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ABSTRACT
Soft lithography represents a non-photolithographic strategy based on self-
assembly and replica molding for carrying out micro- and nanofabrication. It
provides a convenient, effective, and low-cost method for the formation and
manufacturing of micro- and nanostructures. In soft lithography, an elastomeric
stamp with patterned relief structures on its surface is used to generate patterns
and structures with feature sizes ranging from 30 nm to 260 Five tech-
nigues have been demonstrated: microcontact prini@P(), replica molding
(REM), microtransfer molding/(TM), micromolding in capillaries (MIMIC),
and solvent-assisted micromolding (SAMIM). In this chapter we discuss the pro-
cedures for these techniques and their applications in micro- and nanofabrication,
surface chemistry, materials science, optics, MEMS, and microelectronics.

INTRODUCTION

Microfabrication, through its role in microelectronics and optoelectronics, is an
indispensable contributor to information technology (1). It is also ubiquitous
in the fabrication of sensors (2), microreactors (3), combinatorial arrays (4),
microelectromechanical systems (MEMS) (5), microanalytical systems (6, 7),
and micro-optical systems (8,9). Microfabrication uses a variety of pattern-
ing techniques (10, 11); the most powerful of these is photolithography, and
essentially all integrated circuits are fabricated using this technology (10-12).
Projection photolithography is a parallel process (12): The entire pattern of
the photomask can be projected onto a thin film of photoresist at the same time.
State-of-the-art photolithographic techniques are capable of mass-producing
patterned structures in thin films of photoresists with feature sizes as small as
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~250nm (13, 14), and it is plausible that the same technology can be extended
to features as small as100 nm in the future by use of a combination of deep
UV light (e.g. 193 nm ArF excimer laser or 157 nm &cimer laser) and
improved photoresists (13). As far as we now foresee, however, these opti-
cal methods cannot surmount the so-called 100 nm barrier—a critical value in
the reduction of feature sizes set by a combination of optical diffraction and
short-wavelength cutoff to the transparency of the optical materials used as
lenses. Advanced lithographic techniques currently being explored as potential
substitutes for conventional photolithography in the regiri®0 nm include
extreme UV (EUV) lithography, soft X-ray lithography, e-beam writing, fo-
cused ion beam (FIB) writing, and proximal-probe lithography (15, 16). These
techniques have the capability to generate extremely small features (as small as
a few nm), but their development into economical methods for mass-production
(or manufacturing) of nanostructures still requires substantial effort: EUV and
X-ray techniques, for example, require the development of reflective optics
and/or new types of masks, and arrays of beams or some form of flood illumi-
nation rather than a single beam must be developed in e-beam or FIB writing;
all require new ideas for mask maintenance and repair and for dealing with
problems such as nonplanarity in the substrate.

Although photolithography is the dominant technology, even for lgnge-(
scale) features, itis not always the best and/or the only option for all applications:
For example, itis not an inexpensive technology (11-14); it is poorly suited for
patterning nonplanar surfaces; it provides almost no control over the chemistry
of the surface and hence is not very flexible in generating patterns of spe-
cific chemical functionalities on surfaces (e.g. for anchorage-dependent tissue
culture or combinatorial chemistry); it can generate only two-dimensional mi-
crostructures; and it is directly applicable only to a limited set of photosensitive
materials (e.g. photoresists) (17). The characteristics of photolithography are
such thatitis relatively little used for microfabrication based on materials other
than photoresists; to work with other materials it is necessary to attach chro-
mophores or add photosensitizers, and neither type of procedure is convenient.

We have developed an alternative, non-photolithographic set of microfabri-
cation methods that we call soft lithography (18—20) because all its members
share the common feature of using a patterned elastomer as the stamp, mold, or
mask (rather than a rigid photomask) to generate micropatterns and microstruc-
tures. We have explored six such techniques: microcontact printi@dP)

(21), replica molding (REM) (22), microtransfer moldingTM) (23), micro-
molding in capillaries (MIMIC) (24), solvent-assisted micromolding (SAMIM)
(25), and phase-shift photolithography (26). Cast molding (27, 28), embossing
(29, 30), and injection molding (31-33) are also part of this area of technology
and have been developed by others.
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Table 1 Comparison between photolithography and soft lithography

Photolithography Soft lithography
Definition of patterns Rigid photomask Elastomeric stamp or mold
(patterned Cr supported (a PDMS block patterned
on a quartz plate) with relief features)
Materials that can be Photoresists Photorésfsts
patterned directly (polymers with photo-

sensitive additives)
SAMs on Au and SiQ SAMs on Au, Ag, Cu, GaAs,

Al, Pd, and SiG@?

Unsensitized polyme®s®
(epoxy, PU, PMMA, ABS,
CA, PS, PE, PVC)

Precursor polymefd
(to carbons and ceramics)

Polymer beads

Conducting polymefs

Colloidal material3d

Sol-gel materials?

Organic and inorganic safts

Biological macromoleculés

Surfaces and structures  Planar surfaces Both planar and nonplanar
that can be patterned  2-D structures Both 2-D and 3-D structures

Current limits to ~250 nm (projection) ~30 it ~60 nnf, ~1 umd-e
resolution ~100 nm (laboratory) (laboratory)

Minimum feature size  ~100 nm (?) 10 (?) - 100 nm

aMade by (a)uCP, (b) REM, (c)uTM, (d) MIMIC, (e) SAMIM. PU:polyurethane; PMMA:
poly(methyl methacrylate); ABS: poly(acrylonitrile-butadiene-styrene); CA: cellulose acetate; PS:
polystyrene; PE: polyethylene; and PVC: poly(vinyl chloride)

Table 1 compares the advantages and disadvantages of conventional pho-
tolithography and soft lithography. Soft lithographic techniques are low in
capital cost, easy to learn, straightforward to apply, and accessible to a wide
range of users. They can circumvent the diffraction limitations of projection
photolithography; they provide access to quasi-three-dimensional structures
and generate patterns and structures on nonplanar surfaces; and they can be
used with a wide variety of materials and surface chemistries. The aim of
this review is to describe the principles, processes, materials, applications,
and limitations of soft lithographic techniques. We discuss how these non-
photolithographic techniques have been used to produce patterns and structures
with lateral dimensions fromy30 nm to~500um. We especially want to illus-
trate the diversity of molecules and materials that can be patterned by these tech-
nigues. We also presentissues and problems in soft lithographic techniques that
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remain to be solved, for example, deformation of the elastomeric stamp or
mold, density of defects in the formed pattern, and difficulty in high-resolution
registration.

