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3.1 Introduction 

Microfabricated devices are integral to electronics (e.g., transistors and 
integrated circuits), optics (e.g., polarizers and light-emitting diodes), 
microelectromechanical systems (MEMS) (e.g., accelerometers and 
micromirrors), and microfluidics (e.g., systems for protein crystallization 
and for bioassays). There are four general steps in the fabrication of such 
devices: (i) fabrication of a master (i.e., the pattern from which replicas are 
made), (ii) replication of the master, (iii) transfer of the pattern present in the 
replica into a functional material (polymer, ceramic, metal, or semiconductor) 
to form a functional microstructure, and (iv) registration of a master (the 
same one, or a different one) with the functional microstructure to form 
multi-layered structures. Photolithography - the exposure of a photosensitive 
material through a photomask - is the conventional technique used to replicate 
patterns. This technique is highly developed and well-suited for applications 
in  microelectronic^.^ It is, however, limited to materials that are photosensitive, 
and is only suitable for fabrication on planar surfaces. Soft lithography provides 
an alternative set of techniques for microfabrication (steps 2-4) that does not 
have these limitations (although it has others). 

Soft lithography is a suite of techniques that uses physical contact between 
a topologically patterned stamp (or mold) and a substrate for pattern transfer. 
There are two broad classes of soft-lithographic techniques, those that use a 
soft (elastomeric) stamp to transfer a pattern into organic materials and onto 
the surface of metals and ceramics and those that use a hard (rigid) stamp to 
transfer a pattern into thin layers of (soft) organic materials. This chapter 
will focus on the first of the two classes, and, more specifically, on the uses 
of soft stamps (or molds) made of elastomeric organic polymers. 

Reviews published previously2-5 have discussed the details of soft 
lithography. These techniques have five characteristics that are useful for the 
microfabrication of functional devices: 
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1. They are rapid. It often takes less than 24 hours to go from a concept to 

a prototype device. 
2. They are inexpensive - they do not require the use of expensive equipment 

or infrastructure (e.g., cleanrooms). ; 

3. They allow the patterning of a range of functional materials - metals, 
polymers, molecules, and biological organisms - directly onto surfaces. 

4. They can be used to pattern non-planar surfaces. 
5. They are simple to use, and do not require specialized training. 

Figure 3.1 diagrams the flow of the process of microfabrication by soft 
lithography, from the design of the pattern to the generation of the functional 
device. This chapter will discuss developments in each stage of this process 
and will also provide examples of devices microfabricated using soft 
lithography in the period 1999-2004. Examples of the use of soft lithography 
in b i o c h e m i ~ t r ~ , ~ ~  and microfluidics"15 are discussed elsewhere. 
Here we limit the examples to optical and electronic microdevices fabricated 
by printing or phase-shifting photolithographic techniques. 

3.2 Developments in soft lithographic techniques 

During the period 1999-2004, there have been a number of developments in 
each stage of the process of fabrication by soft lithography outlined in 
Fig. 3.1. This chapter emphasizes those developments that have improved 
the ability to fabricate functional microdevices by soft lithography. 

3.2.1 Methods of fabricating masters 

A master contains the pattern in bas-relief that is replicated into an elastomeric 
+ stamp. The ability to design and fabricate these masters quickly and at low 
i cost facilitates the rapid prototyping of microdevices by soft lithography. 
? The pattern for a master is generated by computer-aided design (CAD). 

These designs are translated into topographically patterned masters by 
L 

micromachining16 or serial lithographic techniques (e.g., e-beam, scanning 
L probe, or ion-beam lithographies) or into photomasks by serial lithographic 
f or photographic (e.g., image setting or laser photoplotting)17* l8 techniques. 
?-. Photomasks are used in photolithography to make topologically patterned 
[. masters. The processes (e.g., electron-beam and laser-beam lithographies) 
b 

I used to fabricate topographically patterned masters and conventional 
i photomasks (i.e., chromium-coated float glass, also referred to as a 'chrome 
t 
I mask') directly from the CAD design can be slow (days to weeks) and 
! expensive (> $100/in2), and thus the total number of designs that can be 
I 
I translated into masters using these techniques is limited by time and cost. In 
L contrast, photomasks prepared by image setting or photoplotting provide 
E alternatives to chrome masks that can be produced rapidly (< 24 hours) and 
I' 

L 
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3.1 Diagram of the flow of the process of microfabrication by soft 
lithography. The elements and techniques of this process that will be 
discussed in this chapter are shown in italics. 

at low cost (- $l/in2), albeit with feature sizes limited to 2 8 p.m. These 
qualities are attractive for the fabrication of masters in a number of areas (for 
example, microfluidics, biology, and optics), and make soft lithography an 
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especially attractive method for research and development because prototyping 
usually involves multiple iterative cycles of the process of fabrication from 
design to prototype. This discussion describes the characteristics of photomasks 
that can be fabricated by these techniques. 

