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We are developing a high-resolution printing
technique based on transferring a pattern from
an elastomeric stamp to a solid substrate by
conformal contact. This is an attempt to
enhance the accuracy of classical printing to a
precision comparable with optical lithography,
creating a low-cost, large-area, high-resolution
patterning process. First, we introduce the
components of this technique, called soft
lithography, and review its evolution. Topics
described in detail are the stamp material,
stamp architecture, pattern design rules, and
printing tools. The accuracy of the prints made
by thin patterned elastomeric layers supported
on a stiff and flexible backplane is then
assessed, and defects are characterized using
a new electrical metrology approach. This is
followed by a discussion of various printing
processes used in our laboratory: 1) thiol
printing for high-resolution patterns of noble
metals that may also be used as sacrificial
masks; 2) confined contact processing with
liquids in cavities or channels to chemically
convert a substrate or deposit layers of
materials or biomolecules; 3) printing of
catalysts to mediate patterned deposition of
metals; and 4) structured, light-guiding stamps

for transferring high-resolution patterns into
photoresists. Finally, we compare classical
and high-resolution printing approaches, and
describe their potential for emerging micro-
and nano-scale patterning technologies.

1. Introduction

Printing is one of the most significant technological
developments in human history: It created the capability
to distribute ideas and ensure their survival over
generations. It is possible to trace the origins of printing
back to seals used to “sign” official documents as early as
255 B.C. In 1232, movable metal characters were first used
in Korea [1] and, 200 years later, the German Johannes
Gutenberg reinvented and spread this technique
throughout Europe.

Five major printing processes exist today [2, 3] that
entail the contact transfer of a pattern: relief, intaglio,
lithography, screen, and electrophotography (xerography).
Relief printing [Figure 1(a)] includes letterpress printing,
flexographic printing, and other processes of transferring
an image from a raised surface. Letterpress printing is
being replaced in many areas by flexography, a rotary
relief printing process in which the image carrier is an
elastic rubber plate (stamp) with raised image areas that is
mounted or cured onto a steel or polymer backplane to
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Diagram of the patterning elements (blue) with the ink (red) of major
print techniques: (a) Relief printing, (b) intaglio printing, (c) litho-
graphic printing and electrophotographic (xerographic) printing, (d)
screen or stencil printing, and (e) ink-jet printing. Red areas depict
how the ink (red) is accepted on the stamp [blue, (a—c)] and applied to
the substrate [white, (d, e)]. Transfer of the ink from the pattern to the
target substrate via a rubber plate (offset printing) is possible with
most methods shown here.

provide the lateral stability. Intaglio printing or gravure
[Figure 1(b)] is the inverse process of relief printing—
an intaglio image is transferred from a sunken surface.
Lithography uses a chemically patterned flat surface with
areas that accept ink and areas that repel ink [Figure 1(c)].
The original lithographic process provided the name
for both today’s paper-printing technology and the optical
lithographies used in the semiconductor industry. Current
printing processes are no longer planographic and
performed with a platen press, but make use of the high-
throughput capabilities of cylindrical rotary presses. Screen or
stencil printing [Figure 1(d)] transfers an image by passing
ink through openings in a stencil that has been applied
to a screen substrate. Offset printing uses a soft planar
intermediate medium to improve the transfer quality from
the master to the substrate. It can be used in conjunction
with relief, intaglio, and lithographic printing, and is widely
used for all forms of paper publications. Electrophotography
creates an image by selectively discharging areas of a
photoconductor drum to directly transfer a toner powder
[Figure 1(c)]. Finally, a process that does not entail the
contact of a stamp with a substrate but has become
important for pattern generation and replication is ink-jet
printing [Figure 1(e)] [3].

Printing processes were originally developed for the
exchange and storage of information adapted to human
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vision. This field of application requires pattern and
overlay accuracies down to 20 wm for high-quality
reproduction. In a few cases, printing processes have been
used for technological patterning: Gravure offset printing
was used to make 50-um-wide conductor lines on ceramic
substrates [4, 5] and to pattern thin-film transistors for
low-cost displays [6]. Offset printing was used for the
fabrication of capacitors [7] and printed and plated metal
lines as narrow as 25 um [8]. Electrophotography was
used to pattern transistors [9] and conductors or dielectric
materials [10]. In display-color-filter patterning and
patterning of organic light-emitting diode (OLED)
displays, limited edge resolution, thickness homogeneity,
and overlay problems restrict the printing approaches to
low-resolution applications [11]. Finally, printed circuit
boards and integrated circuit packaging are popular
applications of screen printing in the electronics industry.
In general, tooling and process limitations have precluded
printing structures smaller than 20 um in the electronic
industry, and it seems that—despite the large pressure on
cost—the volume of these applications was too small to
constitute a driving force for the development of more
accurate printing tools.

Resist patterns for manufacturing integrated circuits
were generated—in the initial phase—using optical
contact masks. “Hard” contact lithographies [12, 13] were
abandoned for high-resolution patterning because the
accumulation of defects caused by the physical contact
between masks and wafer limited multiple reuse of the
masks. The economic importance of semiconductor
manufacturing has attracted huge investments to optical
lithographic processes. The spectacular progress in chip
manufacturing has been driven by equally spectacular
progress in optical lithography. As a consequence, most of
the high-resolution patterning performed today is done
with step-and-repeat projection lithography [14, 15].

Printing approaches regained attention when, in 1993,
Kumar and Whitesides discovered that a polymer inked
with an alkanethiol and brought into contact with a gold-
coated surface can form a monolayer of these molecules
in the areas of contact [16, 17]. This flexographic printing
process, called microcontact printing, prints directly off
a patterned elastomeric stamp. The revolutionary new
concept of this process is that it transfers only a molecular
monolayer of ink to a surface. The latter renders it
insensitive to detrimental wetting and squeezing effects of
macroscopic amounts of viscous ink between stamp and
substrate, and allows the size of printed patterns to be
reduced dramatically. Microcontact printing gave rise to
the development of a set of related patterning approaches
now summarized by the term soft lithography. The
fundamental characteristic of soft lithography is the
formation of a contact on the molecular scale between the
elastomeric stamp and the substrate.
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Given the higher economic potential, we shifted our
strategy of nano-patterning self-assembled monolayers
from using scanning tunneling microscopy (STM) [18]
to microcontact printing. This effort led to an earlier
contribution to this journal entitled “Lithography beyond
light: Microcontact printing with monolayer resists” [19].
Soft lithography has spread so rapidly that we can no
longer give a complete overview of the entire field in the
context of this paper, but refer to a recent review ([20]
and references therein) and other publications [21-28]
that document the development of the field. Nor can we
cover embossing, which displaces or molds a layer of
material and which is now being developed as nano-
imprint lithography [29-35], and molding against
elastomeric masters [36-41]. Instead, we focus on high-
resolution printing, accuracy aspects, and alternative
replication schemes of soft lithography.

