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We have observed that a featureless polymer thin film on a flat plate that is separated from another
flat plate by a liquid filled gap can self-assemble into a periodic micropillar array. Moreover, we
have observed that if there is a pattern on one of the plates, the boundary of the pillar array will align
with the boundary of the pattern resulting in single domain arrays. The phenomenon is believed to
be due to the unstable growth of surface waves in the polymer system caused by an attractive
Coulombic interaction between the top plate and polymer. A transition temperature has been found
below which ordered patterns are not observed in the bilayer system. This self-assembled
phenomenon suggests a novel way of controlling flow in microfluidic devices20@L American
Vacuum Society[DOI: 10.1116/1.1414015

[. INTRODUCTION merge together; this process is termed lithographically in-

Microfluidic devices have opened up a new array of ap-duced seIf-con_:structiorﬁLISC).10 In our previous experi-
plications for micro- and nanofabrication techniques. SucHMents, the region beltween the mask and polymer film was
devices are finding novel applications in biology for pro- either air or vacuunt!® In this article we report on the in-
teomic, genomic, and chemical analy$e¥Typically de- fluence of a viscous, liquid layer between the mask and poly-
vices are patterned using conventional photolithographymer on the formation of LISA pillars.

Subsequent pattern transfer into the substrate produces the Figure 1 shows the setup of the experiment. The polymer
necessary features required to control fluidic flow. The deused was polymethfihethacrylate (PMMA) having a mo-
vices are then capped with a cover plate resulting in enclosel@cular weight of 2000 Da and polydispersity less than'1.1.
channels. The cap can be formed using wafer bondinghe glass transition temperatlifg was measured by differ-
technique$~° or using an elastomer to provide a tight s€&l. ential scanning calorimetry to be 90 °C. A solution of 48%

In either case, an effective seal is critical to the proper funcweighy PMMA dissolved in chlorobenzene was spun onto a
tion of the device. Furthermore, the device cannot be modisilicon substrate giving a film thickness of 125 nm as mea-
fied once the cap has been applied. sured via ellipsometry. The PMMA sample was then dipped

In this article we discuss the formation of polymer struc-into a perfluoropolyethetPFPE oil*? resulting in a bilayer
tures by lithographically induced self-assemiflyiSA).%>°  polymer systenfiFig. 1(a)]. This oil was chosen because it is
We show that a mask separated from a thin polymer film bystable at the highest temperatures used in this experiment and
a fluid can cause the film to form periodic structures undeis also sufficiently transparent to permit imaging.
appropriate conditions. The polymer structures bridge the The mask features were etched into thermally grown sili-
gap between the substrate and the mask. The result is a nebn dioxide on a silicon substrate. The spacers were 350 nm
work of connected voids in a sealed structure. This techhigh and the protruding mask patterns were 100 nm high.
nique, we believe, offers a novel approach to forming mi-The mask was coated with a fluorinated surfactant to ensure
crofluidic channels that are self-sealing and that can beasy separation of mask and polymer after the process was

modified after the device has been filled with fluid. complete. The mask was then placed onto the sample and the
whole assembly was placed into a preheated press. A pres-
Il. EXPERIMENT sure of 300 psi was applied to hold the mask against the

LISA is a process by which a mask placed a distancdd0lymer substratgFig. 1(b)]. This pressure was sufficient to
above a thin polymer melt induces the polymer to self-force the spacers to the bottom of the PMMA film when the
assemble into periodic structures or large mésd# Cou-  System was heated above the glass transition temperBjure
lombic interaction between the mask and polymer induce®f PMMA. The spacers ensure that the mask patterns do not
the growth of surface instabilities in the polymer melt. A low contact the initially flat PMMA surface. The gap between the
surface energy mask favors the formation of discrete pillargnask patterns and PMMA surface was 200 nm and was filled
since the polymer is prevented from spreading after touchingvith PFPE oil.
the mask surface. A higher surface energy mask leads to The system was heated for times ranging from 3 to 20
mesa formation since individual pillars can more easilymin at temperatures of 120—160 °C to induce the formation

of LISA structures[Fig. 1(c)]. The oil does not thermally
dElectronic mail: pad@ee.princeton.edu decompose at these temperatures and has a vapor pressure
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Fic. 1. Experimental setup of LISA process in bilayer systémma 125 nm

film of 2 K PMMA is spun onto a silicon substrate and coated with PFPE
oil; (b) a patterned silicon mask is held in close proximity to the film.
Spacers ensure that a uniform gap of 250 nm is maintained between the
mask and polymer film(c) As the system is heated above the glass transi-
tion temperature of the PMMA, the film is observed to self-assemble into
ordered pillar arrays that are aligned to the mask patterns. When the process
is complete, the system is cooled thus fixing the self-assembled polymer
structures. The mask is then removed allowing examination of the patterns
formed in the bilayer system.

less than 102 Torr.® A set of control experiments was also
performed for which oil was not used. The system was then
cooled and the mask was removed so that the resulting fea-
tures in the bilayer polymer film could be examined. The
mask was inspected to ensure that no polymer remained on
the mask. This was always the case suggesting that the re-
moval of the mask did not damage the LISA features that had (b)
formed.