Fabrication of transparency-based photomasks 

Photomasks prepared by laser image setting (5,080 dotslinch (dpi); Linotype- 
Hell Co) have been an important part of soft lithography since their introduction 
in 1996.19 The original demonstration of this capability included photomasks 
prepared on transparency film with features of lateral dimensions 2 20 pm 
and edge resolution of -1-2 pm (Fig. 3.2(a)).19 These photomasks can prepare 
integrated designs over areas of > 500 cm2 and enable large-area, modest- 
resolution microfabrication. The minimum lateral dimension was reduced 
further to -10 pm, and the edge resolution to -1 pm, through photographic 
reduction of the pattern on the transparency18 (or on paper)20 onto microfiche 
(Fig. 3.2(b)). This two-step process yielded small features at the cost of the 
area that could be patterned. In one experiment, for example, the area of the 

3.2 (a) Optical micrograph of a transparency mask produced by 
image setting. (b) Optical micrograph of a microfiche mask produced 
by photographic reduction of (a) by a factor of - 25. (c) Optical 
micrographs of a transparency mask produced by laser 
photoplotting. The images in (a) and (b) are reproduced with 
permission from reference 20 (Copyright 2000, American Chemical 
Society), and the images in (c) are from ref. 17 (Copyright 2003, 
American Chemical Society). 
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original transparency was -560 cm2 (with minimum feature size of 25 pm) 
and the area of the microfiche was 19-25 cm2 (with minimum feature size of 
10 pm). A problem with microfiche is poor contrast between the opaque and 
transparent regions of the microfiche masks, due to the granular nature of the 
silver grains in the film.17 

Photomasks prepared by laser photoplotting can have features with lateral 
dimensions (2 8 pm) and edge roughness (- 1 pm) similar to, or better than, 
those of microfiche, over large areas (> 500 cm2) (Fig. 3.2(c)).17 Laser 
photoplotting is similar to image setting; each technique is a specialized 
form of photography. Photoplotters are built for high accuracy and have 
resolutions of 20,000 dpi; this resolution is four times greater than that of 
image setters. The cost of photomasks prepared by photoplotting is similar 
to the cost of those produced by image setting (i.e., < $0.16/cm2). Laser 
photoplotters are available at commercial printing companies in most major 
cities, and turnaround time for such services is short (- 1 day).21 This one- 
step process has provided a significant improvement in the time and cost 
required to fabricate high-quality photomasks with sub-20-pm features for 
use in soft lithography. 

Table 3.1 compares the properties of chrome masks to those of 
transparency-based masks. The ultimate limit of resolution of photomasks 
prepared by laser photoplotting is determined by two factors, the cross- 
sectional size of the laser beam and the resolution of the photosensitive 
films.17 The wavelength (and thus, the size of the diffraction-limited beam 
spot) of electron beams is much smaller than that used for laser photoplotting. 
In addition, the photosensitive materials used in electron-beam lithography 
(e.g., poly(methylmethacry1ate) (PMMA)) have resolutions that are much 
higher than those of the silver-halide films used in laser photoplotting. 

Table 3.1 Properties of chrome and transparency-based masks 

, 
Transparency-based masks 

Chrome Image Microfiche Photoplotting 
mask setting 

Minimum < 0.5 25 15 8 
lateral 
dimensions 
(pm) 
Edge < 0.1 1-2 1 < 1 
roughness 
(pm) 
Advantages High Low cost, short turnaround (-1 day) 

resolution 
Disadvantages High cost, Medium resolution 

long turnaround 
(1-2 weeks) 



- 
; 5 

Rapid prototyping of functional microfabricated devices 8 1 - 
- 
3 

Electron-beam lithography, therefore, is capable of resolutions (< 20 nm) 
and edge roughness (< 10 nm) that are superior to those of laser photoplotters. 
Many applications for microfabricated devices (e.g., biology, sensors, 
microfluidics, and some microelectronics), however, do not require this 
resolution. Generation of photomasks by laser photoplotting, therefore, provides 
an attractive, low-cost, and rapid alternative to conventional techniques for 
the fabrication of masters for use in soft lithography. 

