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Ultrathin liquid films under alternating intermolecular potential fields
and capillary force

Kahp Y. Suh and Hong H. Leea)

School of Chemical Engineering and Nanoelectronics Institute, Seoul National University, Seoul,
151-742, Korea

~Received 1 April 2002; accepted 2 July 2002!

A unique experimental system is devised that reveals the interplay among capillary force and
alternating intermolecular forces. As a consequence of the interplay, untrathin~,10 nm! liquid
films, which invariably experience dewetting, can be made stable, leading to a smooth and dropless
minimum-potential surface. Theory and experiment show that the film thickness is,1 nm when the
film recedes in spite of the capillarity and it is,3 nm when it rises into a cavity. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1502653#
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I. INTRODUCTION

Thermal stability of thin liquid films on solid substrate
has been extensively studied in recent years, b
experimentally1–8 and theoretically9–13 due to its technologi-
cal importance and scientific interest. The thermodyna
stability of the film is directly related to the sign of the se
ond derivative of the free energy across the substrate–fi
air system, which is given by14

DG52
Aeff

12ph0
2 , ~1!

whereDG is the excess free energy of the layer,Aeff is the
effective Hamaker constant for the van der Waals inter
tions of the film with the surrounding media, andh0 is the
initial film thickness. In some cases,]2DG/]h2 is negative
such that the film is unstable and ruptures, resulting in rou
ened or droplet structures on the surface.

There are two competing factors that dominate the th
modynamic and kinetic behavior of dewetting: One is t
intermolecular forces, which activate the dewetting (Aeff

.0) and the other the surface tension, which suppresses
dewetting. As a result, the dewetting process is determi
by the balance between these two contributions, on wh
most of the literature have focused.1–13

Introducing capillarity into the picture has the signi
cance of altering the balance between intermolecular fo
and surface energy and of shifting the focus from undesira
dewetting to stable ultrathin film formation. Ordinaril
Laplace pressure (PL) overwhelms disjoining pressure (PD)
when microcapillaries are used. For example,PL is
103– 104 (N/m2) and PD is 101– 102 (N/m2) for the film
several tens of nanometers thick even when the cavity siz
on the order of micrometer. Therefore, the film should
thinner than 10 nm to clearly elucidate the interplay betwe
Laplace and disjoining pressures.
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Another notable concept here is the introduction and
alization of alternating intermolecular potential fields, whi
can be made competitive or cooperative although the c
petition is used in this work.

In this paper, we report a novel experimental method t
can reveal the interplay among the capillary force and
intermolecular forces. Another unique feature of our expe
ment is the competition between two alternating interm
lecular potential fields imposed on the liquid film. As a co
sequence of the interplay, a smooth and dropless sur
layer forms that corresponds to the minimum of interfac
potential of the film instead of the common dewetting.
explain the rise or fall of the film in the cavity and the fo
mation of the minimum-potential surface~MPS!, we con-
struct the effective potential for the film.

II. EXPERIMENTAL METHOD

For the experimental setup, we used a technique ca
‘‘Capillary Force Lithography~CFL!.’’ 15 When an elasto-
meric mold such as polydimethylsiloxane~PDMS! with a
desired pattern is placed on a solid film surface and hea
above the melting temperature, capillary force allows the
uid film to fill up the void space of the channels forme
between the mold and the film, thereby generating a nega
replica of the mold.

We fabricated PDMS~Sylgard 184, Dow Corning!
molds that have a planar surface with recessed pattern
casting PDMS against a complementary relief structure p
pared by photolithographic method.16 Line-and-space pat
terns~150 nm–3mm! with various step heights~25–550 nm!
were used in our experiment. Silicon dioxide wafer that w
used as a substrate was cleaned by ultrasonic treatme
trichloroethylene and methanol for 5 min each and dried
nitrogen. The substrate was then dipped in an octa
canethiol ~ODT, CH3– (CH2)17– SH!/ethanol solution~0.1
g/50 ml! for 5 min to 1 h.

