
© 1999 Macmillan Magazines Ltd

letters to nature

794 NATURE | VOL 402 | 16 DECEMBER 1999 | www.nature.com

in a non-diffusing state in a static matrix. With increasing tem-
perature, the onset of diffusive motions causes the linewidth to fall
towards values characteristic of a ¯uid liquid. In a simple lithium
compound, this line narrowing would take place just below the
melting point. In contrast, two distinct steps as a function of
increasing temperature are observed in Fig. 5. The higher-temperature
step corresponds to the melting transition in P12. The much larger
line-narrowing event takes place around -20 8C and is complete by
0 8C, well below the melting point of the compound. The diffusive
motions causing line narrowing could involve the lithium ion itself
or its immediate neighbours. Line narrowing therefore does not
offer conclusive proof of lithium ion motion below the melting
point. However, in combination with the observation that the
addition of the lithium ion dopant, along with an anion which is
common to the matrix, produces a 50-fold increase in conductivity
without altering the phase behaviour of the material, it appears
likely that it is lithium ion motion which is responsible for both the
NMR line narrowing and the increased conductivity. Conduction
thus being substantially due to the Li+ ion alone is in stark contrast
to polymer electrolyte materials in which lithium ion motion makes
up only a small (,20%) fraction of the ion conductivity2.

The doped P1x materials we report here can be classi®ed as fast ion
conductors on the basis of the high conductivities observed in a
crystalline lattice. These crystalline materials have plastic mechan-
ical properties at room temperature; that is, at some value of applied
stress the materials will yield and exhibit plastic ¯ow. Both the ¯ow
and the fast ion conduction properties are a result of rotational
disorder and the existence of vacancies in the lattice. The materials
therefore express an important decoupling of various molecular
motions from one another such that an unusual combination of
properties is exhibited. NMR relaxation measurements in progress
should determine the various motional timescales that are present
in these materials. M
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Figure 5 7Li NMR linewidth data as a function of temperature for P12 doped with 9.3 mol%

Li+.
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Microscopic ¯uidic devices, ranging from surgical endoscopes1

and microelectromechanical systems2 to the commercial `lab-
on-a-chip' (ref. 29), allow chemical analysis and synthesis on
scales unimaginable a decade ago. These devices transport
miniscule quantities of liquid along networked channels. Several
techniques have been developed to control small-scale ¯ow,
including micromechanical3 and electrohydrodynamic4 pumping,
electro-osmotic ¯ow5, electrowetting6,7 and thermocapillary
pumping8±10. Most of these schemes require micro-machining of
interior channels and kilovolt sources to drive electrokinetic ¯ow.
Recent work8±10 has suggested the use of temperature instead of
electric ®elds to derive droplet movement. Here we demonstrate a
simple, alternative technique utilizing temperature gradients to
direct microscopic ¯ow on a selectively patterned surface (con-
sisting of alternating stripes of bare and coated SiO2). The liquid is
manipulated by simultaneously applying a shear stress at the air±
liquid interface and a variable surface energy pattern at the
liquid±solid interface. To further this technology, we provide a
theoretical estimate of the smallest feature size attainable with
this technique.

A thin, wetting ®lm in contact with a solid substrate bearing a
temperature gradient will ¯ow from warmer to cooler regions
because of the development of a thermocapillary shear stress at
the air±liquid interface11. For suf®ciently thin ®lms in which the
thermal conductive resistance is much smaller than the convective
resistance (that is, at small Biot number), the applied thermal
gradient at the solid surface is directly transferred to the air±
liquid interface. Because most liquids maintain a negative and
constant value of dg/dT, where g is the surface tension and T is
the temperature, the application of a constant thermal gradient in
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the streaming (xÃ) direction produces a ®xed shear stress at the air±
liquid surface given by t � dg=dx � �dg=dT��dT=dx�. Films that are
driven by a thermocapillary shear stress can even climb a vertical
substrate, provided that the upward ¯ux due to thermal stresses is
larger than the downward ¯ux due to gravitational drainage (that is,
h0 p 3t=2rg, where h0 is the ®lm thickness, r is the ¯uid density and
g is the gravitational acceleration). In systems with large surface-to-
volume ratio, as in microscale ¯ows, even small thermal gradients
can produce signi®cant liquid movement.