THE KEY ELEMENT OF SOFT LITHOGRAPHY

An elastomeric block with patterned relief structures on its surface is the key to
soft lithography. We have been using poly(dimethylsiloxane) (PDMS) elas-
tomers (or silicone rubbers) in most demonstrations; we and other groups
have also used elastomers such as polyurethanes, polyimides, and cross-linked
Novolac™ resins (a phenol formaldehyde polymer) (21). Poly(dimethylsilo-
xanes) have a unique combination of properties resulting from the presence of
an inorganic siloxane backbone and organic methyl groups attached to silicon
(34). They have very low glass transition temperatures and hence are fluids at
room temperature. These liquid materials can be readily converted into solid
elastomers by cross-linking. The formulation, fabrication, and applications of
PDMS elastomers have been extensively studied and are well-documented in
the literature (34). Prepolymers and curing agents are commercially available
in large quantities from several companies: for example, Dow Corning and
Huls America.

The elastomeric stamp or mold is prepared by cast molding (27): A pre-
polymer of the elastomer is poured over a master having relief structure on its
surface, then cured and peeled off. The master is, in turn, fabricated using mi-
crolithographic techniques such as photolithography, micromachining, e-beam
writing, or from available relief structures such as diffraction gratings (35),
TEM grids (21), polymer beads assembled on solid supports (35), and relief
structures etched in metals or Si (35, 36). Figure 1 illustrates the procedure for
fabricating PDMS stamps. The master is silanized by exposure to the vapor of
CF5(CR)) 4(CH,),SiCl, for ~30 min; each master can be used to fabricate more
than 50 PDMS stamps. The PDMS elastomer that we usually use is Sylgard™
184 obtained from Dow Corning. Itis supplied as a two-part kit: aliquid silicon
rubber base (i.e. a vinyl-terminated PDMS) and a catalyst or curing agent (i.e.
a mixture of a platinum complex and copolymers of methylhydrosiloxane and
dimethylsiloxane). Once mixed, poured over the master, and heated to elevated
temperatures, the liquid mixture becomes a solid, cross-linked elastomer in a
few hours via the hydrosilylation reaction between vinyl (SiCH=E#toups
and hydrosilane (SiH) groups (34).

We use elastomers because they can make conformal contact with surfaces
(even those that are nonplanar on the guhscale) over relatively large areas,
and because they can be released easily from rigid masters or from complex,
quasi-three-dimensional structures that are being molded. In addition to its
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Figure 1 Schematic illustration of the procedure for fabricating PDMS stamps from a master
having relief structures on its surface.

elasticity, the PDMS elastomer also has other properties (34) that makes it ex-
tremely useful in soft lithographyaf The PDMS provides a surface that has a
low interfacial free energy~21.6 dyn/cm) and good chemical stability; most
molecules or polymers being patterned or molded do not adhere irreversibly
to, or react with, the surface of PDM%)(The PDMS is not hydroscopic; it
does not swell with humidity. df The PDMS membrane passes gas easily.
(d) The PDMS elastomer has good thermal stability (up~t86°C in air);
prepolymers being molded can be cured thermadlyThe PDMS elastomer is
optically transparent down t6300 nm; prepolymers being molded can also be
cured by UV cross-linking. ) The PDMS elastomer is isotropic and homoge-
neous; stamps or molds made from this material can be deformed mechanically
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to manipulate the patterns and relief structures in their surfaces (22, 37, 38). The
Sylgard™ 184 elastomer has itself been used to construct elastomeric optical
elements for adaptive optics (39-42) and for photomasks for phase-shift (26, 43)
and conventional photolithography (44y) The elastomeric PDMS is durable
when used as a stamp; we can use a PDMS stamp md&i) {imes over a pe-

riod of several months without noticeable degradation in performahg@hge
interfacial properties of PDMS elastomer can be changed readily either by mod-
ifying the prepolymers or by treating the surface with plasma, followed by the
formation of siloxane SAMs (45, 46), to give appropriate interfacial interactions
with materials that themselves have a wide range of interfacial free energies.

PDMS also presents a number of technical problems (Figure 1) for soft lithog-
raphy; these problems remain to be solved before soft lithography becomes a
general strategy for microfabrication. First, PDMS shrinks-y6 upon cur-
ing; and the cured PDMS can be readily swelled by a number of nonpolar
organic solvents such as toluene and hexane (34). Second, the elasticity and
thermal expansion of PDMS make it difficult to get high accuracy in registration
across a large area and may limit the utility of soft lithography in multilayer
fabrication and/or nanofabrication. Third, the softness of an elastomer limits
the aspect ratio of microstructures in PDMS. For example, the representative
ranges of values for the dimensiorsd, andl in Figure 1) are 0.2-20, 0.5—
200, and 0.5-20@:m, respectively. When the aspect ratigl) is too high
or too low, the elastomeric character of PDMS will cause the microstructures
in PDMS to deform or distort and generate defects in the pattern (Figure 1).
Delamarche et al have shown that the aspect ratio of the relief features in
PDMS must be between 0.2 and 2 in order to obtain defect-free stamps or
molds (47). The sagging of PDMS caused by compressive forces between the
stamp and the substrate excludes the ugeGR for patterns with widely sepa-
rated @ > 20h) features, unless nonfunctional posts can be introduced into the
design to support the noncontact regions or unless the stamp can be backed with
arigid support.

We and several other groups are seeking solutions to these technical prob-
lems. For example, Delamarche et al found that the paired lines (Figure 1) in
PDMS could be restored by washing the surface witk-aft aqueous solution
of sodium dodecylsulfate (SDS), followed by a rinse with heptane (47). Rogers
et al recently showed that the Meitéchnique could be used to monitor distor-
tions of PDMS stamps or molds during soft lithography and that the maximum
distortions could be reduced to less thaarh over areas of-1 cn? by using
thin PDMS stamps supported on rigid substrates such as glass plates (48).

We have used PDMS blocks having relief patterns on their surfaces in a
number of different processes for patterning: for example, as stamps to print
patterns of self-assembled monolayers (SAMs) on appropriate substrates (21);
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as molds to form microstructures (both supported and free-standing) of various
materials (22—-25); and as photomasks to transfer patterns into thin films of
photoresist using contact phase-shift photolithography (26, 43) or conventional
UV photolithography (44).

MICROCONTACT PRINTING («CP)

The concept underlying CP is straightforward: It uses the relief pattern on
the surface of a PDMS stamp to form patterns of self-assembled monolayers
(SAMs) on the surfaces of substrates by contact. Microcontact printing differs
from other printing methods (49) in the use of self-assembly (especially, the
use of SAMs) to form micropatterns and microstructures of various materials.

