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ABSTRACT

Edge lithographic patterning techniques are based on the utilization of the edges of micrometer-sized template features for the reproduction
of submicrometer structures. Edge transfer lithography (ETL) permits local surface modification in a single step by depositing self-assembled
monolayers onto a metal substrate selectively along the feature edges of an elastomeric stamp. In this report two stamp designs are described
that now allow for the use of alkanethiol inks in ETL and their use as etch resists to reproduce submicrometer structures in gold. Anisotropically
modified stamps are shown to combine the potential for very high-resolution patterning with the versatility and simplicity of microcontact
printing.

The demand for ever-increasing miniaturization critically lithography techniques, edge transfer lithography (ETL) takes
depends on fabrication methods of ever-increasing complex-a special place, as it offers the possibility of lochemical

ity and cost. The development of soft-lithographic patterning surface modification (as opposed to mere topographical
techniques counters this trend, to some extent, by removingsurface alteration) in a single step (as opposed to the
the need for cleanroom facilitiés.Specifically microcontact ~ multistep techniques mentioned above). It is a technique that,
printing (CP) is a potentially cheap, easy, and versatile conceptually, allows dynamic control over the transferred
representative of the soft lithography family that has received feature dimensions. In its original form, however, the latter
much attention in recent yeais! Nevertheless, with de-  cannot easily be realized because dynamic control over
creasing feature sizes, ever more challenging demands argeature sizes implies ink mobility and thus the difficulty to
posed specifically upon the mechanical properties of soft confine the ink to the recessed areas of the soft lithographic
lithography masks (stamps), which have to be met by stamp, which is a key step in the ETL procéslotably
materials that are by definition soft and flexiBle:* the system of alkanethiol patterns on gold, which is the most
Consequently, considerable research effort is being directedextensively studied system, is deemed incompatible with
into using micrometer-sized mask features for the creation T, Nevertheless, there exists a strong desire to overcome
of even submicrometer patterns. This approach allows for s |imitation, which is mirrored in a recent advance in edge
taking advantage of the inherently favorable mechanical lithography named edge-spreading lithography (EBL%
properties and the ease of mask fabrication and handling ofjt addresses this problem by decoupling the ink source from
such mask designs. Edge lithography encompasses a hos{ rejief structure that acts as the physical guide for the ink.
of techniques that utilize the edges of larger pattern featuresTy;g decoupling, however, renders the technique a multistep
to determine the resultant much smaller structures. Examplestechnique once again and relies on a prepatterning step that
include near-field phase-shifting photolithography, topo- i, the worst case demands cleanroom facilities, thereby
graphically directed etching, edge transfer lithography, and negating the advantages of soft lithography.

controlled undercutting’22 Within this set of edge .
Here we report on two successful approaches to extending
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Figure 1. Scheme of an ETL process that employs a surface- z & J| / L
modified elastomeric stamp (gray) rendered impermeable and 25 um %

40

repellent to the applied ink by an applied surface barrier layer
(black). The molecules of the dried ink (red) accumulate in the
recessed areas of the stamp pattern and are transferred to the

substrate surface exclusively via the vertical edges of the eIevated,:igure 2. Optical micrographs of gold samples after printing with

features. This initial surface pattern is transferred into the substratea surface-inked (ODT, 10 mM solution in ethanol), oxidized PDMS

gold layer (yellow) by wet-chemical etching. stamp bearing a surface relief pattern and etching. The pattern in
image (a) resulted after a contact time of 15 s. The average width

approach also solves the problem of a limited ink reservoir, of the edge structures is approximatelyrh. The pattern in image

. i . . . (b) resulted after a contact time of 165 s. The average width of the
WhICh.I.S mherent_ to a patterning scheme relying on ink edge structures is found to have increased to approximafety.2
deposition exclusively onto and from the stamp surface.  The plack lines indicate the trajectory of the measured intensity

Recently, we demonstrated a versatile entry to PDMS profile as displayed in the graphs adjacent to the micrographs.
surface modification, with the specific aim of making it

Impervious to a Va”ety of |nk§6. Here we show that this an interfacial energy through the contact ar@@ From eq
approach can be put to use to the problem of ETL with good 1 it follows the likelihood that ODT, due to the very low
result, hereby opening ETL to a host of different inks and syrface energy of PFDTS, dewets the PFDTS lagey ¥
allowing feature size control while retaining all the positive  90°, j.e., yjerace > 12.7 x 1073 J/n?) and, therefore, does

attributes of soft |Ithogl’aphy Figure 1 summarizes the not Spontaneous'y migrate a|0ng the Stamp edges_
principle of this first improved ETL method. The key step