The mold with the pattern was placed on the surface
the as-formed ODT~Aldrich, 98%! layer and then heated
well above the melting temperature~31–35 °C! of ODT to
150 °C for 24 h. Schematic diagram of the experimental p
il:
6 © 2002 American Institute of Physics
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6267J. Chem. Phys., Vol. 117, No. 13, 1 October 2002 Liquid films under alternating intermolecular potentials
cedure is shown in Fig. 1~a!. The film thickness was mea
sured by elipsometry and confirmed by scratching exp
ment. The surface of the physisorbed ODT layer is qu
rough. However, a considerable amount of ODT film is i
mediately absorbed into the PDMS mold when the mold
placed on the surface. As there are weak interactions betw
the substrate and the liquid film, an ultrathin film~,10 nm!
always remains on the surface. It is noted that after the
sorption, the film thickness decreases drastically and ‘‘s
flattens.’’ To examine the surface structure, atomic force
croscopy ~AFM! measurements were made with
Nanoscope IIIa~Digital Instrument!, operated in the tapping
mode.

III. RESULTS AND DISCUSSION

In this study, we chose ODT as a liquid film because i
solid at room temperature and has a low melting tempera

FIG. 1. ~a! Schematic diagram of the experimental procedure where
thickness of the ODT layer is exaggerated for better illustration. Not that
film gets thinner and self-flattens due to the absorption of ODT into
mold. ~b! Illustration of the capillary and intermolecular forces acting at t
wall and through the multilayer@boxed square in Fig. 1~a!#.
Downloaded 13 Sep 2002 to 18.42.2.210. Redistribution subject to AIP
i-
e
-
s
en

b-
f-
i-

s
re

~31–35 °C!, which helps analyze the surface at ambient e
vironment. For comparison purposes, we have also app
the system to a low molecular weight polymer such as po
styrene (MW53900) and observed similar results. Wi
such a polymer, it is very difficult to prepare untrathin un
form films ~,10 nm! on a large area and the polymer is ve
unstable along the channel direction, making it unsuitable
simple analysis. Although ODT has not been studied muc
dewetting experiments, it is an inert liquid and has lit
chemical interactions with the SiO2 substrate.

Figure 2 shows typical morphologies of the dewett
patterns for an ODT film 3.7 nm thick when a flat mold
used. The pattern of the surface outside the area conta
with the mold is shown in Fig. 2~a!, which results from iso-
tropic dewetting and is clearly characterized by a sin
length-scale. The inset shows a Fourier transform of the
age. The well-defined ring indicates the existence of a ch
acteristic length-scale, while the radial symmetry of t
transform confirms the isotropy of the dewetted pattern
similar morphology is observed for the surface that is
contact with the mold in Fig. 2~b!. In this case, the surface i
a little rough and is characterized by a longer length sc
than in Fig. 2~a! as shown by the Fourier transform image
the inset. The height@Fig. 2~c!# and phase@Fig. 2~d!# images
of the scratched surface confirm the accuracy of the fi
thickness. From the results, we can conclude that the O
layer is thermodynamically unstable with respect to the s
strate and the PDMS mold.

Figure 3 shows the AFM images of a 3.7 nm ODT fil
for ~a! 500 nm line/1200 nm space and~b! 150 nm line/650
nm space patterns. The depth of the mold cavities is 97
for ~a! and 27 nm for~b!, respectively. As shown in the
figure, contrasting behavior is observed depending on
channel width. For a relatively large channel width~500 nm!
shown in Fig. 3~a!, the film under the void of the channe
recedes, thus leading to a thickness difference of about
nm between the recessed region~valley! and the adjacen
region that was in contact with the mold. Two separate m
nisci are localized at both walls of the void channel with
height of about 5.8 nm from the baseline. Therefore,
thickness of the film remaining on the valley region can
estimated to be about 0.9 nm, which gives about 3.0
thick film on the region that was in contact with the mold

To confirm the presence of ODT on the patterned s
face, infrared spectroscopy~IR! measurements were mad
several times for the flat, adjacent regions contacted by
mold. After detecting three CH2 peaks at 2850–3000 cm21,
which is typical of ODT material, and analyzing the AFM
cross-sectional profiles, we were led to the conclusion t
ODT is present everywhere on the surface.