Self-Assembly and Self-Assembled Structures

The concept of self-assembly (50, 51) has been largely stimulated by the study
of biological processes: for example, folding of proteins and t-RNAs (52), for-
mation of the DNA double-helix (53), and formation of the cell membranes
from phospholipids (54). Self-assembly is the spontaneous aggregation and
organization of subunits (molecules or meso-scale objects) into a stable, well-
defined structure via noncovalent interactions. The information that guides the
assembly is coded in the properties (e.g. topologies, shapes, and surface func-
tionalities) of the subunits; the individual subunits will reach the final structure
simply by equilibrating to the lowest energy form. Because the final self-
assembled structures are close to or at thermodynamic equilibrium, they tend
to form spontaneously and to reject defects. Thus self-assembly provides a
simple route to certain types of structures. The obvious technical challenges
to extending current photolithography to the fabrication of nanostructures and
three-dimensional microstructures are such thatitis now possible to at least con-
sider self-assembly as an approach to micro- and nanofabrication. We and other
groups have developed a variety of strategies of self-assembly and have em-
ployed them to fabricate two- and three-dimensional structures with dimensions
ranging from molecular (55, 56), through mesoscopic (57), to macroscopic sizes
(58,59).

Self-Assembled Monolayers (SAMS)

Self-assembled monolayers are one of the most intensively studied examples
of nonbiological self-assembling systems (60). SAMs can be easily prepared
by immersion of a substrate in the solution containing a ligand (%6
reactive toward the surface, or by exposure of the substrate to the vapor of a
reactive species. The thickness of a SAM can be controlled by change in the
number () of methylene groups in the alkyl chain. The surface properties of
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the monolayer can be easily modified by changing the head group, X (61). The
selectivity in the binding of the anchoring group, Y, toward different substrates
is a major limitation of this method for forming thin films: Some surfaces (e.qg.
Au and Ag) are much easier to form SAMs on than are other (metal oxides).
This selectivity is, nevertheless, useful for orthogonal assembly—formation of
different SAMs on different materials from a single solution containing different
ligands or containing a ligand with two different terminal groups (62).

SAMs exhibit many attractive characteristics: ease of preparation, good sta-
bility under ambient laboratory conditions, relatively low densities of defects
in the final structures, and amenability to application in controlling interfacial
(physical, chemical, electrochemical, and biochemical) properties. They have
been extensively reviewed in the literature (63—66). The best-established sys-
tems of SAMs are those of alkanethiolates on Au (67) and Ag (68), and alkyl-
siloxanes on hydroxyl-terminated surfaces such as Sj/SMAI ,O;, glass,
mica, and plasma-treated polymers (60, 69, 70). Less-well-characterized sys-
tems of SAMs include alkyl groups directly boundto Si (71, 72); alkanethiolates
on Cu (73), GaAs (74), and InP (75); alkanesulfinates (76) and alkylphosphines
(77) on Au; alkanethiolates on Pd (78); alkylisonitriles on Pt (79); carboxylic
(80) and hydroxamic (81) acids on metal oxides; alkylphosphates o282
and alkylphosphonic acids on,B;/SnG; (ITO) (62).

Alkanethiolates (CH(CH,),S™) on Au is the best characterized and under-
stood system of SAMs (67). The process by which they are formed on reaction
of alkanethiols (in solution or vapor phase) and gold is assumed to occur with
loss of dihydrogen. The sulfur atoms of alkanethiolates form a commensurate
overlayer on Au(111) with ay(3 x +/3)R30 structure. The alkyl chains ex-
tend from the plane of the surface in a nearlytedhsconfiguration. They are,
on average, tilted approximately 3ffom the normal to the surface to maxi-
mize the van der Waals interactions between adjacent methylene groups (see
the inset of Figure 2). Surfaces represented by SAMs of alkanethiolates on Au
are widely used as model systems to study interfacial phenomena such as wet-
ting (61), adhesion (83), nucleation (84), protein adsorption (85-87), and cell
attachment (86, 87). They have also been used as active elements to fabricate
sensors and biosensors (88, 89).

Microcontact Printing of SAMs

Many applications of SAMs in surface chemistry and microfabrication require
SAMs patterned in the plane of the surface with feature sizes at least on the
um scale. A variety of techniques have been explored for accomplishing this
goal that include microcontact printing CP) with elastomeric stamps (21, 84,
90-93); photochemical oxidation (94—-96), activation (97—-99), or cross-linking
(100) with UV light; and writing with an e-beam (101-103), focused ion
beam (FIB) (104), neutral metastable atom beam (105-107), or sharp stylus
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Figure 2 Schematic procedures farCP of hexadecanethiol (HDT) on the surface of gola): (
printing on a planar surface with a planar stamp (28) pfinting on a planar surface over large
areas with a rolling stamp (128), angj printing on a nonplanar surface with a planar stamp (174).

(108, 109). This review focuses on microcontact printing because it seems to
offer the most interesting combination of convenience and new capabilities.
We have developed three different configurations (Figure 2) for carrying out
1 CP on substrates with different geometric parameters (91-93). The general
principles and procedures are the same.u@P of alkanethiols on Au, for
example, the PDMS stamp is wetted with an “ink” (typically,-a®-mM solu-
tion of hexadecanethiol in ethanol) and is brought into contact with the surface
of Au for 10-20 s. The hexadecanethiol (g8H,),sSH) transfers from the
stamp to the gold upon contact, forms a hexadecanethiolatg(QEH) 55 "),
and generates patterns of SAMs on the surface of gold.
The success ofiCP rests on two characteristics of the system: the rapid
formation of a highly ordered SAM and the autophobicity of the SAM that can
block the spreading of the ink across the surface (110). The formation of SAMs



162 XIA & WHITESIDES

of alkanethiolates on gold is relatively fast. For example, highly ordered SAMs
of hexadecanethiolate can form on gold within minutes after the gold substrate
is immersed in an-2-mM solution of hexadecanethiol in ethanol (63). The
formation of highly ordered SAMs of alkanethiolates durin@P may occur in
seconds. Biebuyck et al recently showed that a contacttith@ s (~100-mM
solution of dodecanethiol in ethanol) was enough to form highly ordered SAMs
on Au(111) that were indistinguishable from those formed by equilibration in
solution. ForuCP with an~2-mM solution of hexadecanethiol in ethanol, a
contact time of 10-20 s is usually used (92, 111). We found that longer contact
time (>30 s) usually resulted in the destruction of the pattern due to the transport
of hexadecanethiol from the stamp to the surface in noncontact regions through
the vapor phase (112).