2. Conformal contact

All printing processes can be logically divided into two
steps: The first is to define an accurate pattern, and the
second is to bring it close enough to the substrate so
that the desired process (ink transfer, chemical reaction,
sealing, or optical exposure) can be executed. In the case
of letterpress, intaglio, and electrographic printing, paper
and plastic adapt to a hard printing plate and thus fulfill
the second function. To improve print reliability and

to extend printing to hard substrates such as metals,
ceramics, glass, and silicon, “offset” presses use a

soft rubber transfer layer for the adaptive function.
Flexography and soft lithography combine both functions
in one physical component: A patterned elastomeric
stamp mediates intimate contact between the ink on

the elastomeric stamp and the substrate.

The definition of this intimate or “conformal” contact in
high-resolution printing goes beyond contact between the
asperities of two flat, hard surfaces (i.e., when a glass
mask is pressed onto a resist surface). Conformal
contact comprises 1) the macroscopic adaptation to the
overall shape of the substrate and 2) the microscopic
adaptation of a soft polymer layer to a rough surface,
leading to an intimate contact without voids (Figure 2).
Adhesion forces mediate this elastic adaptation, and even
without the application of external pressure, an elastomer
can spontaneously compensate for some degree of
substrate roughness, depending on the materials properties
[Figure 2(c)] [42]. The stamps we use are composed
of a patterned elastomeric layer (blue layer in
Figure 2) attached to a thin bendable layer of metal,
glass, or polymer (dark layer in Figure 2). In this “hybrid”
stamp, the conformal properties of a thin layer of
supporting metal or glass and those of the elastomer are
complementary. The elastomer compensates for local surface-
roughness amplitudes of up to 1 wm [Figure 2(c)], whereas
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Conformal contact between a hybrid stamp and a hard substrate. (a)
Stamp composed of a patterned elastomer and a flexible backplane
adapts its protruding zones to (b) the macroscopically uneven sub-
strate and (b, inset) its microscopic roughness, whereas recessed
zones do not touch the substrate. (c) Dependence of maximal
roughness amplitude for spontaneous formation of conformal contact
on a substrate with sinusoidal roughness of wavelength (\) for a
stamp with a Young’s modulus of 2.5 MPa and a work of adhesion of
0.1 J/m? (Sylgard 184, solid curve) and for a stamp with a modulus of
9 MPa and a work of adhesion of 0.03 J/m? (dotted curve).

long-range warp (wavelengths greater than 100 um)

is compensated by the flexibility of the backplane

[Figure 2(b)]. Conformal contact benefits from a low
Young’s modulus and moderate, yet sufficient, work of
adhesion. The stability of small patterns, however, requires
a stiff material—an inherent contradiction.
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Soft-lithography components. (a) Diagram of process: A prepolymer (2) covering the master (1) is cured by heat or light, and demolded to form an
elastomeric stamp (3). The stamp is inked by immersion (4) or contacted with an ink pad (5), and printed onto the substrate (6), forming a self-
assembled monolayer (SAM). The ink pattern (7) is then transferred into the substrate by a selective etch (8). (b) Scanning electron microscopy
(SEM) micrographs of the master, (c) image of the stamp, and (d) SEM micrograph of a printed and etched pattern.

Moreover, reliable and repeatable conformal contact
and defect-free separation demand the following three
features: 1) a relatively low and defined Young’s modulus
and high toughness to avoid local overload and defects
caused by brittle failure of vulnerable features; 2) a rubber
elastic behavior to allow stamps to recover their original
shape even after having undergone significant strain
(>25%); and 3) a low work of adhesion to allow the
stamp to separate from the substrate at low force and to
prevent the sticking of particles to the substrate. All of
these requirements presuppose a sound understanding of
the mechanics of stamps in order to optimize the system
for soft-lithography applications.
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3. Microcontact printing of thiols: The soft-
lithography model system

Microcontact printing of alkanethiols on gold was the first
representative of soft-lithography processes. We use this
model system and describe its technical elements to
provide a solid starting point for further discussions of
important aspects of printing. As shown in Figure 3, soft
lithography relies on (1, 2) replication of a patterned
elastomeric stamp from a master to form an elastic stamp
(3) that can be inked with a monolayer-forming ink (4, 7)
using either wet inking (4) or contact inking (5). The
inked stamp is then used to print (6) a pattern that
selectively protects the noble-metal substrate during the
subsequent etch (8).
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(1) Master

Both printing and soft lithography are techniques based
on contact and pattern replication that rely on onefold
magnification (1X) masks. This renders mask or master
fabrication even more challenging than the fabrication of
4X to 5X masks for projection lithography. The master we
use for soft lithography is a structured silicon or resist
surface with a vertical inverse of the desired pattern.
Masters with structures larger than 1 wm can be fabricated
using photolithography on silicon wafers, whereas high-
resolution masters require e-beam patterning and reactive
ion etching of a silicon-on-insulator (SOI) wafer [Figure
3(b)]. Critical features are definition of smooth bottom surfaces
and smooth vertical sidewalls (no under-etch) as well as
coating of the final mold with a fluorinated separation layer.

(2) Elastomer

Stamps are created by pouring liquid poly(dimethylsiloxane)
(PDMS) prepolymers on the master (1) and curing them
at temperatures between 20°C and 80°C for up to 48 hours.
Stamps used for low-resolution soft lithography are
usually made of a commercial siloxane elastomer
(Sylgard** 184, Dow Corning) with a modulus of 3 MPa.
Accurate replication of features smaller than 500 nm
required the formulation of harder stamp materials [43].

(3) Stamp

Stability and integrity of topographic structures on stamps
were investigated by atomic force microscopy (AFM) after
demolding and again after several inking and printing
cycles [Figure 3(c)]. The polymeric surface of the stamp
is well suited for microcontact printing of alkanethiols

on gold, but other types of inks (biological molecules,
catalysts) may require a chemical treatment of the stamp
surface. Thermal and chemical shrinkage of the polymer
affects the absolute accuracy of molded stamps, but these
effects are predictable and can be compensated in the
design of the master.

