of the formAh(x,t)=Be&%e~!7, will yield the

fastest growing mode of waves in the system. Heris, the  Consequently, 7., IS proportional to y,, as would be
wave numbery ! is the growth rate, anB is the amplitude.  expected” If we wish to compare the liquid—liquid case to
The modulation of the interface gives rise to a pressure grahe liquid—air case presented previously? Eq. (9) can be
dient, which induces a lateral floof material. The detailed rewritten in terms of the fastest growing wave number de-
flow behavior of the coupled system depends strongly on théned in Eq.(8a). By substitution we get

ratio of the viscosities of the two liquids;, r(::md 7,.22%5The ac

quxAﬂ can be _read|ly obtained from1_=_fA1th,1dz and J, P (_é’:]) )qu;]gx (10)
=fh2 vy 2dZ using the boundary conditions V12 12

In the limit of ;< 7, , the instability is dominated by the

nA2=h2) =0, 1y1(2=Ny) =0, vy(2=0)= 14 2(2=0) medium with the higher viscosity. In the case wheje

and =0, e;,=1, andy,,= vy (the surface tension of component 2
the equations reduce to the polymer/air case previously de-

dves  duyp scribed by Schier et al'*!® The model calculations pre-

nldzZ:Ah_ 772dzZ:Ah’ sented describe only one specific cdsemparable to the

experimental conditionsbut it should be noted that other,

where v, ; is the lateral fluid velocity in medium. This 506 general, theoretical developments have been published

yields by otherg®?82° that include cylindrical bilayer configura-
h2 ap tions, gravity contributions, convection effects, and interfa-
— ! N Ah:Ah: cial charge effects.
. 12ni<n1Ah2+nzAhl>{’7JA“'( x ) HAmAmAD ;

A comparison of experimental results to theoretical val-
L[ P N o ues calculated from Ed8b) shows qualitatively good agree-
+3nAhj ( - _x” (i,j=12;i#]j). (4  ment. The model calculations yield,,=32.47um for the
Pl/air interface and 17.27um for the PI/ODMS interface,
Assuming two incompressible liquids coupled by the conti-which can be compared to the experimental values of 47.4
nuity equations and 20.6um, respectively. While experimental values are
slightly higher than those predicted, both theory and experi-
ment show a reduction of the length scale by roughly a factor
of 2. Also, for the OS/air and OS/ODMS experiments, the

93, a3,
ax  oax

(5a)
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now C(#) in terms of a viscosity ratia=»./7,. If h

Ll i .4 =h,=—h,, i.e., the layer thicknesses are equal, apgd

10y _,r"e 1 =7, then
s o 1414 +r2 11
E (M=n—777"—" (13)

i,

If r=0, i.e., 7;=0 (thin film case¢ or ,<7,, thenC(7%)

=17 and A4 reduces to the result shown by Stfea

et al}>for a thin film with air. In the opposite extreme,
=1, i.e., p1=1n,= 17, thenC(%n)=87, representing an ef-
fective eightfold increase in the viscosity. Consequently,
Nmax Would decrease by a small amount ang,, should
increase by a factor of 8. The observation of the 50-fold
reduction in the characteristic time is in disagreement with
this, as seen just by looking at E@). If we compare insta-
bilities with the samey vector, in going from the single layer

to the bilayer caseC(#) increases ang, decreases. From
Eq. (10) it is seen that this should lead to an increase ;.

For the case ofPI/ODMS), C( %) is increased by a factor of
1.01 andvy,, decreases by a factor of 10, yielding a com-
bined increase imr of 14. Now,q increases by a factor of 1.9
or g* increases by a factor of 13.0. Together, these factors
should cancel each other, meaning that the growth rate of the

model calculations and experimental values agree reasonadfjstabilities in the Pl single layer and in the PI/PDMS double
well, giving values of\ y,=13.75 and 12.94m, and 12.7 layers is approximately the sante,,,=0.27 h for the Pl/air
and 7.6um, respectively. case andry,,=0.22 h for the PI/ODMS cageHowever, the

The dependence @, on the dielectric constant differ- time at which features are observed ?n the t_)ilayers case is
ence between the liquids, i.e\e=e;—€,, while keeping nearly 50 times shortgr th_an that seen in the single layer case.
other variables constant, is shown in Figidaished line, left The exact origin of this discrepancy is not knowp at present.
and top axik \ ., diverges at the point where the dielectric However, the arguments presented here are valid qnly for the
constants of the two media are equal, i&g=0. This is early staggs of growth. Late stagg processes, which govern
understandable since the polarizabilities of the liquids ardhe formation of columnsthe experimental observablee-
equal and the electric field does not exert any pressure on tifi/iré @ much more detailed analysis.
liquid/liquid interface. By increasing the difference between
two dielectric constants, a slow decay of the preferred waveSONCLUSIONS

length is observed. However, decreasiyg, significantly is We have extended earlier studies of field-induced struc-
not possible by simply modifying the dielectric constant ortyre formation in single layer liquid films to include the more

increasing the applied voltage—keeping in mind that thegeneral case of a bilayer. Initial experiments show, consistent
static dielectric constants of typical materials range betweeRjith an extended model, a reduction of the characteristic
1 and 80, and that dielectric breakdown defines an uppeength scale of fluctuations at the liquid/liquid interface.

limit for the applied voltage. The solid linéeft and bottom  However, a marked decrease in the time constant was found
axis) of Fig. 3 illustrates a simple route to achieve smallerin contrast to the simple model. Calculations indicate that a

sized structures. These results show the scaling.gkas a  further decrease in the size scale is possible by a reduction of
function of the interface or surface tension. It is seen thainterfacial tension between the two media.

AmaV7Y12- A well-known strategy to reduce;, is by the

addition of a small amount of a diblock copolymer that seg-ACKNOWLEDGMENTS

regates to the liquid/liquid interfac8-32 Similarly one can _
achieve an effective reduction of the surface tension of a This work was funded by the U.S. Department of Energy
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is the dramatic decrease in time required to amplify fluctua- Stichting voor Fundamenteel Onderzoek der Materie

tions. Intuitively, one would expect that the presence of the($§ E.S. and the Deutsche Forschungsgemeinschaft
second viscous medium would slow the growth of quctua—( K.
tions substantially. On the contrary, the opposite is found.

A

iy
1w

Ix-i{] ||I| :
FIMNmM)

1%l 10

FIG. 3. Variation of the instability wavelength,,,, with the dielectric con-
stant differenceAe =¢,—¢,, while keeping all other parameters constant
(hy=940 nm, —h,=140nm,V=20V, &,=1, y=32 mN/m), as predicted
by the model calculation&lashed line, left and top ajisVariation of the
instability wavelength\ ., With 7y, the interfacial tension at the interface
between media 1 and 2, while keeping all other parameters cor$tant
=940 nm,h,=140 nm,V=20V, £,=2.93,¢,=2.37), as predicted by the
model calculationgsolid line, left and bottom axjs The open and solid
diamonds show the measured value(dfy,..,;) and the predicted value of
Nmax. corresponding to Fig.(3) (PI single laye). The open and solid circles
are(deyi.cy)) and X pma corresponding to Fig.(®) (PI/ODMS bilayej.
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