Kumar et al first demonstrated the concepu®fP; they used the system of
SAMs of alkanethiolates on Au (21, 84). We and other groups later extended
this technique to a number of other systems including SAMs of alkanethiolates
on Ag (113-115), SAMs of alkanethiolates on Cu (116, 117), SAMs of alkyl-
siloxanes on HO-terminated surfaces (118-121), SAMs of alkanethiolates on
Pd (L Goetting, unpublished data), and SAMs of RA®on Al (L Goetting,
unpublished data). Microcontact printing has also been used to form patterns of
colloidal Pd particles on Si/SiCand polymers (122, 123), and patterns of pro-
tonic acids on thin (1-1@m thick) films of chemically amplified photoresists
(Y Xia, unpublished data) or sol-gel materials (124). Microcontact printing
of hexadecanethiol on evaporated thin (10—200 nm thick) films of Au or Ag
appears to be the most reproducible process. Both systems give highly-ordered
SAMs, with a low density of defects. Unfortunately, gold and silver are not
compatible with microelectronic devices based on Si (125), although they can be
used as electrodes or conductive wires in many applications. Curre@tB/of
SAMs of siloxanes on Si/Sigs substantially less tractable tha@P of SAMs
of alkanethiolates on Au or Ag: It usually gives disordered SAMs, and in some
cases, submonolayers and multilayers (121). One of the future directions of
this area will be the development of systems in which highly ordered SAMs can
be formed directly on the surfaces of inorganic semiconductors easily, rapidly,
and reproducibly.

Patterned SAMs as Resists in Selective Wet Etching

SAMs that are 2—3 nm thick do not have the durability to serve as resists for
pattern transfer in conventional reactive ion etching (RIE). However, some
have the ability to protect the underlying substrates effectively from attack by
certain wet etchants (84,126). We have shown that aqueous solutions con-
taining K;S,04/K;Fe(CN)Y/K ,Fe(CN) or agueous cyanide solution saturated
with O, are effective for use with patterned SAMs of alkanethiolates on Au
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and Ag (84, 126); that aqueous solutions containing Fa@il HCI (or NH,CI)

are effective for use with patterned SAMs of alkanethiolates on Cu (116);
and that aqueous solutions containing HCI/HN\#De effective for patterned
SAMs of alkanethiolates on GaAs (E Kim, unpublished data) or Pd (L Goetting,
unpublished data). Previous studies have demonstrated many other wet etchants
for these and other materials, and these etchants remain to be examined in con-
junction with SAMs (127).

Figure 3—f shows SEM images of several test patterns of Ag (113, 128),
Au (126), and Cu (118) that were generated ugi@P with hexadecanethiol,
followed by selective wet etching. These test patterns represent the level of
complexity, perfection, and scale that can be produced routinely by this pro-
cedure. Microcontact printing, like photolithography, is an inherently parallel
process. It can pattern the entire surface of the substrate in contact with the
stamp at the same time. It may be useful in large-area patterning. In their
initial demonstration, Xia et al patterned 3-inch wafes&0Q cnt in area) with
submicron features (FigurebRin a single impression by using a cylindrical
rolling PDMS stamp (128).

The minimum feature size that can be generated®F is mainly determined
by the material properties of the stamp rather than by optical diffraction and/or
the opticity of optical materials (129). Thus microcontact printing has the
capability to produce features with lateral dimensieri)0 nm. The smallest
features fabricated to date with a combinatiop.@fP of SAMs and wet etching
are trenches etched in Au that ar@5 nm wide separated by350 nm (93).

The minimum feature size that can be achieveg@®P remains to be defined,

and a systematic study on the interactions between the stamp and the substrate
will be useful for the optimization of the properties of the elastomer for use in
the <100 nm regime.

The patterned structures of metals formed using a combinatipiC&f and
selective etching can be used directly as arrays of microelectrodes or as diffrac-
tive optical components (84). They can also be used as secondary masks in
the etching of the underlying substrates such as, S0 and GaAs using wet
etches or RIE (130-132). Figure@ ) shows SEM images of microstructures
that were generated in Si using anisotropic etching GE@) with patterns of
Ag (44) or Au (133) as the masks. Although microstructures of Si fabricated
this way cannot be used for fabricating microelectronic devices, they should be
directly applicable to the fabrication of microreactors, microanalytical systems,
MEMS, solar cells, and diffractive optical components.

Patterned SAMs as Templates in Selective Deposition

The initial products of«CP are patterned SAMs, but the materials that can be
patterned usingtCP are not limited to SAMs. By modifying the interfacial
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Figure 3 Scanning electron microscopy (SEM) images of test patterns of séiver§0 nm thick;

d, 200 nm thick), gold € 20 nm thick), and copperf(50 nm thick) that were fabricated using
uCP with HDT, followed by wet chemical etching. The patternsapand p) were printed with
rolling stamps (128); the patterns io-f) were printed with planar stamps (113, 116, 126). The
bright regions are metals; the dark regions are Sy§®xposed where the etchant has removed the
unprotected metals.g(h) SEM images of silicon structures fabricated by anisotropic etching of
Si(100), with patterned structures of silver or gold as resists (44, 133). The structimenas
generated using a combination of shadow evaporation and anisotropic etchin@Qs) Si

properties of SAMs, we and other groups have been able to pattern a wide
variety of materials [for example, liquid prepolymers (134-136), conducting
polymers (137-140), inorganic salts (141), metals (121,142, 143), ceramics
(144), and proteins (85, 145, 146)] using patterned SAMs as the templates to
control the deposition. These processes use self-assembly at two scales: the
formation of patterned SAMs at the molecular scale and the deposition of other
materials on the patterned SAMs at the mesoscopic scale. Recently, Abbott
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Figure 4 Selective wetting, nucleation, and deposition with patterned SAMs as templajes: (
An SEM image of microstructures of polyurethane (PU) assembled using selective dewetting
(35). () An SEM image of microdots of CuSQarrow) formed by selective dewetting and
crystallization (141). The dark squares are SAMs terminated in -COOH groups; the light grids are
SAMs terminated in -Chigroups. ¢) An SEM image of microstructures of Clight) formed in

Si microtrenches using selective CVD (142}) An SEM image of microstructures of LiNbO
(light) on Si/SiG; (dark) produced using selective CVD (144).

et al also used patterned SAMs formed/bgP to control both azimuthal and
polar orientations of nematic liquid crystals (LCs) (147).

Figure 44 shows an SEM image of isolated stars of polyurethane (PU) fabri-
cated using a combination pCP and selective dewetting (35, 134). The liquid
prepolymer of PU, when placed on a surface patterned with SAMs, selectively
dewetted the hydrophobic (GHerminated) regions and formed patterned mi-
crostructures on the hydrophilic (COOH-terminated) regions (35). The liquid
prepolymer selectively trapped in the hydrophilic regions was then cured under
UV light. Figure 4 shows an SEM image of arrays of submicrometer-sized
dots of CuSQthat were formed by selectively wetting a SAM-patterned surface
of Au with an agueous solution containing Cus@llowed by evaporation of
water (141). Using this simple approach, D Qin et al (unpublished data) have
been able to form regular arrays of dots of CyS@th lateral dimensions as
small as~50 nm.