Thermocapillary spreading on homogeneous surfaces has been
shown to undergo a hydrodynamic instability for suf®ciently thin
®lms or large surface stress12±16. In this limit, the spreading front
develops a thickened capillary ridge; for a certain range of transverse
wavenumbers, this ridge becomes unstable to the formation of
numerous, parallel rivulets whose spacing is governed by a
characteristic wavelength, lc ~ h0�3Ca�2 1=3. The capillary number,
Ca � hV =g, represents the balance between the viscous, capillary
and thermocapillary force where h is the liquid viscosity and V is the
steady-state spreading velocity. For ®lms driven by this thermo-
capillary effect14, Ca � tho=2g and lc � 18�2gh2

o=3t�1=3. Energy
decomposition techniques have identi®ed the source of instability14±16:
disturbances which cause a local protrusion in the spreading front
create thickened portions which spread faster than adjacent thinner
regions, thereby destabilizing an initially uniform front. This same
mechanism, ®rst described by Spaid and Homsy17, is responsible for
the ®ngering instability observed in gravitational18±22 and
centrifugal17,23,24 ¯ows.

From a technological point of view, the possibility of using this
spontaneous pattern formation to channel microvolumes of liquid
along a substrate is questionable. For spreading on homogeneous
surfaces, the rivulets almost never appear in the same position along
the spreading front. In addition, surface defects or contaminant
particles tend to produce ¯ow irregularities which create as much as

a 30% variation in the natural wavelength, lc (refs 21, 22, 25). There
exists, however, a special feature of thermally driven ®lms which can
be manipulated to regularize the ¯ow along selected, prescribed
lanes. Even small thermal gradients produce liquid ®lms less than a
micrometre in thickness12,13,25. These ®lms therefore maintain an
excessively large surface to volume ratio. The combination of an
applied shear stress at the air±liquid surface and a patterned surface
energy pro®le at the liquid±solid interface can be used to direct
microscale ¯ow along prescribed lanes. The ¯ows produced in this
manner are stable and reproducible, as the surface patterns control
accessible or non-accessible regions. Because of the strong in¯uence
of the solid surface, the ¯ow also rapidly self-corrects in the presence
of defects or surface contaminants, always keeping perfect registry
with the surface pattern. From a practical and fundamental point of
view, it is therefore interesting to explore the consequences of
patterning the surface with a wavelength different from the natural
wavelength which would be selected by the liquid were it to spread
on a homogeneous surface. Our results show that the instability
wavelength can be easily superseded by the substrate pattern,
provided that the width of the liquid channels exceeds a lower
critical value.

We have examined the thermocapillary spreading of a silicone oil
®lms (PDMS, both with viscosity of 18 mPa s and surface tension of
21 dyn cm-1 at 25 8C, Aldrich) on vertically oriented, patterned
silicon wafers. The wafers were held vertical by suction against
two brass blocks maintained at different temperatures by two
circulating baths (see Fig. 1a). The thermal gradient was recorded
after each experimental run by six equally spaced, ®ne wire thermo-
couples (0.005 inch diameter, copper/constantin, Omega). For the
temperature range we studied, silicone oil maintains a value of
dg=dT � 2 0:05 dyn cm 2 1 8C 2 1. When placed in contact with the
heated portion of the substrate, the silicone oil spontaneously
climbs along the wafer surface. The brass block at the higher
temperature was fed by a small Te¯on tube connected to a reservoir
of silicone oil mounted on a vertical stage (Fig. 1a). By varying the
height of the stage, the meniscus level on the wafer could be adjusted
precisely. In these experiments, the shear stress, t, was in the range
0.73±0.80 (610%) dyn cm-2.
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Figure 1 Schematic diagrams of the experimental apparatus (a) and the orientation of the

patterned Si wafer (b). The wafer was patterned by spin-coating photoresist onto an OTS-

coated wafer for 40 s at 4,000 r.p.m., and baking for 20 min at 90 8C. Using a mask

aligner, the wafer was then exposed to UV light through a mask consisting of vertical

stripes. The wafer was placed in a developer which stripped away the exposed

photoresist, baked at 90 8C for 20 min, then subjected to an oxygen plasma for 20 s; the

plasma removed any remaining OTS which lay beneath the developed photoresist. The

wafer surface now consisted of alternating stripes of bare, oxidized SiO2 and photoresist-

covered OTS. A ®nal acetone rinse removed the undeveloped photoresist, leaving the OTS

monolayer intact. Contact angle measurements with water on surfaces patterned at a

larger scale indicated that the uncoated silicon portions were completely hydrophilic,

while the OTS-coated portions produced an angle .1108, as required for uniform OTS

monolayers26,27.
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Figure 2 Time series of a silicone-oil ®lm spreading on a patterned silicon wafer. The

pattern consists of alternating 200-mm-wide stripes of OTS and bare oxidized SiO2, and

the spreading was monitored by interferometry. a, Three interferograms, with a ®ve

minute lapse between each. Adjacent fringes correspond to a change in ®lm thickness of