is the modification of the stamp surface that renders it
impermeable and repellent to the applied ink. The ink
molecules thus accumulate in the recessed area, from where
they are transferred to the substrate along the edges of theA feasible ETL scheme, therefore, calls for a surface energy
elevated features. of the passivating layer that is sufficiently high, in addition
An effective seal against various inks can be created by to a negligible contribution of ink from the bulk of the stamp.
surface oxidation of PDMS followed by covalent attachment ~ Another convenient route to create a transfer barrier,
of 1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS). specifically for hydrophobic inks such as ODT, is the mere
With use of such a stamp that was inked by immersion in oxidation of the PDMS surface without further postprocess-
an ethanolim-octadecanethiol ink solution prior to printing  ing.28 Oxidized PDMS is thought to have a relatively high
onto gold substrates, no etch protection was observed bysurface free energy. Because of hydrophobic recovery, i.e.,
optical microscopy. This indicates that ink was indeed the spontaneous reverting, from hydrophilic to hydrophobic,
repelled from the contact areas and replenishment from theof an oxidized surface, its surface free energy cannot be
bulk was prevented. There were, however, also no edgedetermined accuratef§:?° From measurements on hydroxyl-
structures observed. When a stamp that was inked byterminated monolayers that are tethered on PDMS, however,
applying the ink solution directly onto its surface was allowed it can be estimated to be larger than 53103 J/m?.%0
to dry, with its feature side pointing upward in order to ensure Moreover, oxidized PDMS may be expected to allow
an ink presence on its surface, etch protection was only spreading of ODT across their surfaces, judging from the
conveyed in those regions, in which the recessed areas offact that silica beads are used as physical guides in an existing
the stamp had unintentionally contacted the substrate due toESL schemé&?

0 20 40 60
X [um]

YpEpTs™ Vinterface T Yoot COS0eq) (1)

roof collapse of the microstructuré®® Again, no edge Indeed edge structures could be obtained using plasma
structures were observed. oxidation of PDMS stamps to create a barrier layer (Figure
It is important to note that instrumental to the properties 2). Structures were obtained over the full surface area of 1
of the PFDTS layer is its low surface energydprs= 12.7 x 2 cn? gold substrates and for different shapes and sizes
x 1072 J/m?).?” The ink that was usedy-octadecanethiol  of the contact areas (not shown). Oxidation of PDMS renders
(ODT) was reported to have a higher surface enepgy( its surface silica-like and brittle. Cracks in this blocking layer

= 22.0 x 1072 J/n?).?” Young's equation (eq 1) relates, can constitute ducts for ink transport and impair the results
assuming liquid behavior of ODT, the surface energies and of the ETL proces$® This, however, could be largely
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Figure 3. Contact time dependence of the size of the surface
structures created on gold substrates by ETL and wet-chemical m
etching, as determined by optical microscopy. A 10 mM ODT ink
solution was used to ink the used surface-oxidized PDMS relief

Figure 4. ETL with anisotropically modified stamps and etching.
Only the horizontal layers of the stamp, those that are coplanar
with the substrate surface, are covered with an ink-blocking, TiO
avoided by careful handling of the stamps and by using a layer deposited by anisotropia & 90°) evaporation in the presence

rigid glass support for the stamp to limit deformation during of oxygen. A titanium layer may be deposited underneath this top
manipulation. layer. Ink molecules (red) are transferred selectively from the bulk

. . . " of the inked stamp to the gold substrate (yellow) along the
Figure 2 shows the lines circumscribing squarex1Q0 unmodified edges of the elevated stamp features.

um? filled stamp features as observed after printing and
etching of the gold substrates. The widths of the edge features
could be controlled by varying the contact times between
stamp and substrate (Figure 3). Although the inner diameter
of the etched square frames remained constant, the distance
between them decreased upon an increase of contact time
as a result of increasing edge widths (Figure 2). This indicates
that spreading indeed is directed from the edges of the
contacted features outward into the noncontacted areas. Td-igure 5. Optical micrograph of gold substrates (10 nm thick gold
the best of our knowledge, this is the first time that control ayer) after printing (15 s contact time) with an ODT-inked,

: . anisotropically modified PDMS stamp bearing a surface relief
over ETL feature sizes by means of controlling the contact pattern and etching. The PDMS stamp was oxidized isotropically

time is demonstrated. in an oxygen plasma prior to the deposition of a 10 nm thick layer
The observation of an ETL feature width ofiin obtained of titanium oxide selectively onto the feature areas that were
after 15 s of contact and the requirement for another 150 soriented coplanar with the substrate surface. Stamps were inked
o : by immersion into the ink solution fdl h (a) or by contact inking
of antfict for the growth ofan a.ddltlona.l f?ature \.Nldth Of.l from the backside with an ink-loaded flat PDMS stamp for 12 h
um indicate an onset in edge width. This is consistent with (b) followed by drying in the ambient (4 h).