(4) Resist-forming ink

Alkanethiols self-assemble on noble-metal surfaces such as
Au, Ag, and Cu to form dense, ordered monolayers. These
monolayers allow control over wettability, adhesion,
chemical reactivity, electrical conduction, and mass
transport to the underlying metal [44, 45]. The latter
property, combined with reduced chemical reactivity, is
particularly relevant for lithographic applications for
which selective dissolution of the substrate is sought [46].
Accurate reproduction of small patterns (Figure 4) can be
compromised by the diffusion of ink molecules away from
the zones of contact. The formation of a defect-free resist
requires time and enough reactants to form a monolayer,
but this also provides an opportunity for the thiol
molecules to diffuse. In fact, the width of the diffusion
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Contrast optimization of printed and etched gold structures. (a) SEM
image of a 0.6-um X 3.0- um feature of the stamp. (b) Scheme showing
diffusion paths of molecular ink during printing. (c) Patterns
replicated using immersion inking in dodecanethiol (DDT, no
contrast), hexadecanethiol (HDT, >500-nm ink diffusion), and
eicosanethiol (ECT, ~100-nm ink diffusion). (d) Pattern fidelity
(defects and pattern width) as a function of ink (ECT) concentration
used for impregnation of the ink pad and (e) as a function of the
duration of the print.
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SEM images of gold patterns produced by contact inking, printing,
and etching that are difficult to produce using immersion inking
because of (a) simultaneous printing of large areas and small, sparse
features; (b) printing of small features using a diffusive and volatile
ink; (c) accurate printing of small voids; and (d) formation of 100-nm
Au lines. Reprinted with permission from [47]. Copyright 1999
American Chemical Society.

zone scaled with the mobility of the molecules: Use of
linear alkanethiols with molecular weight increasing from
158 g mol™" (dodecanethiol, DDT) to 258 g mol '
(hexadecanethiol, HDT), and up to 314 g mol '
(eicosanethiol, ECT) decreased both the vapor-phase
transport and the surface diffusion of the ink during
printing [Figure 4(b)]. ECT (purified by removing low-
molecular-weight thiols) allows the surface diffusion zone
to be reduced to values of less than 100 nm for immersion
inking of the stamp and to values of less than 50 nm for
contact inking of the stamp [Figure 4(a) and 4(c)]. ECT
offered the best compromise between limited diffusion
during printing and good protection of the gold against
the cyanide/O, etch. Longer alkanethiols tend to form
more disordered monolayers on gold and, in addition to
their limited solubility in ethanol, tend to crystallize at the
surface of PDMS stamps.

(5) Inking methods

Immersion inking was done by placing a drop of ink
solution onto a stamp for a duration of 30 s. The ink
solution was then removed under a stream of nitrogen,
leaving a reproducible amount of ink on and in the stamp.
This method allowed control only over the average amount
of ink transferred [45]. Contact inking [Figure 3(a),

step 5] selectively helps direct the ink where it is

needed on the stamp [47]. The degree of completion of
the printed monolayer becomes less dependent on the
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geometry of the pattern, and diffusion of the thiols during
printing is minimized. The transfer of ink is mediated by
a PDMS ink pad pre-impregnated with thiols; this also
prevents deformation of high-resolution patterns on
stamps by capillary force. Control over the amount of ink
transferred was possible by changing the concentration

of the thiol solution used for preparing the ink pad.
Figure 4(d) shows how both the number of defects and
the apparent width of the etched pattern depended on
the ink concentration. In this example, best accuracy (ink
diffusion less than 2 X 40 nm) and lowest defect counts
(<2%) were achieved for a 0.1-mM solution of ECT [47].

(6) Printing

Contrast was further optimized by varying the printing
time [Figure 4(e)]. Here, the ink diffusion remained below
50 nm for inking times greater than 20 s, and defect
counts were less than 2% for printing times greater than
20 s. The “process window” in terms of concentration and
printing time for very small patterns (<100 nm) was very
narrow. For larger patterns, defect counts can be reduced
by tolerating a predictable amount of pattern widening.
The most challenging task in this context was to

print small features or voids with high accuracy and
simultaneously to print large areas with low defect counts
(Figure 5). Exploratory printing was done by placing the
stamps on gold substrates for a well-defined duration with
no external load. The work of adhesion of the siloxane
stamp with the gold substrate mediated spontaneous
propagation of the contact front from a place of initial
contact over the entire area. Stamps can be used many
times for inking and printing.

(7, 8) Self-assembled monolayer as resist for wet etching
A printed pattern of alkanethiols on gold can be
visualized by condensation of water droplets, AFM,
or SEM [48, 49]. Self-assembled monolayers (SAMs)
can be used for patterning polymers using wettability,
for example, or to control the access of ions (e.g.,
cyanide) to the underlying gold substrate and thus
to allow the selective etching of gold [19, 50]. In
the latter process, the inherent cooperative ordering
of molecules in SAMs can reduce etch defects to
very low levels [51].

Microcontact printing can be used to reproduce high-
resolution patterns in gold, silver, or copper. These
can then be used to carry electrical currents or act as
secondary etch masks for certain chemical processes and
for shallow reactive ion etches. The smallest printable
patterns of printed thiols depend on the pattern definition
on a stamp, the amount of ink applied to the stamp, the
printing force, the printing duration, the etch system, the
shape of the structures, and the “fill” factor of the pattern.
In recent experiments we have reproduced 100-nm-wide
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Comparison of high-resolution pattern replication by (a) Sylgard 184 with a Young’s modulus of 3 MPa and (b) a material with a Young’s modulus of
9.7 MPa from a 100-nm-deep master. Square posts of 250 nm X 250 nm (lower right quadrant) are rounded and unstable in the Sylgard 184,
whereas the hard material replicates structures down to 80 nm (upper left quadrant). The SEM images were acquired after coating molded PDMS
stamps with a thin layer of gold. Reprinted with permission from [43]. Copyright 2000 American Chemical Society.

lines and dots. For smaller feature sizes, the granularity of
the gold substrate limits the edge resolution to the size of
gold grains (15-30 nm), which are typically protected or
completely dissolved (suggesting that the CN/O, etch is
very sensitive to grain boundaries). Higher printing
accuracies can be achieved by applications discussed
below using nondiffusive inks (macromolecules) or the
confinement of light. Patterning of semiconductors
requires the use of a sacrificial gold mask on standard
resist [52, 53], since otherwise the incompatibility of gold
with semiconductor processes will allow only specialized-
niche applications for microcontact printing of
alkanethiols such as patterning of diffractive optical
elements.

4. Evolution of high-resolution printing
technology

Printed thiols on gold can be used as a resist in a
subsequent etch process. Important aspects of this
model system were the contrast as a function of ink
chemistry, the inking method, and printing and etching
duration. Similar contrast optimization may be needed for
other soft-lithography pattern-replication schemes (see
Section 5). Here, we focus on the patterning issues that
are crucial to manufacturing: resolution, design rules,
accuracy, registration, and yield. We explain how these
issues can be addressed by stamp fabrication, printing
tool, and printed pattern metrology.
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Stamp fabrication

One of our primary goals was to improve the minimum
achievable feature size, or critical dimension (CD). In the
past, the CD of soft lithography was limited by the choice
of commercial siloxane with a Young’s modulus of 3 MPa
as stamp material. This material proved to be too soft to
define features smaller than 500 nm (Figure 6). Harder
stamp materials had to be developed to allow printing
with CDs below 100 nm.