Nuzzo et al have used patterned SAMs as templates to control the nucleation
and growth of metals and ceramics by selective chemical vapor deposition
(CVD) (121, 142-144). Figurecid shows two examples: selective CVD of
Cu and LiNbQ. The patterned SAMs defined and directed CVD by inhibiting
nucleation, using CHterminated SAMs of alkylsiloxanes. The materials to
be deposited only nucleated and grew on the bare regions)(8i& were
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not derivatized with hydrophobic (GHerminated) SAMs; nucleation on the
polar regions formed patterned microstructures. These demonstrations suggest
that uCP of SAMs, in combination with other processes, can be used to form
patterned microstructures of a wide variety of materials.

MICROMOLDING AND RELATED TECHNIQUES
Replica Molding (REM)

Replica molding is an efficient method for the duplication of the information
(i.e. shape, morphology, and structure) present in the surface of a mold (27).
UV- or thermally curable prepolymers, as long as they do not contain sol-
vent, usually have a shrinkage of less than 3% on curing; the cured polymers,
therefore, possess almost the same dimensions and topologies as the chan-
nels in the PDMS mold. The fidelity of this process is largely determined
by van der Waals interactions, wetting, and kinetic factors such as filling of
the mold. These physical interactions are short range and should allow more
accurate replication of smalk(L00 nm) features than does photolithography
(148). The value of replica molding is as a replication method: It allows
duplication of three-dimensional topologies in a single step; it also enables
faithful duplication of complex structures in the master in multiple copies with
nanometer resolution in a simple, reliable, and inexpensive way. Replica mold-
ing against a rigid mold with an appropriate material (usually a thermoplastic
polymer) has been used for the mass-production of a wide range of structured
surfaces such as compact disks (CDs) (27, 28), diffraction gratings (149), holo-
grams (150), and micro-tools (151). We have extended the capability of this
procedure by molding against elastomeric PDMS molds rather than against
rigid molds; the use of elastomers makes it easier to release small, fragile
structures.

Figure @ outlines the procedure schematically (22, 152). The PDMS molds
are prepared by casting against rigid masters using a procedure similar to that
used inuCP. The relief features on the PDMS mold can, in turn, be faithfully
replicated by using this structure as a mold for forming structures in a second
UV-curable (or thermally curable) prepolymer. The relief structures on the
replica are complementary to those on the mold and very similar to those on
the original master. We have demonstrated replica molding against elastomeric
PDMS molds with resolutior:10 nm (153). Figure® for example, shows the
AFM image of Cr nanostructures on a master, and Figbreh®ws the AFM
image of nanostructures in polyurethane (PU) prepared by replication against a
PDMS mold cast from this master. The heights (peak to valley) of the Cr lines
on the original master were13 nm; the heights of the PU lines werd nm.
These results indicated that replica molding against a PDMS mold is capable
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Figure 5 Schematic illustration of procedures f@) feplica molding (REM), §) microtransfer
molding TM), (c) micromolding in capillaries (MIMIC), andd) solvent-assisted micromolding

(SAMIM).
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(a) Master | (b) PU Replica

Figure 6 (a,b) Atomic force microscopy (AFM) images of Cr structures on a master, and a
PU replica prepared from a PDMS mold cast from this master (153). (c,d) AFM images of Au
structures on another master, and a PU replica produced from aPDMS mold cast from this master.
(ef) AFM images of Au structures on athird master, and a PU replica fabricated from a PDMS
mold (cast from this master) while this mold was mechanically deformed by bending in a manner
that generated narrower lines.

of reproducing the vertical dimension of nanostructures with an accuracy better
than 5 nm over substantial areasl(mn¥) (153).

We also demonstrated that this procedure can be used to generate multi-
ple copies of nanostructures starting from a single master (153). Figure 6
shows the AFM image of gold structures on another master before it was used
to cast PDMS molds; Figuredéshows the AFM image of nanostructures in
PU fabricated by molding against a PDMS mold cast from this master. We
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have monitored the quality of the structures of PU successively replicated from
PDMS molds prepared from the same master. Because the procedures used for
the preparation of both PDMS molds and PU replicas use an elastomer as one
of the two materials, both master and mold can be repeatedly used a number
of times ¢&10) without observation of damage to the master or of degradation
in the quality of the PU replicas. The simplicity and low cost of this procedure
suggest its potential for use in manufacturing of nanometer-sized structures.
The sizes and shapes of features present in the surface of a PDMS mold can be
manipulated in a controlled way by deforming this mold using mechanical com-
pression, bending, stretching, or a combination of all (22). In this approach, the
relief features in the surface of a PDMS mold are reconfigured by mechanical
deformation and then replicated using cast molding. If desired, this procedure
can be repeated, using the PU replica as the starting point, to make structures
more complex than can be generated in one cycle (although with some degra-
dation in the quality of the resulting structures). FigueesBows the AFM
image of nanostructures of Au on a third master with a feature siz&0fnm;
Figure 6 shows the AFM image of a PU replica duplicated against a PDMS
mold (cast from this master) while it was bent mechanically. The dimension of
the features was reduced frorb0 to~30 nm in this process (153).

Microtransfer Molding t TM)

In uTM (Figure %), a thin layer of liquid prepolymer is applied to the patterned
surface of a PDMS mold and the excess liquid is removed by scraping with a flat
PDMS block or by blowing off with a stream of nitrogen (23). This mold, filled
with the prepolymer, is then placed in contact with the surface of a substrate, and
the prepolymer is cured to a solid by illuminating the mold with UV light or by
heating it. When the mold is peeled away carefully, a patterned microstructure
is left on the surface of the substrate. At its current state of development, micro-
structures fabricated yTM on a flat surface usually have a thir100 nm)

film between the raised features. This thin film must be removed usjng O
RIE if the intent is to use the patterned microstructures as masks to control the
etching of the underlying substrates.

Microtransfer molding can produce patterned microstructures of a wide
variety of polymers (both pristine or doped with fluorescent dyes such as
rhodamine 6G) over relatively large areas3(cn?) within a short period
of time (~10 min). Zhao et al have used this technique to fabricate optical
waveguides, couplers, and interferometers from organic polymers (23, 154).
Figure 7 shows the top view of arrays of 3-cm long polymeric waveguides
fabricated from UV-curable polyurethane usin@M (23). Figure B shows a
cross-sectional SEM image of these waveguides (23). These waveguides (with
cross sections of 3 um?) support multimode transmission of 633 and 488 nm
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Figure 7 Polymeric microstructures fabricated usingM (23). (a) A photograph of arrays of
3-cm long waveguides of PU fabricated on Si/Sithe waveguides have different lateral dimen-
sions and are separated by different spaciiy.AQ SEM image of the ends of the waveguides.
(c) An SEM image of an array of isolated microcylinders of epoxy qurBdines of epoxy, suppor-

ted on a glass slide.d) An SEM image of a three-layer structure on a glass slide made from a
thermally curable epoxy.e(f) SEM images of microstructures of glasses fabricated by molding
with sol-gel materials, followed by thermal consolidation.

light. Zhao et al have also fabricated arrays of optical couplers and interfer-
ometers by changing the separations between waveguides or by additional UV
exposure after fabrication (154).