Due to the self-flattening by the PDMS mold, the roug
ness of the flat region is,0.5 nm, which is quite smalle
than the reported value of;3 nm for octadecyltrichlorosi-
lane ~OTS! on a silicon oxide substrate annealed for 5 h at
150 °C.17

On the other hand, the film fills the cavity of the mold
a thickness of about 5.4 nm for a relatively small chan
width ~150 nm! as shown in Fig. 3~b!, which results from
capillary rise. About 2.7 nm thick film remains on the su
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FIG. 2. Typical morphology (1mm
31 mm) of the dewetted pattern of the
surface that is not in contact with the
mold ~a! and that in contact with the
mold ~b!. A flat mold is used here. The
height scale bar for~a! and~b! is 4 nm.
The inset shows Fourier transform im
ages for each figure. The height~c!
and phase~d! images of the scratched
surface are also given to show film
thickness. The samples were anneal
at 150 °C for 24 hrs.
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Figure 4 shows the relative height of the film within th

channel with respect to the initial film thickness as a funct
of the channel width. All the values were obtained from t
cross-sectional profiles of AFM images. The value of t
relative height is negative when the film has receded towa
the substrate. As seen in the figure, the behavior of the
clearly depends on the channel width. We did not observe
capillary rise for the channel width larger than about 1mm,
for which the film always recedes. This is due to the fact t
it is very difficult to prepare thicker films~@10 nm! because
of absorption of the liquid into the mold in contact.

In short, our system can be viewed as a simple system
which two competing forces exist within the channel co
finement: one is the Laplace pressure, or capillary force,
first derivative of which is negative so that it is stabilizin
and the other is the intermolecular force, the first derivat
of which is positive (Aeff.0) so that it is destabilizing. The
negative Laplace pressure is forced to equilibrate with
positive disjoining pressure, thus making the film stable e
at the film thickness,10 nm.

Although our system is qualitatively well described b
this simple picture, it is not clear how the two forces co
pete with each other quantitatively. In order to explain t
behavior of the ultrathin liquid film in microcapillaries i
more detail, we start with an effective free energy express
for the receding case in the unit structure shown in Fig. 1~b!.
Downloaded 13 Sep 2002 to 18.42.2.210. Redistribution subject to AIP
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The energy can be written as the sum of two components
the line and the space,

f5f11nf25
C1

h1
82

A1

12ph1
22

Dh

L
g cosu

1nS C2

h2
82

A2

12ph2
2D , ~2!

wheren is the ratio of the width of the space to that of th
line, h1 (A1) andh2 (A2) are the film thicknesses~Hamaker
constants! under the channel and the space@see Fig. 1~a!#, Ci8
( i 51,2) are the corresponding repulsion constants, res
tively, Dh (5hw2h0) is the capillary rise,hw being the
meniscus height at the wall,L is the half-channel width,g is
the surface tension of the liquid, andu is the contact angle
Instead of the exponential repulsion term, we chose
Lennard-Jones-type repulsion term.8 As the Hamaker con-
stant for the layered structure is readily given by the in
vidual Hamaker constants by mixing rule, there results18

A15~AASiO2
2AAODT!~AAair2AAODT!, ~3!

A25~AASiO2
2AAODT!~AAPDMS2AAODT!. ~4!

From the literature,ASiO2
52.2310220 (J),8,18 AODT56.0

310220 (J),18 APDMS55.2310220 (J),19 andAair50, which
givesA152.37310220 (J) andA251.53310221 (J). From
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Planar (5mm35 mm) and
cross-sectional views of the AFM im-
ages for ~a! 500 nm line/1200 nm
space and~b! 150 nm line/650 nm
space patterns. The solid line in th
figure indicates the original film
height. The samples were prepared b
the same conditions as in Fig. 2.
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the cross-sectional images in Fig. 3~a! and those for larger
channel widths, the contact angle at the ODT–PDMS in
face can be estimated to be about 85°. To determine
values ofCi , f i ( i 51,2) can be minimized with respect t
hi . Then the values ofCi can be obtained from the resultin
equations with the experimentally measured values ofh1,min

in Fig. 3 ~h1,min50.9 nm andh2,min53.0 nm!. The values thus
obtained are C158.35310277 (J m6) and C257.4
310275 (J m6).

For the rising case, the free energy can be written i
similar form as in Eq.~2! except thatDh is h12h0 . The
thickness of the film under the void of the mold,h1 , and that
of the film in contact with the mold,h2 , as effected by the

FIG. 4. Relative height of the film within the channel with respect to
initial film thickness as a function of the channel width. The value is ne
tive when the film has receded towards the substrate.
Downloaded 13 Sep 2002 to 18.42.2.210. Redistribution subject to AIP
r-
he

a

capillarity can be determined from Eq.~2! with the aid of the
following mass balance for the unit structure of interest@Fig.
1~b!#:

h11nh25~n11!h0 . ~5!