0.2255 mm. b, A series of digitized curves, with a two minute lapse between each,

representing the liquid front. The applied shear stress for a and b is t � 0:8 dyn cm 2 2.
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The surface pattern chosen for study was a sequence of alternating
vertical stripes whose wavelength ranged from 50 to 500 mm. The
vertical stripes consisted either of bare, naturally oxidized silicon
(SiO2), or oxidized silicon coated with a covalently bonded mono-
layer of octadecyltrichlorosilane (OTS). The orientation of the
patterned wafer is shown in Fig. 1b. The wafers were cleaned, and
then immersed in an OTS solution under a nitrogen atmosphere,
according to published procedures26. OTS monolayers prepared by
this method have been shown to produce a stable and complete
monolayer of 26 AÊ thickness27. The coated wafers were then pat-
terned by photolithography as described in Fig. 1 legend. This same
procedure works equally well on glass substrates. We also tried
patterning the OTS monolayer using deep ultraviolet (193 nm)
illumination through a fused silica mask28; this one-step procedure
also produced excellent results.

The topography of the spreading ®lm was visualized by laser
interferometry. Light from a He±Ne laser (wavelength 6,328 AÊ )
impinged on the substrate at normal incidence, producing the
interferograms shown in Fig. 2a. The interfringe spacing corre-
sponds to a change in ®lm thickness of 0.2555 mm. Typical ®lm
thicknesses were less than 1 mm for these shear stresses. The images
were used to monitor the speed of the advancing front, and to
reconstruct the entire surface shape. The images were recorded with
a high-resolution CCD camera (MTI VE1000, Dage) ®tted with a
Navitar zoom lens and stored on SVHS tapes for image analysis.
Further details can be found in ref. 25.

We ®rst examined the spreading behaviour of silicone oil on
homogeneous surfaces consisting either of bare, oxidized SiO2

wafers, or wafers fully coated with OTS. Contact angle and work
of adhesion measurements for silicone oil on either substrate
revealed a very small and similar contact angle. (According to
Young's equation, however, this does not imply that the liquid±
solid surface energy is the same.) The spreading on either homo-
geneous surface proceeded by the instability mechanism described
earlier, with a well de®ned natural wavelength set by lc. The
spreading velocities were also similar.

Experiments with the patterned wafers revealed a very different
¯ow behaviour. Figure 2a shows a time sequence of the liquid ®lm
spreading on a wafer bearing alternating 200-mm-wide stripes of
OTS and uncoated SiO2. Whereas (unstable) rivulet formation on
homogeneous surfaces always requires an incubation period during
which the front spreads as a straight line before ®ngering, the ¯ow
on patterned surfaces is immediately channelled into well de®ned
lanes whose spacing is imposed by the surface pattern (Fig. 2b). In
Fig. 3, we have plotted the advance of the spreading front on a
patterned and homogeneous substrate (bare SiO2) with all other
variables remaining constant. The spreading on the patterned
wafers (Fig. 3a) immediately creates alternating tips (circles) and
troughs (squares). The homogeneous surface instead allows uni-
form spreading for over 15 min before the front becomes unstable
(Fig. 3b), spontaneously splitting into tips (circles) and troughs
(squares). For a shear stress t � 0:8 dyn cm 2 2, the average speed of
the tips and troughs on the patterned wafer was 2.60 mm s-1 and
1.73 mm s-1 and on the bare wafer 2.56 mm s-1 and 1.94 mm s-1,
respectively. The tips advanced at similar speed on either surface,
while the troughs appeared to advance more slowly on the OTS
segments.

In Table 1 we summarize the results for spreading on homo-
geneous and patterned surfaces with variable width strips. In all
cases, the silicone oil preferentially spread on the uncoated SiO2

portions. This is not surprising, as a clean silicon wafer covered by
natural oxide layer has a high surface energy and therefore a high
af®nity for water and organic contaminants. Organic monolayers
terminating in methyl and vinyl groups have low surface energy, and
resist organic contamination27. For the homogeneous surfaces, the
periodicity agrees well with the predicted value for lc. On the
patterned surfaces, the periodicity of the spreading front, lexp,
agrees well with the periodicity imposed by the solid substrate,
lsolid. The excellent registry with the imposed surface pattern
persisted for all ¯ows except the last entry. In this last example,
the liquid was unable to follow the narrow surface lanes and reverted
back to the natural wavelength that would be obtained on a
homogeneous surface.