Polymer models predicted an inverse dependence of
Young’s modulus on the molecular mass between cross-
links and a dependence on the number of chains linked
at one site, the so-called junction functionality. The
toughness, or strain at break, of the materials can be
increased by using a bimodal polymer having two
populations of chain lengths or by using organic or
inorganic fillers. Using these concepts, we were able
to formulate stamp materials with a Young’s modulus
of 9.7 MPa and sufficient toughness for large-area, high-
resolution printing applications with feature sizes as small
as 80 nm [Figure 6(b)] [43]. Currently, the smallest size
moldable with high aspect ratio is 50 nm. Future materials
may require that the number of unbound chains in the
polymer matrix (extractables) be reduced, and that the
control over their refractive index as well as over the
chemical properties and work of adhesion of the surface
be improved. In the future, the accessibility of novel,
low-shrinkage, and highly purified polymers for stamp
fabrication based either on thermal or ultraviolet cure
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Examples of layered hybrid stamps. (a) Scheme of trilayer stamp (hard backplane, elastomeric cushion, hard polymer) showing improved adaptation
to an uneven substrate. (b) Trilayer stamp with 270-nm features. (c) Bilayer stamp with 5-um features on a 125-mm glass plate. (d) Example of a
two-layer, thin-film stamp composed of a 100-um glass backplane and a 30-um polymer film with 270-nm features. Reprinted with permission from

[43]. Copyright 2000 American Chemical Society.

protocols will be one of the driving forces for improvement
of soft lithography.

The high-resolution features defined in the polymer
must be integrated into a stamp architecture that allows
both high placement accuracy and vertical conformability.
“Hybrid” stamps consisting of a laterally rigid supporting
backplane and a thin patterned polymer layer combine
both requirements. The polymer layer can be split into a
harder layer carrying the pattern and a softer layer for
improved conformability [Figure 7, part (a)] [43]. Such a
lithographic stamp is fabricated by curing the prepolymer
in a well-calibrated gap between the supporting, laterally
rigid backplane and a master that defines the pattern.
Polymer layers of 200 um or thinner are also beneficial to
avoid sagging of large recessed areas. A further design
consideration is the necessity to precompensate for

B. MICHEL ET AL.

isotropic distortions induced by thermal curing, since these
have a significant effect on long-range placement accuracy.
The three-dimensional pattern on the stamp must be
designed to be compatible with the forces involved in the
printing process. Voids of low aspect ratio (the height of
features divided by their lateral dimension <0.2) are
susceptible to sagging, whereas features of high aspect
ratio (>2) exhibit lateral instabilities [54]. Normal
pressure is applied to initiate and control conformal
contact, but excessive pressures cause patterns to collapse.
Model calculations predict the degree of deformation
[Figure 8(a)] and the critical pressure of the onset of
collapse [Figure 8(b)] [42, 55]. Collapse occurs when
the recessed areas of the pattern make contact with the
substrate, an effect that can be monitored through a
transparent stamp [Figure 8(c)] and results in printing on

IBM J. RES. & DEV. VOL. 45 NO. 5 SEPTEMBER 2001



undesired areas. The conformability [i.e., the ratio of
Young’s modulus divided by the work of adhesion (E/w)
of the material] was found to be a measure of the
spontaneous occurrence of conformal contact as
well as of the tendency for pattern collapse to propagate.
Interestingly, smaller structures with the same fill factor
are more stable against normal pressure [Figure 8(b)] but
also more susceptible to spreading collapse. In general,
large recessed areas have to be avoided, and collapse
barriers or frames around critical pattern regions may help
prevent the onset and propagation of collapse. Thin layers
of polymers on a rigid carrier are less susceptible to
collapse because nonprinting areas do not sag and the
overall deformation of a thin layer is smaller.

The most challenging stamp designs are those with
a broad dynamic range of pattern sizes, i.e., the ratio
between the smallest printed feature and the largest
unprinted area. This is because the smallest feature
determines the typical depth of patterns due to the limited
aspect ratio of the protrusions [54]. This pattern depth
imposes a low aspect ratio on large recessed zones, which
are thus prone to collapse. Complex masters created in
more than one lithographic step [56] can handle broader
dynamic ranges of patterns but are more expensive and
difficultto make.

Printing tools

The main function of a printing tool is to establish the
contact and facilitate the release of a stamp from a
substrate with precise control over the printing time, the
mechanical forces acting, and the placement of the stamp
on the substrate. Other requirements such as inking and
cleaning procedures within the printing tool depend on
the specific application. In the course of developing the
tool and stamp, we tested two approaches: 1) a flat-tool
geometry, in which a stamp supported by a rigid backplane
is brought into contact with the substrate, very much the
same as when an optical contact mask is applied to a
resist-coated wafer; and 2) a cylindrical-tool geometry,

in which a thin-film stamp is wrapped around a cylinder
and rolled over the substrate, as in a rotary press.

With the first approach, a 100-mm-diameter, 1-mm-thick
Sylgard 184 layer molded with high accuracy directly onto
a quartz mask plate [Figure 7(c)] was used for printing
together with a modified bond aligner (EV420, Electronic
Vision, Schaerding, Austria). Planar printing with these
stamps was challenging because they allowed no control
over the propagation of the contact front, which led to
pockets of trapped air. More reliable radial propagation
of the contact front was achieved by spherical deformation
of the substrate or a stamp that was released after initial
contact of the two surfaces. This approach remained
problematic because varying the contact force throughout
the process resulted in frequent collapse events, and the
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pcollapse (kPa)
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Fill factor (%)
(b)

Pressure-induced deformation of posts on a stamp with a modulus of
3 MPa. (a) Posts 1 um wide, 0.45 um high, and spaced 4 um apart
distorted by an external pressure of 40 kPa. The red mesh represents
the deformed base plane. (b) Pressure for onset of collapse as a
function of fill factor and post sizes. (c) Optical micrograph of
collapsed patterned stamp in contact with a glass substrate. Reprinted
with permission from [42]. Copyright 2000 American Institute of
Physics.

limited compressibility of polymers imposed very tight
mechanical tolerances for high-resolution printing. With
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(a) Optical micrograph of a gold pattern on a 4-inch wafer that was
printed using a thin-film stamp mounted on a cylinder followed by a
selective etch. (b) Difference map between print and master; printing
direction is from bottom to top. (c) Distortion map after compen-
sation of —245 ppm isotropic shrinkage and +77 ppm cylinder-
induced stretching along the print direction.

a 30-pm-thick, hard polymer layer on a softer cushion
[Figures 7(a) and 7(b)], the requirements concerning
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substrate and stamp flatness could be relaxed; but printing
could still not be done routinely. With the flat-stamp
approach, the maximum pattern distortion between two
prints was ~1.5 um over 75 mm but depended on the
thickness of the polymer layer [57-59]. The drawback of

a classical platen press is the unfavorable scaling of the
separation forces with the printed area, which limits this
approach to small areas [59, 60]. In our soft-lithography
platen press, no external print force is needed because
the work of adhesion ensures full-area contact, whereas
releasing a rigid 4-inch stamp from a substrate (or master)
may require up to 100 N.