Microtransfer molding is capable of generating both interconnected and
isolated microstructures. More importantlyTM can form microstructures
on nonplanar surfaces; this characteristic enables the fabrication of three-
dimensional microstructures layer by layer. Figuedishows two typical
examples of three-dimensional structures that have been fabricatequId¥hg
(23). Figure € shows micro-posts of thermally curable epoxy fabricated on an
array of parallel lines made of the same material. Figarshows a three-layer
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structure made of epoxy; theidm wide lines are oriented at60° from each

other. Microtransfer molding has also been used to form patterned microstruc-
tures of a variety of materials other than organic polymers: for example, glassy
carbon, sol-gels, and ceramics (155-157). Figwddgives SEM images of
microstructures (an array of square pyramids and a free-standing membrane,
respectively) of glasses fabricated from sol-gel precursors (157).

Micromolding in Capillaries (MIMIC)

In MIMIC (Figure 5c), a PDMS mold is placed on the surface of a substrate to
form a network of empty channels betweenthem (24). A low-viscosity prepoly-
meristhen placed atthe open ends of the channels, and this liquid spontaneously
fills the channels by capillary action. After curing the prepolymer into a solid,
the PDMS mold is removed to reveal patterned microstructures of the polymer.
Interestingly, capillaries with closed ends can also fill completely if they are
short: The gas in them appears to escape by diffusing into the PDMS.

MIMIC is applicable to patterning a broader range of materials than is pho-
tolithography. We and other groups have successfully used a wide variety of
materials in MIMIC, including UV-curable (or thermally curable) prepolymers
that have no solvents (24, 158-160), and solutions or suspensions of structural or
functional polymers (Y Xia, unpublished data), precursor polymers to glassy
carbon (155, 156) or ceramics (Y Xia, unpublished data), sol-gel materials
(158, 161, 162), inorganic salts (158), polymer beads (163), colloidal particles
(158), and biologically functional macromolecules (164). When the solvents
are removed by evaporation, the materials in the solutions or suspensions so-
lidify within the confines of the channels and form patterned microstructures
on the surface of the substrate. The resulting structures are usually thinner than
the height of the channels in the PDMS mold but have approximately the same
lateral dimensions.

Figure 8 illustrates the capability and feasibility of MIMIC. Figurshows
the SEM image of quasi-three-dimensional structures (structures with multi-
ple thicknesses) of polyurethane fabricated by MIMIC (159). Such complex
arrays ofum- and subum-scale channels filled completely; in some regions
of these structures, features are only connected to one another by channels
with thicknesses<100 nm. We note that MIMIC can form such patterned
microstructures in a single step, whereas photolithography requires several
steps of patterning. Figureb&hows the SEM image of a line (in an array)
of polyaniline formed by MIMIC from a solution of polyaniline emeraldine
base inN-methyl-2-pyrrolidone (NMP) (Y Xia, unpublished data). This line
was then converted into the conductive form of emeraldine salt by doping in
an aqueous HCl solution. Figure 8hows the SEM image of an array of lines
of zirconia (ZrQ) that was fabricated using MIMIC from the suspension of a
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Figure8 SEM images of microstructures of various materials fabricated using MIMIC (158, 159).

(a) An SEM image of quasi-three-dimensional structures of PU formed on Si/§i3d) SEM

images of patterned microstructures of polyaniline emeraldine HCI salt, zirconia)(Zafd
polystyrene beads, respectively, that were fabricated from their solutions or suspensions using
MIMIC. (e,f) SEM images of free-standing microstructured membranes of polyurethane. The
buckling occurred during sample preparation; the absence of fractures demonstrates their strength.

precursor polymer (Z09303, Chemat Technology) in ethanol, and then con-
verted into ZrQ by heating at~600°C for ~10 h (Y Xia, unpublished data).

The ends of the lines separated from the substrate during thermal conversion.
Figure & shows the SEM image of polystyrene beads crystallized within the
confinement of capillaries (163). The crystallization of the polystyrene beads
occurred spontaneously when the solvent (water) was evaporated. We note that
it would be extremely difficult to form patterned structures of these materials
(e.g. polymer beads and ceramics) using photolithography. The ability to pat-
tern these materials opens the door to a number of potential applications. The
patterned microstructures of conducting polymers (Figuke fr example,

may prove useful in the fabrication of flexible, all-plastic electronic and opto-
electronic devices (165); and the closely packed assemblies of polymer beads
(Figure &) are potentially useful in chromatography and diffractive optics
(166).
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We have also used MIMIC to fabricate free-standing microstructures of poly-
mers. Figure 8 shows the SEM image of a free-standing microstructure of
polyurethane (24). It was fabricated on a Si/g&gdibstrate using MIMIC,
followed by lift-off by dissolving the layer of Si©in an aqueous HF/NKF
solution. Figure 8shows another approach to a free-standing structure (159);
in this instance, the support used in MIMIC had relief patterns on its own sur-
face. The two PDMS molds (each with a relief pattern of parallel lines on its
own surface) were put together face to face, and the channels between these
two PDMS molds were filled with a liquid prepolymer that was subsequently
UV-cured into a solid. When the two PDMS molds were separated, the cross-
linked polymeric microstructure remained on the surface of one of the molds
and could then be easily released. This type of free-standing microstructure—
comprising two interconnected layers, with an independent relief structure in
each—can be fabricated using photolithography only with great difficulty.

MIMIC is a microfabrication method that can accommodate many materials.
The smallest features we have generated using this procedure were parallel
lines with cross-sectional dimensions ©0.1x 2 um? (a value set by the
PDMS molds that were available for use with this work) and do not represent
intrinsic limitations to the technique. MIMIC has several limitations at its
current stage of development) (MIMIC requires a hydraulically connected
network of capillaries, albeit one in which there are no isolated structusgs. (
Capillary filling is rapid and complete over short distanced ¢m). Over a
large distance, however, the rate of filling decreases significantly owing to the
viscous drag of the fluid in the capillary and the distance over which the fluid
has to be transported. The forward ends of capillaries may fill incompletely
if the hydraulic drag is sufficiently high (167).c)(The rate of filling also
decreases as the cross-sectional dimension of the capillary decreases and as the
interfacial free energy of the surface decreases (24). Although several groups
have demonstrated that appropriate liquids could wet and fill nanometer-sized
(<50 nm in diameter) capillaries over a short distance (168, 169), the very slow
filling of small capillaries may limit the usefulness of MIMIC in many types of
nanofabrication unless new methods for liquid delivery are developed.