Minimization with respect toh2 , noting that ]h11n]h2

50, gives

g

L
cosu5

A1

6ph1
32

A2

6ph2
3 1

8C2

h2
9 . ~6!

In Eq. ~6!, we neglect the repulsion term inf1 sinceh1 is
considerably larger thanh2 due to capillarity. Shown in Fig.
5 are the plots of Eq.~6! rearranged with Eq.~5! for the
solution of the equilibrium heighth2 with C2 determined
earlier. The plots are given as a function of the initial fil
thicknessh0 ~5.3, 6.5, and 7.7 nm! for the 500 nm line/1200
nm space pattern (n52.4). As apparent from Fig. 5, ther
are two solutions ofh2 . However, one of the two solution
gives a value higher than the initial film thickness, which
physically unrealistic, yielding only one solution forh2 .
Shown in the inset of the figure is the comparison betwe
the predicted maximum capillary rise (h12h0), and the ex-
perimental values for various initial film thicknesses. T
comparison shows that the predicted maximum height is
satisfactory agreement with the observed value. Accordin
the theory, the equilibrium height ofh2 (h2,min) is about 2.5
nm regardless of the initial film thickness and the chan
width ~see Fig. 5!. However, our experiment shows that
film layer of 2.5–2.9 nm remains on the surface depend
on the individual experimental conditions. Considering t
nonidealities that may exist in the experiment, the predic
value of h2,min is in good agreement with the experiment
data.
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One notable finding here is that a smooth and drop
MPS forms in the channel region for the recessed cas
shown in Fig. 3~a!. Without the capillarity, the conventiona
spinodal morphology would result as shown in Fig. 2~a!. We
attribute the origin to the interplay among the Laplace a
intermolecular forces. As the capillarity acts as a mass s
in drawing mass from the surface, drops do not form a
spinodal-like perturbations are suppressed. Once the MP
completed, the force balance between the Laplace and i
molecular contributions makes the system very stable, t
leading to the flat structure under the channel. While th
has been no result reported on the formation of ultrat
liquid films that are stable, there have been several stu
reported for the stability of thin polymer films, involving th
use of grafting20–22 and nanoparticles.23 However, the film
thickness is on the order of 100 nm, whereas the thicknes
the stable film in this study is on the order of 1 nm.

Another notable finding is that the capillary force mod
fies the interfacial potential. Figure 6 shows the potentials
the PDMS/ODT/SiO2 structure~without capillarity! and for
the unit structure shown in Fig. 1~b! ~with capillarity! as a
function ofh2 . When the capillarity is not involved, the film
thickness corresponding to the minimum potential is 3.0
as shown in Fig. 3~b!. On the other hand, the value decreas
to 2.5 nm when the capillarity comes into play. In oth
words, the capillarity plays a role as an attraction term,
sulting in an effective decrease in the thickness of
minimum-potential layer.

IV. SUMMARY

We have shown for the first time that ultrathin~,10 nm!
liquid films can be made stable even at temperatures m
higher than the melting temperature by introducing Lapla
pressure. With the capillarity providing a mass sink, the b
ance between the Laplace pressure and the intermole
forces makes the system stable, leading to a smooth
dropless surface. The alternating intermolecular poten

FIG. 5. Determination of the equilibrium film thickness,h2 (h2,min), for the
500 nm line/1200 nm space pattern for three initial film thicknesses~h0

55.3, 6.5, and 7.7 nm! when the film rises into the cavity. The inset com
pares the height of the capillary rise (h12h0) between the theory and th
experiment.
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fields drive the film thickness down to a level correspond
to the minimum of the interfacial potential of the film. W
have constructed effective potential diagrams when two
ternating intermolecular forces come into play. It is show
that the capillarity gives rise to an effective decrease in
thickness of MPS. As a result, sub-1 nm films can be m
that is stable and smooth. This result would open the doo
utilization of pseudo physical ‘‘monolayer’’ as opposed
the chemical monolayer that has been the centerpiece
self-assembly since the physical monolayer can also ha
functional group at the end of the molecule.
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