The second approach was based on the use of a thin-
film stamp and a 400-mm-radius printing cylinder. For
printing areas of the order of 100 mm X 100 mm, we did not
build a full cylinder, but only an arc similar to the rockers
of a rocking chair; the arc was mounted on a modified
mask aligner (EV420). Thin-film stamps [Figure 7(d)] for
this tool were made by molding a 30- to 200-um-thick
prepolymer layer against a flexible, 75- to 150-um-thick
steel, Invar®*, or glass backplane and the master. After
curing, the thin, flexible backplane with the polymer layer
was gradually peeled away from the master. The thin-film
stamp was mounted on the print cylinder and then
brought into contact with the substrate with the rocker
tilted fully to one side. After wedge compensation, a
contact line was established which was moved over the
entire print area by a rocking motion. Printing speeds
varied between 0.1 and 10 mm/s, and applied forces
were adjusted between 0.5 and 10 N. The width of the
contact zone between the stamp and the substrate was
approximately 2 mm, leading to maximum pressures of
40 kPa. A gold pattern printed using these conditions is
shown in Figure 9(a). The requirements imposed on the
mechanical precision of the drum, the thin-film stamp, and
the substrate can be considerably relaxed when a soft tape
(0.5 mm, Tesa Softprint**) is inserted between cylinder
drum and stamp to level out mechanical inhomogeneities,
as is commonly done in flexography. This is especially
helpful if the stamp is made of a harder elastomer for
high-resolution application or if the pattern stability
is low.

Accurate printing (Figure 9) with the “rocker” cylinder
printing tool required an anisotropic compensation of the
wrapping-induced elongation along the printing direction
(as in a rotary press) in addition to the isotropic
compensation needed because of thermal-curing-induced
shrinkage of the stamp. Factors for compensating the
isotropic shrinkage were calculated using thermal
expansion coefficients. In our case we calculated a
temperature-dependent shrinkage of —250 ppm,
and experimentally found a shrinkage of —245 ppm

[Figure 9(b)]. The factor for the anisotropic, cylinder-
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induced stretch had to be determined experimentally. A
geometrical calculation resulted in a stretch of +125 ppm,
whereas the stretch found experimentally was +77 ppm
[Figure 9(b)]. Maximum distortions of prints were of the
order of 2 um over a dimension of 65 mm, and had a
relative error of 30 ppm. The average statistical errors
from print to print were typically 0.8 uwm or 12 ppm
[Figure 9(c)]. Overlay added =1 pm to the error budget
due to optical and mechanical limitations of the tool used.
It may be advantageous to combine the platen press and
cylinder approaches (flat printing and cylinder-driven
peeling) because this combination does not need
anisotropic compensation and allows low-force peeling.
However, such tools would have to be more complex

than other printing tools.

Long-range placement accuracy is already an issue in
“flat” printing approaches with hybrid stamps on solid
mask plates. The placement accuracy of patterns printed
with thin-film stamps is even more difficult because of
mounting on a cylinder, geometric inaccuracies, and shear
forces induced by the printing tool. Reaching sub-10-ppm
lateral accuracy (standard deviation between subsequent
prints made with the same stamp and systematic error)
requires control of more parameters than those mentioned
above. For printing techniques to become relevant to
microelectronics, a 1-ppm accuracy level is required—

a truly challenging task.

Characterization of conductive printed structures
Reproduction accuracies of soft lithography have been
characterized using optical and SEM-based metrological
equipment for lateral measurements, and white-light
interferometric microscopy and AFM for three-
dimensional profiling (see above). For patterned
conductive structures, electrical characterization was more
informative because it directly tests whether structures are
suitable as interconnects. Electrical testing with today’s
chip probers was too harmful for direct measurements

on our submicrometer-sized structures because we did
not include test pads in our designs.

We therefore devised a method for the reliable,
reproducible electrical testing of nanoscale wire arrays
using conducting probe AFM under ambient conditions
[61]. Metallic nanostructures on the wafers were identified
by topographic imaging and subsequently probed using
the same AFM tip as a mobile electrode (Figure 10). The
conductivity of individual gold wires was measured directly
with a conductivity-probing setup [Figure 10(a)]. Gold
wires of 125 nm width, 22 nm thickness, and 400 um
length were connected at both ends by interconnect
meshes [Figures 10(b) and 10(c)]. The resistivity of the
wires was 31.7 = 0.8 O/um, and the density of defects
was 0.7 per mm of wire [Figure 10(d)]. Thinner gold

IBM J. RES. & DEV. VOL. 45 NO. 5 SEPTEMBER 2001

AFM cantilever 107 Q
R~200

~G(x,y)

1-V converter

Guiding
lines

Wire array

Support
posts

10 ; . ]
° ° [ 250
8:87 L 200
2 61 L 150 ©
] £
4— o Lu) oo s} o _100 N
0 - 0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
x (um)
(d)

Electrical metrology of microcontact-printed wires. (a) Scheme of
conductivity measurements. (b) SEM overview of printed and etched
array of 125-nm-wide Au wires on SiO,. (c) Inset imaged by the
conducting AFM; the path of electrical probing is indicated by red
arrows/dashed line. (d) Results of wire probing with the resistance
data (squares, left-hand scale) and topography (line, right-hand scale).
Intact wires have a resistance in the green zone, whereas the
resistance of defective wires is located in one of the pink zones.

wires (30-50 nm) showed higher average resistivities
and, in some places, resistance steps of individual
grain boundaries.'

I'A. Bietsch and B. Michel, “Classification of Single Grain Boundaries by
Conducting Atomic Force Microscopy,” manuscript in preparation (2001).
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The ability of this instrument to address both
topographical and electrical characteristics with high
spatial resolution has been used to assess the yield of
our high-resolution printing technique. Although these
measurements are still ongoing, a preliminary result is
that defect counts do not increase even when stamps are
used more than a hundred times in a clean environment.
Overall, defect counts are already sufficiently low for
structures such as high-resolution diffractive optical
elements and low-resolution microelectromechanical-
system (MEMS) patterns to be printed in large numbers
with sufficient reliability.

5. Applications and alternative replication
schemes

Direct processing of substrate surfaces to chemically
change, remove, or add material is the goal of our
research and development effort. Two schemes exist:

In the first, the process is localized at the contact area

of protrusions, as for flexography. In the second, the
contact areas protect the substrate and define a pattern of
nonprotected areas exposed to the reagents, as for intaglio
and screen printing. We show here several methods of
contact transfer and processing—some of them extending
beyond the scope of classical printing schemes.