Solvent-Assisted Micromolding (SAMIM)

SAMIM (Figure 5d) generates relief structures in the surface of a material
using a good solvent that can dissolve (or soften) the material without affecting
the PDMS mold (25). We wet a PDMS mold with the solvent and bring it
into contact with the surface of the substrate (typically an organic polymer).
The solvent dissolves (or swells) a thin layer of the substrate, and the resulting
fluid or gel is molded against the relief structures in the mold. When the
solvent dissipates and evaporates, the fluid solidifies and forms a patterned



174 XIA & WHITESIDES

relief structure complementary to that in the surface of the mold. SAMIM
shares an operational principle similar to that of embossing, but differs from
this technique in that SAMIM uses a solvent instead of temperature to soften
the material and uses an elastomeric PDMS mold rather than a rigid master to
imprint patterns into the surface of the substrate.

SAMIM can be used with a wide variety of materials, although our initial
demonstration has focused on organic polymers. The only requirement for
SAMIM seems to be for a solvent that dissolves the substrate, and wets (but
swells very little!) the surface of the PDMS mold. In general, the solvent
should have a relatively high vapor pressure and a moderately high surface
tension (e.g. methanol, ethanol, and acetone) to ensure rapid evaporation of
the excess solvent and minimal swelling of the PDMS mold. Other materials
can also be added into the solvent and subsequently be incorporated into the
resulting microstructures. Solvents with low vapor pressures (e.g. ethylene
glycol and dimethyl sulfoxide) are not well suited for SAMIM. Hydrophilic
elastomers or surface modification of PDMS (for example, by plasma treat-
ment) is required when solvents with high surface tensions (e.g. water) are
used, because they only partially wet hydrophobic surfaces. SAMIM can repli-
cate complex relief structures over large areas in a single step (Figuge 9

Figure 9 SEM and AFM images of polymeric microstructures fabricated using SAMIM (25).
(a—0 SEM images of quasi-three-dimensional structures in photoresist (Microposit 1805, Ship-
ley; ~1.6 um thick) spin-coated on Si/SiQpolystyrene (PS, Goodfellow; 2m thick), and

ABS (Goodfellow; 0.85.m thick), respectively. d) An AFM image of nanostructures in a thin
(~0.4 mm thick) film of Microposit 1805 spin-coated on Si/Sidhe solvent we used was ethanol

for the photoresist and acetone for PS and ABS.
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These quasi-three-dimensional structures are well defined and clearly resolved.
Figure 9 shows an AFM image of the smallest features we have generated
using SAMIM: Parallel lines~60 nm wide and~50 nm high formed in a

thin film of Shipley photoresist (Microposit 1805, the thickness of the film
was~0.4 um). A common characteristic of microstructures generated using
SAMIM is that the resulting structures are joined by a thin, underlying film

of the polymer. This film can be removed by homogeneous thinning usjng O
RIE, and the resulting polymeric structures can be used as masks in the etching
of underlying substrates.

Embossing and Injection Molding

Embossing (27—-29) and injection molding (170) form microstructures in ther-
moplastic polymers by imprinting the master into the thermally softened poly-
mer or by injecting the softened polymer into the mold. Both techniques are
cost-effective and high-throughput processes, and both are well-suited for man-
ufacturing. The manufacturing of compact disks (CDs) based on imprinting
in polycarbonate with a Ni master is a typical example of a large-volume
commercial application of embossing (171). Recently, these two techniques
have been explored seriously as methods for the production of nanometer-sized
(<50 nm) structures of semiconductors, metals, and other materials commonly
used in microelectronic circuitry (30). Embossing, for example, has been used
by Chou et al to generate features in Si with lateral dimensions as small as
~25 nm (172). This technique was also examined as a potential method for
replicating binary optical components with features sizd90 nm (9, 28).

The initial success of these two techniques and of soft lithographic techniques
suggests that it will be useful to reexamine the potential of every existing micro-
fabrication and high-resolution printing method for its potential in applications
in high-resolution patterning.

APPLICATIONS OF SOFT LITHOGRAPHY

Soft lithography may offer immediate advantages in applications in which
photolithography falters or fails. We and other groups have used soft litho-
graphic techniques to fabricate a variety of functional components and devices
in areas ranging from optics, through microanalysis, display, and MEMS, to
microelectronics. We note that some of these devices cannot (or not easily) be
fabricated using currently existing techniques based on photolithography. Here
we show only three applications to highlight the potential of soft lithography:
(a) formation of patterned microstructures on nonplanar surfabgéaffrica-

tion of complex optically functional surfaces, arg) fabrication of functional
microelectronic devices.
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Formation of Patterned Microstructures

on Nonplanar Surfaces

Photolithography cannot be used to pattern even gently curved surfaces be-
cause of limitations to depth of focus (173). Microcontact printing with an
elastomeric stamp provides an immediate route to patterning nonplanar sur-
faces, because it involves only conformal contact between the stamp and the
surface of the substrate. Figure ilustrates an approach that Jackman et al
have used to form patterned microfeatures on the surfaces of capillaries (174).
Figure 1@ shows the SEM image of a test pattern of Au that was fabricated
by this procedure:xCP with hexadecanethiol on gold-coated glass capillar-
ies, followed by selective etching in an aqueous cyanide solution (174), with
well-resolved submicron features of Au on a capillary having a diameter of
~500um. Jackman et al have also demonstrated ft@® of alkanethiols on

Au or Ag can generate micropatterns on both planar and nonplanar substrates
with virtually the same edge resolution (174). Similar techniques have gener-
ated 3um lines of Au on 150+m optical fibers (175). Xia et al recently also
demonstrated that it is possible to form patterned microstructures on the inside
surfaces of glass capillaries by using electroless deposition rather than metal
evaporation to prepare the substrates (in this case, thin coatings of silver on the
inside surfaces of capillaries), and an appropriately configured rolling stamp
(115). These demonstrations open the door immediately to a wide range of new
types of microstructures with potential applications in optical communication,
MEMS, and microanalysis.

el N T

—145um

Figure 10 (a) The SEM image of test patterns of Au on the surface of a capillary that were
fabricated usingeCP with HDT, followed by selective etching in an aqueous KCN solution satura-
ted with O, (174). The arrows indicate two defects caused by saggimg. @ptical micrographs

of a microtransformer and a micro-spring fabricatedusyP with HDT on silver (coated on the
capillaries), followed by selective etching of silver and electroplatingpfickel and (1) copper
(176,178).
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Rogers et al have further developed this procedure by introducing a mon-
itoring and registration system into the experimental procedure. Using this
modified procedure, they have successfully fabricated a wide range of func-
tional structures and devices including in-fiber notch filters and Bragg gratings
(175), microtransformers (see Figuréd) (0L 76), microcoils for high-resolution
NMR spectroscopy (177), micro-springs (Figurell(178), and intravascular
stents (179).