observations of McLellan et al. who interpret this onset in
terms of the diffusion front of ODT being fluidlik& They considered anisotropically deposited titanium to constitute
identified the ink concentration to be a key parameter in g suitable barrier, due to its generally good adhesion to
decreasing this onset and for increasing control over the polymer surface& 3" To minimize undesired interactions
feature width. of the evaporated titanium barrier layer with the thiol ink
An important disadvantage of the above ETL technique on one hand and with the gold surface of the substrate on
is the restriction to inks that are compatible with the modified the other hand, a titanium oxide layer was formed as a top
stamp surface, from which they should not dewet. Further- coat either by surface oxidation of the deposited titanium
more, the amount of ink available at the stamp surface is layer with an oxygen plasma or by anisotropic titanium
limited by the size of the recessed feature areas, which servedeposition in the presence of oxygen. Depending on the
as the ink reservoir. In contrast, in conventiop&P, the stamp material, the initial deposition of a titanium layer could
ink reservoir is formed by the bulk of the stamp. This much even be omitted without compromising the final printing
bigger reservoir allows for a large number of prints without results. A pretreatment of the polymeric stamp surface with
the need for reinking and makes the ink transfer independentan oxygen plasma was found to be important for a good
of the geometry of the surface pattern. adhesion to the titanium-based barrier layer. Remarkably,
To combine these beneficial ink transfer properties of the isotropic nature of the initial plasma treatment did not
conventionauCP with the high resolution of ETL, we have affect the ink transfer properties of the final stamp, probably
now developed stamps that are suitable for the selective edgalue to a sufficiently fast<{24 h) hydrophobic recovery of
transfer of ink molecules ultimately from the bulk of the the vertical surfaces of the stamp patt&?
stamp material. Such stamps comprise a blocking layer only  Figure 5a displays a micrograph of an etched gold substrate
on their horizontal surfaces, those that are coplanar with thethat was printed with a so modified PDMS stamp, after
substrate surface (Figure #)3? For this purpose, we immersion inking in an ODT solution and subsequent surface

stamps.
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rinsing and drying. The elevated bright gold lines in the
substrate pattern circumscribe the original contact areas of
the elevated square stamp features, indicating selective ink
transfer from the vertical walls of the stamp pattern onto
the gold substrate. Particularly in the larger contact areas,
ink transfer was not entirely restricted to the edges, which
is again ascribed to the stress-induced formation of cracks
in the brittle barrier layer thereby opening an undesired
additional path for ink transfer from the bulk resen&itn

an attempt to reduce the mechanical stress imposed onto the
barrier layer due to the swelling of the stamp material during
immersion inking and the subsequent crimping upon solvent
evaporation, stamps were inked by contacting them on their
flat backside with a dry, flat, ink-loaded PDMS stamp
overnight3®39This inking procedure was unfortunately found
not to improve the print quality significantly (Figure 5b);
the experiment, nevertheless, proves that the PDMS bulk
serves as the ink reservoir. Crack formation thus appears to
result mainly from the stress induced by the mechanical
handling of the stamps, as already discussed for the above-
described ETL scheme. The introduction of a buffering, more
ductile gold layer sandwiched between the titanium layer
and the top titanium oxide coating did, however, not result
in a significant reduction of the number of crack-induced
print defects.

A significant improvement of the pattern quality was
achieved by substituting the regular PDMS stamp material
(Sylgard 184F = 1.8 MPaj° with hard PDMS, which has _ ;
a higher Young’s modulu€(= 15—-20 mPa}, or even better 10 i s - - .

with poly(butylene terephthalatse-tetra(methylene oxide)) xrpm

(PEE, Arnitel EM400,E = 50 MPa)* which provides a Figure 6. Optical micrograph (a) and AFM images and related
matrix with a very similar ODT compatibility When com- hegi]ght profileps (b) of golc?supt))strates (10 nm thickggold layer) after
pared to regular PDMSC{amdCsouiod PEE) = 0.71 (Figure printing (5 s contact time) with an ODT-inked (immersion in 10
S1), CstamgCsolutio{ PDMS) = 0.86)? With an anisotropically ~ mM ODT solution in ethanol and drying), anisotropically modified
modified PEE stamp bearing a titanium/titanium oxide barrier PEE stamp bearing a surface relief pattern, and etching. The PEE
layer stack, essentially defect-free ETL patterns could be stamp was oxidized isotropically in an oxygen plasma prior to the

transferred onto gold substrates for contact areas not exceeddSPosition of a 10 nm thick layer of titanium selectively onto the
feature areas that were oriented coplanar with the substrate surface.

ing some 1Qum ir? diameter (Figure 6). The average line A (op titanium oxide layer was created by exposure to an oxygen
width (fwhm) obtained upo 5 s ofstamp-substrate contact  plasma. The average line width of the developed gold pattern was

and etching was determined to be 0-89.15xm by atomic 350+ 150 nm.
force microscopy. As expected, increasing starsbstrate
contact times resulted in a linear increase of the obtainedventionaluCP has been the need for careful handling of the
feature width yielding 1.5% 0.15um wide lines upon 120 stamp and, thus, the incorporation of a rigid support. This
s of contact (Figure S2). is, nevertheless, a small price to be paid for the possibility
In summary, it has been demonstrated that ETL can beto print submicrometer structures with micrometer-sized
extended to incorporate the use of mobile inks, such asstamp patterns.
octadecanethiol, given a proper stamp design. Key parameters
of a patterning scheme that employs PDMS stamps bearing Acknowledgment. This work is part of the research
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Supporting Information Available: Figures showing
concentrations of ODT in stamps after inking (Figure S1)
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