Patterning of fluids and processing of surfaces

In the past, printing and soft lithography have been used
exclusively in the classical one-stamp, one-ink, one-
transfer scheme. With this scheme, the execution of
several processes or the patterning of several dyes
requires the use of several stamps printed in a consecutive
fashion with precise alignment on the final substrate. In
photography, the very first attempts to reproduce colors
also used an overlay of three pictures taken separately
with different filters. Color photography then underwent a
spectacular development with the introduction of color
films that combine three different sensitivities on one

film [62]. Similarly, in current color printing, images

are separated into three or four colors and printed with
precise alignment in subsequent steps onto the final
surface. Color printing never experienced a development
that would have allowed colored images to be printed in
one step (with the exception of ink-jet printing).

We present several approaches for the selective
placement of single or multiple chemicals with inherent
alignment. These methods rely on a similar process flow:
1) The structured transfer medium is applied to the
substrate and seals adjacent recessed regions from each
other; 2) different substances are guided and delivered to
distinct regions of this substrate; 3) the substances are
immobilized and processed chemically once they have
reached their desired location; and 4) the transfer medium
is removed (Figure 11).
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Selective filling and de-wetting is comparable to writing
with a pen, but differs in that “ink” de-wets the surface
and is selectively trapped in small cavities [Figure 11(a)]
[63]. With this technique, a liquid or chemical can be
selectively delivered to a patterned surface, provided
that the interactions among the wetting property, the
geometry of the wells, the delivery tip, and the speed of
displacement are appropriate. A chemical reaction can
take place in each cavity after the cavity has been filled,
or a compound may be permanently placed there. The
selective filling of cavities in a PDMS layer with a colored
material provides an example of such a processing strategy
[Figures 11(a) and 11(b)].

If selective filling and de-wetting cannot be achieved,
the pattern can be provided by applying a layer with open
cavities to the substrate [Figures 11(c) and 11(d)]. Lids
with selective openings can be filled with a processing fluid
before or after they are placed in contact with a substrate.
The patterning device shown in Figure 11 consists of a Si
wafer with holes etched through its entire thickness. Low-
viscosity fluids can be processed when an elastomeric
substrate such as PDMS prevents gaps by a conformal
contact between the substrate surface and the solid parts
of the screen.

Finally, microfluidic networks can be brought into
contact with a substrate and used to transport a liquid
to a desired location far from its original delivery port
[Figures 11(e) and 11(f)] [64-66]. They complement the
previous two techniques [Figures 11(a), 11(b) and 11(c),
11(d)]. Accurate pattern replication requires good wettability
of the channels by the processing fluids and compatibility
between network material and these fluids. Reactions
localized by microfluidic networks covering a substrate
include the dissolution of a substrate with a mild base or
acid, the conversion of chemical functionalities on the
surface, and the deposition of polymers, biological
molecules, or catalytic particles.

We have demonstrated liquid contact processing over
length scales from millimeters down to micrometers for a
variety of substrates including viscous and volatile inks
[67]. The strength of these methods lies in the patterning
of materials (e.g., polymers, biological molecules) that are
incompatible with classical resist processes. Combinations
of the three approaches described above [i.e., of cavities
or lids and microfluidic networks [Figures 11(c) and 11(e)]
or of stamps and lids or fluidic networks (see below)],
allow more complex processing schemes that extend
printing to a one-stamp, multiple-ink, multiple-pattern
scheme. Thus, they may help to improve the printing
performance, because only one operation allows multiple
chemicals to be transferred and patterned on a substrate
with inherent alignment.
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Directed processing of a substrate with fluids. (a) Serial selective filling of cavities in patterned substrates (writing). (b) Optical image of PDMS

cavities (25 um X 75 um, 20 um deep) selectively filled with a dye. (c) Lids placed in contact with a substrate localize a chemical reaction (screen

printing). (d) Optical image of an array of openings (25 um X 100 wm, 380 um deep) in a Si wafer. (e) Microfluidic networks for guiding several
fluids (D1, D2) for parallel processing (extended intaglio, molding). (f) Image of fluorescence from dyes dispersed in a polymeric carrier patterned

using an interdigitated microfluidic network.

Patterning of biomolecules
Arrays of surface-bound biomolecules [68, 69] find
applications in biosensors, chromatography, diagnostic
immunoassays, cell culturing, DNA microarrays, and
other analytical procedures. Among these applications,
diagnostic immunoassays and DNA sensing are the driving
forces in the effort to miniaturize biological assays and to
conduct many assays in parallel. This trend offers several
advantages. In small volumes, mass transport by diffusion
can be fast, and chemical reactions can be accelerated
accordingly. The solutions are used more efficiently, and
lower volumes of samples or reagents are required. The
small dimensions make biochemical reaction systems
amenable to parallelization and large-scale integration.
Small scales can be crucial to the realization of certain
types of assays, for example where laminar flow in
capillaries is required [70] or where fast heat dissipation
can reduce processing time, as in a polymerase chain
reaction (PCR) [71].

The main advantage of printing over standard
procedures for making arrays is the capability of
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processing large bioactive surfaces in one “run” with
arbitrary patterns. To expand the range of possible
applications [72, 73], we devised schemes to pattern the
same surface with several different proteins [74]. There
are two ways to print different proteins onto a single
substrate using soft-lithographic techniques: 1) successive,
iterative inking and printing and 2) parallel inking of a
stamp followed by a single printing step. Figure 12(a)
shows the general procedure of the iterative approach, in
which different stamps having different patterns and/or
inks are printed many times onto the same substrate.
Biomolecules (such as proteins or enzymes) adsorb
spontaneously to the hydrophobic surface of a stamp
by incubation with an aqueous solution of the desired
molecules for several minutes. Using an array of 80-nm
posts made from PDMS with a high modulus, we were
able to print single antibody molecules [Figure 12(a),
part V].

As in offset printing, a planar stamp can be used as a
vehicle for transferring proteins patterned on the planar
stamp to the target surface [75]. The main challenge in

B. MICHEL ET AL.

709



710

Protein

solution I

Structured
PDMS

stamp AN

Inked
stamp

11T I

<—— Hard
substrate

I
v v

Patterned
surface

400 nm

—
=
—
=
=

v =
(b)

Micromachined
fluidic network

Solution 2 09 © °

I
g Solution 1 s e . ~—— Flatsamp
Flat PDMS stamp 1
ﬁ Structured

master

Hard Subtractive
o A pattern

substrate
I\%
Hard
& substrate

40 pm

e L A N

Printing of biological molecules. (a) Direct printing: (1) A patterned stamp is inked with a solution of proteins (I1), which are transferred efficiently
(>99%) by brief contact (IIT) with the substrate surface (IV). (V) AFM image of individual immunoglobulin molecules printed onto glass. (b)
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remaining molecules are printed (V) to the substrate surface (VI). (VII) AFM image of 100-nm lines of proteins.