A simple scaling argument predicts the approximate lane width
for which the capillary pressure at the tip of a liquid channel is
strong enough to oppose the upward thermally driven ¯ow for
patterned spreading. In this limit, the upward volumetric ¯ux,
th2

0/2h, is opposed by the downward capillary ¯ux, h3
0(dp/dx)/3h,

where p is the Laplace pressure. For a completely wetting liquid,
�=h0�

2 p 1, dp=dx,O�gh0=R
3�, where R denotes the radius of

curvature in the streaming direction. This balance produces a
lower critical value of R,�gh2

0=t�
1=3. Strong curvature in the trans-

verse (yÃ) direction, which induces lateral ¯ow, can also force liquid
to spread over the OTS stripes. However, without an estimate for the
pinning force exerted by the junction between the OTS and
uncoated stripes, the corresponding force balance cannot be
expressed. Nonetheless, as seen in Fig. 2, the radius of curvature
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Figure 3 Comparison between the location of the liquid front for spreading on a patterned

and an homogeneous surface. Circles and squares represent liquid channel tips and

troughs, respectively. a, Silicone oil spreading on a wafer patterned with alternating

200-mm-wide stripes of OTS and bare oxidized SiO2. b, Silicone oil spreading on a

homogeneous, bare, oxidized SiO2 wafer. The applied shear stress in a and b is

t � 0:8 dyn cm 2 2.

Table 1 Liquid lane spacing for silicone oil spreading on homogeneous and
patterned surfaces

t

(dyn cm-2)
WOTS

(mm)
WSiO2

(mm)
lsolid

(mm)
lexp

(mm)
.............................................................................................................................................................................

0.79 ± All ± 574
0.79 All ± ± 545
0.77 250 250 500 489
0.80 200 200 400 399
0.76 150 150 300 288
0.73 250 150 400 393
0.73 150 250 400 394
0.74 50 50 100 545
.............................................................................................................................................................................

The ®rst two rows show data for fully uncoated and coated surfaces, respectively. t is the applied
surface stress, WOTS and WSiO2

denote the widths of each type of lane, lsolid � WOTS � WSiO2

denotes the wavelength of the repeating surface pattern, and lexp represents the average measured
distance between adjacent ®nger tips. The distance, lexp, was obtained from an edge-detection
algorithm which averaged over 10±20 liquid ®ngers.
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in both the streaming and transverse direction is fairly similar, so
that this estimate for R provides a reliable lower cut-off. This critical
value can be made even smaller by decreasing g (using different
liquids or introducing surfactants), and by decreasing h0 or increas-
ing t. Typical values for the ®lm thickness (1 mm), surface tension
(20 dyn cm-1), and shear stress (1 dyn cm-2) yields a characteristic
®nger or lane width, 2R,O�100 mm�, in good agreement with the
¯ow behaviour observed in the last entry of Table 1.

To develop further this technology for micro¯uidic applications,
the troughs of the liquid front can be pinned in place, allowing
liquid to ¯ow only along speci®ed surface lanes. This can be
accomplished by either decreasing the surface energy of adjacent
lanes (so that the liquid becomes partially or even non-wetting
along those stripes) or by micromachining ¯ow obstacles at the
liquid entrance point. We are experimenting with different mono-
layer treatments for this purpose. We have also patterned more
complicated surface networks to force liquid to spread in curved
lanes and around corners by the application of thermal gradients in
and across the streaming direction. In this way, we can achieve
precise ¯ow control at the microscopic scale by simultaneously
manipulating the boundary conditions at the air±liquid and
liquid±solid interfaces. These concepts should be generalizable to
other driving forces which are proportional to the surface area of the
¯uid, not to its volume. M
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The industrial importance of molecular materials chemistry has
promoted great interest in areas such as self-assembled surface
coatings1, multi-layer formation on solid substrates2, crystalliza-
tion from solutions3, crystal morphology4 and structure
prediction5, solving structures from powders6 and control of
polymorphism7. Improvements in our understanding of the role
of intermolecular interactions in driving molecular self-assembly
and interfacial processes have led to technological advancesÐ
both in controlling the assembly of molecules at the nanometre
scale, and in manipulating processes and products in which
crystal nucleation and growth are key elements8. But there has
been relatively little work on molecular-scale engineering at
solid±solid interfaces, despite their importance in polymeric

A

B

1 2

Figure 1 The (102Å ) twin interface in saccharin viewed normal to (102Å ). Molecules A and B,

lying in the twin plane, illustrate how the structure is created from hydrogen-bonded

dimers. Molecules 1 and 2, appearing side on, are related across the twin interface by

mirror symmetry.