Fic. 2. Comparison of 9 min LISA formation in air and oil at 135 °@)
The LISA array formed in air is well ordered with a uniform pillar diameter
Ill. RESULTS of 4.5 um as measured by atomic force microscojoy. The pattern formed

. . . An the bilayer system is weakly ordered and shows a pillar size distribution
Figure 2 shows the results for an experiment run at 135 °CGf _7 ym.

for 9 min. For this temperature, trials run for shorter times

resulted in self-assembled features that did not completely

fill the region below the mask. Figure@ shows the ob- Figure 3 shows results for similar experiments run at
served LISA pattern without oil which is well ordered with a 160 °C for 3 min. Figure &) shows the observed formation
fairly uniform pillar diameter of 4.5um as measured by without oil. Note the high degree of disorder and the broad
atomic force microscopy. Figurdl® shows the result for the distribution in feature size. Pillars sometimes merge together
same experiment with oil present between the PMMA andesulting in large mesas. In some cases, short-range order can
mask. In this case, the pillars have nonuniform size andbe observed but single domain patterns like those in K&). 2
shape. In general, the pillars are not circular but instead apsould not be formed at this temperature. Figutb) 3hows
pear to have spread on the surface of the mask in an irreguléine result with an oil-filled gap. In this case, a high degree of
fashion. Some of the largest features may be the result ajrder is observed. The PMMA pillars have a 461 diam-
pillars merging together. Although the degree of order in thiseter and are quite uniform in size and shape. The pillar size is
case is less than that observed with an oil gap, some semalmost identical to that measured with an air gap at lower
blance of periodicity can be seen. Along the perimeter of theemperature.

triangle pattern, some pillars are arranged in a roughly peri- Further experiments showed that the critical temperature
odic fashion; however, the random size and shape of that which ordered arrays of uniformly sized pillars could form
pillars prevents the long range order seen with an air gap. in the presence of an oil layer was about 150 °C. At such
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Fic. 4. Schematic of triple interface showing contact angle of PMMA on
mask surface. By replacing the air with oil, the interface energies are modi-
fied thus changing the contact angle.

PMMA and oil is of much lower energy than that between
PMMA and air. The second change occurs at the mask/air
interface, which becomes a mask/oil interface. Although this
second interface energy is changed, the interface is still of
very low energy since the fluorinated surface coating on the
mask is quite compatible with fluorinated polymers such as
PFPE. From Eq1) we can see that when an oil gap replaces
an air gap, the equality can only be maintained with a re-
duced contact angle becaug&umacil < Yemmasair - 1he result

is that with an oil gap, polymer can more easily spread on the
mask surface rather than being fixed in the shape of a pillar.
This is likely the reason that the pillars in Figlb2 have an
irregular shape and size distribution.

At higher temperatures, discrete, ordered pillars are ob-
served with an oil gap, while the pillars with an air gap have
irregular shapes. This phenomenon implies a change in the
relative interface energies. For the air gap polymer system at

(b) 160 °C, the surface tension of PMMA to air will drop by 1.9
mN/m (about 7% compared with that at 135 °€.Equation

Fic. 3. Comparison of 3 min LISA formation in air and oil at 160 °@) (1) shows that the Conta}Ct angle should decrease, consistent
The pillars formed in air show a broad size distribution and in some case¥Vith the polymer spreading observed. On the other hand, the
merge together to form large mesdb) The LISA array formed in the  observation of the excellent ordered pillar array at 160 °C
bilayer film is well ordered with a uniform pillar diameter of 4.8n. with an oil gap suggests that as the temperature increases,
either the surface tension between the PMMA and the oll
increases, or the difference between the surface tensions of
the mask/oil interface and the PMMA/mask interface de-
creases, or both. Clearly, the different temperatures and the
different gap materials offer new avenues for controlling the
LISA process.

temperatures, ordered LISA patterns could not be forme
without oil for the given experimental conditions used in this
study.

IV. DISCUSSION

There are several parameters that are modified when
oil-filled gap replaces an air gap. Most notably, the relativ;\?' APPLICATIONS IN MICROFLUIDICS

surface energies are changed. Figure 4 shows an expandedThe results of this experiment suggest novel applications
view of the triple interface where the polymer touches theof this process in microfluidic applications. LIS@r LISC)

mask. The contact angle at the interface is related to thwith an air gap provides a unique means of forming self-
surface tension associated with each interface and is given Iggaling microfluidic channels and reservoirs. Furthermore,

the expression LISA with an oil gap suggests that nanostructures can be
- cosO+ _ ’ ) formedafter the device has been sealed and filled with fluid.
YPMMAair YPMMA/mask— Waskair In many cases, uniform heating of the device to form LISA

where vy is the surface tension associated with the interfacestructures may be undesirable but localized heating can be
and ¢ is the contact angl¥ When the air is replaced with used to control the location of patterns. For example, a fo-
oil, two changes occur. First, the interface between theused laser beam can be used to modify microfluidic struc-
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Fic. 5. Proposed technique for modifying microfluidic devices.Side view showing localized heating using a focused laser beam through a transparent
mask. The laser energy is absorbed by the polymer and raises the temperature of a localized area above the glass transition temperature of tiee polymer.
region being heated is shown in the top view(lof. A region larger than the desired pattern must be heated in order to form the LISA striciBiele view

of the completed structure arid) top view showing the surrounding region depleted of polymer. In this case, the heated area was chosen such that the cross
sectional area for the flow direction is reduced.

(d)

tures in a serial write mannét. This is diagrammed sche- ACKNOWLEDGMENTS
matically in Fig. 5. Such flexibility in customizing
microfluidic devices may allow for many new applications
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