performing such parallel printing is to obtain a stamp
inked locally with different proteins. Any patterning-by-
adsorption method is suitable, provided that it does not
compromise the mechanical properties and the pattern of
the stamp. Figure 12(b) illustrates the use of microfluidic
networks to define the areas of inking [65, 66]. Unlike
diffusive inks (e.g., thiols or metallic ions) [66, 75],
proteins remain accurately placed on the flat stamp and
can then be transferred to the substrate. To achieve
higher-resolution printing with standard PDMS (Sylgard
184), we used “subtractive inking,” a process unknown

in classical printing [Figure 12(c)]. Here, a flat stamp
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is homogeneously inked with a protein of interest. The
protein layer is patterned by selectiely removing patches
of protein from the stamp by contacting the stamp with a
microstructured “negative” pattern. The residual pattern
is then printed to the substrate. As there is no risk of
collapse with flat stamps, we expected the resolution of
subtractive printing to be limited only by the resolution of
the structured master used in the subtractive step. Indeed,
a resolution of 100-200 nm was achieved using subtractive
printing with standard PDMS [Figure 12(c)]. For feature
sizes smaller than 100 nm, subtractive printing was not
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efficient enough to allow the preparation of a perfect
pattern.

Printing of catalysts for electroless deposition of
metals

The capability of printing to transfer chemical reagents
from an elastomeric stamp to a substrate can be used

to direct the electroless deposition (ELD) of copper.
Electroless deposition is a wet chemical metallization
process that entails the reduction of a salt from solution
onto a surface using a reducing agent as the source for
electrons [76-78]. The presence of a catalyst on this
surface is necessary to initiate ELD before the deposition
can proceed in an autocatalytic manner. The combination
of printing with ELD of a metal, such as copper, is of
scientific as well as technological interest [79]. So far, all
approaches have used solvents that interfere with the
chemical and topological integrity of PDMS stamps. For
this reason, we examined printing of Pd(II)-based catalytic
precursors soluble in solvents compatible with high-
resolution PDMS stamps [80].

Figure 13(a) illustrates the experimental procedure.
Practically, this method relies on two key steps: First, the
stamp surface is made hydrophilic with an O, plasma to
greatly increase the affinity between the stamp and a
variety of ethanol- and water-soluble Pd(II) species,
allowing the stamp to be inked with these compounds.
Second, the substrate is pretreated before printing to
ensure adhesion of the catalyst to the surface. For our
application, the evaporation of a thin layer of titanium
onto the substrate, such as a silicon wafer, proved
to be the preconditioning method of choice, because
conventional pretreatments of the substrates with SnCl, or
aminosilanes did not produce satisfactory results. Titanium
provides two major functions for printing a Pd(II) catalytic
precursor onto a surface: First, it immobilizes and reduces
Pd(II) during printing; second, it is an efficient promoter
of adhesion between the substrate and the Cu deposit.
The electroless deposition of copper was achieved by
immersing the activated samples in an alkaline Cu tartrate
bath containing formaldehyde as the reducing agent.

The accuracy, contrast, and resolution of the Cu
patterns produced by printing and ELD, in addition to
their quality, homogeneity, and adhesion to the substrate,
are the most important criteria for evaluating the
merit of combining these two techniques. Figure 13(b)
demonstrates that printing a Pd(II) catalytic precursor
can lead to Cu structures with linewidths of 170 nm, for
example, when high-resolution stamps provide the pattern.
Here, Cu grains having a diameter between 80 and 170 nm
appear to be continuously connected and form the lines
on the substrate with good accuracy, suggesting a
homogeneous distribution of the catalyst in the printed
patterns. The high contrast indicates that no catalyst has
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Chemical Society.)
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(a) Simulation of the propagation of 248-nm light through a 100-nm-
wide LCM with 60-nm air gaps. Contours are isointensity lines from
a three-dimensional simulation scaled in increments of 10% with
white as the highest intensity. Arrows indicate the time-averaged
Poynting vector. (b) SEM image of positive resist (UV5, Shipley)
exposed with LCM having a mixture of small (120-nm) and large
features and using 256-nm light. The structure height of the LCM was
100 nm with no additional absorbers. Reprinted with permission from
[81]. Copyright 1998 American Institute of Physics.

diffused away from the zones of print and that ELD of Cu
was strictly limited to the catalytic areas of the substrate.

It is difficult, however, to determine the precise influence
of the parameters of the plating conditions, such as
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composition, strength, stability, and temperature of the
plating bath, on the highest resolution achievable using
printing and ELD of Cu. In the limit, the particle size of
Cu grains can be as low as 5 nm for deposits on activated
surfaces. By combining improved stamp fabrication for
high-resolution printing with an appropriate Cu ELD
process, feature sizes of about 50 nm are thought to

be achievable.

Light-coupling masks

Five years ago [19], we set out to find an alternative to
optical lithography. Our efforts took an unanticipated
turn, however, when we realized that our stamps can be
used in an optical contact lithography scheme. PDMS is
transparent for wavelengths down to 256 nm, and it makes
conformal contact with a substrate, which minimizes
reflection of light at the interface. Structured PDMS
stamps thus selectively guide electromagnetic fields
through the interfaces in contact. These so-called “light-
coupling masks” (LCMs) or, more casually, “light” stamps
[81-85] are composed of a transparent backplane and a
PDMS material with a refractive index (n) matching the
resist, and in some cases an absorbing layer in recessed
zones. They are placed on a resist-covered surface and
exposed to short-wavelength light. As in the other areas
of soft lithography, the mask must have the same feature
sizes as the final product. The small protruding features
on the stamp, which are surrounded by air gaps, collimate
and intensify the incoming light, which is then coupled
into the photoresist and subsequently developed with a
standard procedure. To understand the propagation of the
electromagnetic wave through the pattern into the resist,
extensive simulations have been performed [Figure 14(a)]
[86-88]. Simulations and experiments [Figure 14(b)]
reveal that the LCM technique is wavelength-dependent
but can approach the physical limit of resolution given by
Res = A/(2n) much more closely than can “hard” contact
lithography [12]. For our choice of wavelength (A =

248 nm) and material (n = 1.5), we predicted a limitation
at feature sizes of 80 nm. Beyond that, the contrast
function and depth of exposure are diminishingly small.
Experiments have shown that features with sizes down to
120 nm at a pitch of 240 nm can be reliably reproduced.
Other concepts of high-resolution contact lithography that
use amplitude-contrast masks also rely on improving the
contact between the absorber and the resist by the use of
embedded amplitude masks [89] or very thin absorbing
membranes with openings [90], which conform better to
the resist than do traditional hard masks.

The light-stamp example described above demonstrates
that there is no strict boundary between printing and
optical or X-ray [91] contact lithography—it seems that
both approaches can yield comparable results. Limited
durability of stamps or masters is generally assumed for
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Table 1 Comparison of classical printing techniques with their soft-lithography analogs.