Fabrication of Complex Optically Functional Surfaces

We can fabricate complex optically functional surfaces by replica molding
against elastomeric molds while they are deformed mechanically (22). The
highly isotropic deformation of the PDMS mold even allows patterned mi-
crostructures to be formed with gradients in size and shape. The capability
and feasibility of this procedure has also been demonstrated by the production
of (a) diffraction gratings with periods smaller than the original grating used
as the master to cast the PDMS molil; ¢hirped, blazed diffraction gratings

on planar and curved surfaces) patterned microfeatures on the surfaces of
approximately hemispherical objects; aali &rrays of rhombic microlenses.

Xia et al fabricated chirped diffraction gratings (180)—gratings whose pe-
riods change continuously with position—by compressing one end of the elas-
tomeric mold more than the other (22). The shape of the diffracting elements
was largely preserved in this process: If we used a blazed grating as the starting
master, the resulting chirped replica was also a blazed grating (Figaje 11
The period @A) of this chirped, blazed grating changed continuously from a
value of~1.55 to~1.41 um over a distance 0f0.9 cm; the rate of chirping
(dA/dz) was~1.6x 10°°. This grating was characterized in transmission at
normal incidence. Figure blshows the diffraction patterns (the zeroth-order
and the two first-order peaks) of the PDMS mold, its replica, and the chirped
replica. The first diffraction peak shifted continuously in position as the laser
spot was scanned across the chirped grating along thection.

Fabrication of Functional Microelectronic Devices

The use of soft lithographic methods to fabricate microelectronic devices rep-
resents one of the most stringent tests of their capabilities because this kind
of fabrication requires multistep patterning and registration. We and other
groups have just begun to explore these ideas. Nuzzo et al have fabricated
ferroelectric capacitors of Pt/Pb(Zr, Ti)®t using a combination giCP and
selective CVD (181). Hu et al have used MIMIC successfully to fabricate sim-
ple, electrically functional devices such as Schottky diodes (J Hu, unpublished
data), GaAs/AlGaAs heterostructure field effect transistors (FETs) (182), and
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Figure 11 (a,b) Cross-sectional SEM images of selective regions of a planar, chirped, and blazed
PU replica grating that was fabricated by molding against a PDMS mold while it was compressed
asymmetrically (22). The PDMS mold was prepared by casting against a commercial blazed
diffraction grating. ¢) Diffraction patterns from the PDMS mold, its PU replica, and the chirped
PU grating. A He-Ne laserl = 632.8 nm) was used.

Si MOSFETSs (NL Jeon, unpublished data). The fabrication process for both
types of transistors involved at least three steps of MIMIC, with registration
between them. In each step, the pattern was defined by microstructures of PU
formed using MIMIC: Etching and evaporation were performed using these
patterned structures of PU as the masks. Figueesh®ws the oblique view of

a GaAs/AlGaAs FET. The source and drain are AuNiGe ohmic contacts, the
channel is defined by a mesa etch, and the gate is a Cr/Au Schottky contact.
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Figure 12 (a) Schematic diagram of a GaAs/AlGaAs FED) (Optical micrograph of a
GaAs/AlGaAs FET Il = 26 um andZ = 16 um) fabricated using MIMIC (182). d) The per-
formance of a representative GaAs/AlGaAs FET fabricated using this procedure.

Figure 12 shows an optical micrograph of the FET with= 26 um andZ =

16 um. Figure 12 shows the performance of a representative FET fabricated
using this procedure. Its characteristics are similar to those of FETs fabricated
using conventional photolithographic techniques. Although the feature sizes
(16—26 um) that characterize these devices are a factord0 larger than
those of state-of-the-art commercial device$0 nm), these results indicated
that soft lithography can be used for multilayer fabrication that has, up to this
time, been monopolized by photolithography; they also set a benchmark against
which to measure further development in this area.

CONCLUSIONS

Microfabrication will certainly grow in importance in a wide range of areas:
from microelectronics, through display, MEMS, sensing, optics, microanalysis,
and combinatorial synthesis, to cell biology. Photolithography will, of course,
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continue as the dominant technology in microfabrication of microelectronic
systems for the foreseeable future. It is, however, not necessarily the best op-
tion for all tasks in patterning. The soft lithographic techniques explored by
us, and the non-photolithographic techniques developed in other groups, offer
immediate advantages in a number of applications: for example, patterning on
scales<100 nm, patterning on nonplanar surfaces, patterning of solid materi-
als other than photoresists, patterning of liquid materials, patterning of surface
functionalities, patterning over large areas, and formation of three-dimensional
microstructures and systems. Soft lithography may also become competitive
with photolithography in conventional patterning processes in which the capital
cost of equipment is the primary concern, or in which requirements for precise
alignment, isolation, continuity, and uniformity in the final patterns are re-
laxed: for example, arrays of microelectrodes, diffractive optical components,
simple display devices, MEMS, microanalytical systems, sensors, biosensors,
and microreactors. Our recent successes in multilayer fabrication (albeit with
accuracy in registration of onk20 um) (182) also suggest that rapid proto-
typing (183) of elementary devices for use in consumer electronics is now
practical.

Soft lithography is still in an early stage of technical development. There are
a number of issues that remain to be solved before soft lithography can com-
pete with photolithography in the core application of microfabrication: that is,
manufacturing of microelectronic circuitry. First, the deformation and distor-
tion of the elastomeric stamp/mold during soft lithography must be completely
understood and fully managed. Second, the properties of the elastomer must be
optimized to make pattern transfer exactly reproducible, especially for features
with very small sizes. Third, high-resolution registratict?Q nm) has to be
demonstrated with the current or optimized elastomer. Fourth, the density of
defects in the final patterns, especially in those formed by a combination of
uCP and wet etching (184), must be well-characterized and kept below the
level tolerated in microelectronics fabrication. Fifth, the compatibility of soft
lithographic techniques with the processes used in the production of micro-
electronics chips still needs to be defined and improved. For microcontact
printing, especially, new systems that can form SAMs directly on inorganic
semiconductors rapidly and reproducibly have to be developed.

In broad terms, however, soft lithography and its derivative technologies
represent a new (or more properly, freshly reexamined) approach to micropat-
terning. The techniques of soft lithography clearly complement those of photo-
lithography and extend micropatterning into dimensions, materials, and geome-
tries to which photolithography cannot, in practice, be applied. Some day, with
development, soft lithography may even compete with photolithography in its
core applications!
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