Printing

Soft lithography

Flexography (relief printing)
-"- with offset

Intaglio printing
-"- with offset

Screen printing

-"- with offset
(Stone) lithography
(wettability contrast)
-"- with offset

Electrophotography

Microcontact printing
Flat stamps

Microcontainers (microwells)
Transfer via flat elastomeric intermediate

Printing through openings in a membrane
Transfer via flat elastomeric intermediate

No demonstration so far

Transfer via flat elastomeric intermediate possible

Charge patterning in thin organic films

Novel schemes

(Inverse relief offset printing)

(Multicolor screen printing)

(Optical contact printing)

A flat stamp is homogeneously inked, and
material is selectively removed

Selective addressing of groups of openings in
screen printing
Microfluidics for multiple inking

Optical contact printing with conformal contact

contact lithographies. The printing industry, however,
has demonstrated that the durability of stamps involved
in contact transfer can allow high replication factors,
which compensate for high initial costs of master and
stamps.

6. Discussion and outlook

The common feature of all of the printing methods
discussed here is conformal contact of an elastomer with
a hard surface, in which either the hard surface or the
elastomer is patterned topographically or chemically. Soft
lithography makes use of almost all replication schemes
known from classical printing and introduces a few novel
schemes. During a printing step, an ink may be transferred
to the substrate (additive print) or removed from the
substrate (subtractive print), the chemical nature of

the substrate may be altered in the zones of contact
(convertive print), or the substrate itself may be selectively
removed (etching). Additional examples of additive
processes are patterning, curing, and releasing of
structures such as waveguides using polymers cured by
ultraviolet light [92-94]. Electroless deposition of metals
and patterned catalytic growth of carbon nanotubes
[95-97] provide examples of an additive print with
subsequent pattern amplification. An example of the
convertive approach would be to mediate a surface
reaction by providing a reactant with a print or to render
a substrate on a surface selectively insoluble. Subtractive
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printing has been used for biopatterning [74] and
multicolor screen printing for patterning of dyes.

From Table 1 it is apparent that soft lithography makes
use of most of the established printing schemes in the
scope of the “one ink—one print” approach. Combining
printing with microfluidics and controlled sealing has
allowed printing schemes to be extended to a “many
inks—one print” approach, referred to as multicolor
screen printing, which can generate more powerful
replication schemes.

The offset approaches discussed in the context of
biological printing were also useful in patterning catalysts
for the electroless deposition of metals [75]. They are
superior in terms of pattern accuracy in cases where ink
molecules do not diffuse and blur the contrast. Ink dosing
is in general an important issue in accurate printing. In
flexography this has been solved by using an inking roll
with tiny depressions that hold an exactly metered amount
of ink. Well-controlled inking may also become necessary
in soft lithography. Self-assembled-monolayer-forming inks
should offer a fair process window because the transfer of
ink is largely self-limiting. An equivalent to electrostatic
patterning in the micro world may be the field-induced
self-construction of polymer microstructures [98-100]
and the charge patterning in thin organic films [101].
Subtractive printing has been used for biopatterning, and
multicolor screen printing for patterning of dyes. Optical
printing is discussed in the section on light-coupling
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masks. New approaches for direct contact-mediated
transfer of individual molecules or nanoparticles allow
self-assembly to be combined with printing to create more
powerful manufacturing methods for the years to come. In
such schemes, nanostructured stamps will direct or assist
the self-assembly of structures by pattern matching. It
appears that DNA hybridization [102, 103] and biological
recognition on novel “transfer devices” may play a role

in future semiconductor manufacturing, either as a
structuring aid [104] or to obtain more powerful coding
schemes [105].

Demonstrations of the fabrication of devices using soft
lithography are still fairly scarce and include relatively large
structures: Arrays of metal oxide on semiconductor field-
effect transistors (MOSFETs) with a gate size of 20 um
were fabricated [106]. GaAs/AlGaAs MOSFETs were
fabricated in a similar way [107]. Arrays of Al/Si Schottky
diodes with 2- to 100-um gaps have been demonstrated
using printing of alkanephosphonic acid and etching on Al
[108]. Electrodes for organic electronic applications have
also been patterned [109]. Soft lithography is able to
create patterns for MEMS [110], but the possibilities of
the technology have not been fully exploited in these
examples. Compelling reasons to switch to this new
technique are the ability to process very small structures
and to pattern materials that are incompatible with resist
processes. The direct patterning of conducting polymers
appears to be an example of a niche application for soft
lithography [2].

We have shown that high accuracy is achievable with
soft lithography, but alignment issues remain a challenge.
When the size of the exposure field is reduced, optical
steppers reach 30-nm overlay and accuracy [9]. However,
this does not mean that exposures are absolutely accurate
to 30 nm, because they are exposed on wafers that might
have become distorted during the various heat steps by as
much as 1 um. But because the new layer “adapts” to the
deformed substrate, the overall overlay accuracy is much
better than the absolute accuracy. In a fashion similar to
this, the presence of topographic features on the substrate
that match inverse features molded into the stamp allows
the implementation of an adaptive lock-and-key-type self-
alignment for printing [19]. Adaptive approaches could
greatly relax the demands for long-range accuracy for
a slightly elastic system that is capable of physically
“feeling” the misalignment by mechanical contact and
adapting itself accordingly—the technical feasibility of
such concepts has yet to be demonstrated, however.

In the semiconductor industry, optical lithography
approaches have been pursued with much more vigor than
have printing approaches—it is therefore no surprise that
they are predominant in the crucial patterning steps.
However, the excessively high cost associated with
semiconductor manufacturing is now beginning to slow
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down progress, so that printing processes are being
reconsidered [111, 112]. The annual revenue generated

by the printing industry is comparable to that of the
computer industry, which could have induced investments
large enough to include high-resolution patterning.

To judge by the recent past, however, this has not

been the case, perhaps because of the smaller company
sizes or the lack of corporate research among print-tool
manufacturers. The development of soft lithography
initially proceeded very rapidly and separately from the
printing industry. Now, however, it will presumably merge
with printing to create a new technology that may
challenge optical lithographies in terms of throughput,
cost per area, and high-resolution pattern replication.
Triggered by promising applications with intermediate
accuracy requirements, innovations might drive printing
technologies to reduce pattern sizes from 20 um to 100 nm
and to improve overlay from 20 um (~20 ppm) to

levels below 1 ppm. Large-area accuracy and overlay,
however, demand additional efforts and possibly the
introduction of adaptive concepts. Nevertheless, single-
layer printing with reduced lateral-accuracy requirements
(10 ppm, optical filters and gratings) and replication with
overlay of larger patterns (micrometer scale) may soon be
applied in niche markets. We are confident that our effort
will help printing and high-resolution lithography to merge
into a more powerful and versatile micro- and nano-scale
patterning technology.
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