Fabrication of photoresist-based masters using transparency masks 

Transparency-based photomasks can- be used to prepare topographically- 
patterned masters made of photoresist by three types of photolithography: 
(i) contact photolithography, (ii) microscope projection photolithography 
( M P P ) , ~ ~  and (iii) microlens array reduction photolithography (MAP). 23-25 

MPP and MAP are alternatives to contact photolithography that are especially 
useful in making repetitive micropatterns. 

Contact photolithography 

Contact photolithography is widely used both in industrial and research 
settings. This technique generates a master comprising an array of photoresist- 
based features that form by parallel replication of the features in the photomask 
in a single exposure over areas as large as - 2 x lo4 mm2 (150-mm-diameter 
wafer). It is useful for microfabricating masters with features as large as 
10-15 cm (for example, those used to fabricate microfluidic channels). In 
this technique, a photomask is placed in physical contact with a photoresist- 
coated substrate, and the photoresist is exposed with UV-light through the 
photomask. The pattern is developed by dissolving the photoresist in the 
area that was exposed (positive resist) or the area that was not exposed 
(negative resist). The use of transparency masks in this process is not 
operationally different from using conventional chrome masks, so transparency 
masks integrate easily into existing photolithographic equipment and processes. 
It is a 1:l technique and does not provide size reduction, and damage or 
contamination of the resist layer or the mask are concerns. 

Microscope projection photolithography (MPP) 

Microscope projection photolithography ( M P P ) ~ ~  is useful for the fabrication 
of features smaller than those available by contact photolithography with 
transparency-based masks (i.e., features with lateral dimensions of - 1-10 
pm), albeit over small areas (- 4 x lo4 pm2) per exposure. Features on this 
scale are useful in cell biology,269 27 microfluidics,14 and microelectronics.28 
The technique requires only a standard upright microscope equipped with a 
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mercury-arc lamp; it is therefore accessible to most research laboratories. 
MPP includes two features that are common to photolithographic steppers 
used commercially. First, the translation stage of the microscope allows for 
accurate registration (< 0.35 pm) of the pattern for multi-level fabrication. 
Second, multiple copies of the same pattern can be generated on -a single 
substrate by translating (i.e., stepping) the sample and repeating the exposure. 

In MPP (Fig. 3.3(a)), a transparency photomask is placed in the light path 
of an upright microscope at the conjugate image plane to the image plane of 
the substrate so the two images are in focus at the same vertical location of 
the translation stage. The optics of the microscope (i.e., the objectives and 
lenses) reduce the lateral dimensions of the pattern on a transparency photomask 
projected onto a photoresist-coated substrate.29 The minimum resolution of 
the technique, R, is limited by diffraction - that is, R = Kh/2NA, where 
K .= 1 for a single-layer resist on a reflective substrate, h is the wavelength 
of light, and NA is the numerical aperture of the ~bjective.~' Figure 3.3(c) 
shows an example of features prepared by this technique. 

Microlens array reduction photolithography (MAP) 

Microlens array reduction photolithography (MAP) is capable of producing 
a periodic array of patterns with pm-sized features over cm2 areas. 23-25 ~h~ 

types of patterns generated by MAP are useful for applications in media for 
data storage and in patterned substrates for biological assays. MAP produces 
this array in a single exposure, whereas commercial step-and-repeat lithographic 
techniques require multiple exposures to pattern similar areas. The microlenses 
are capable of reducing the lateral dimensions of features in a photomask by 
a factor of -lo3 in a single step, to yield features with minimum lateral 
dimensions of -500 nm.)' The position of the lens with respect to the light 
source, as well as the-size and shape of the pattern on the transparency-based 
photomask, determine the extent of distortion in the features produced at the 
edges of the lens array. These distortions due to edge effects are relatively 
small for areas of -4 cm2. 

The technique uses an array of microlenses prepared by contact 
photolithography and reflow of the or an array of transparent 
m i c r ~ s ~ h e r e s , ~ ~  to reduce the pattern from a transparency-based photomask 
onto a photoresist-coated substrate (Fig. 3.3(d)). The photoresist-coated 
substrate is positioned at a distance equal to the focal length of the lenses by 
coating the substrate with a thin layer of poly(dimethylsiloxane) (PDMS) of 
the appropriate thickness. The conformal contact between the PDMS and the 
substrate reduces distortions due to tilting of the array with respect to the 
substrate. The surface that contacts the photoresist is a soft, elastomeric 
polymer, so neither surface is damaged by contact. Because the PDMS has 
a low interfacial free energy (7 = 21.6 dyn/cm2), its surface resists contamination 
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Microscope projection 
photolithography Microlens array reduction 

Projected image photolithography + 

Photoresist on substrate 
(a) 

3.3 (a) Schematic diagram of the reduction of an image on a photomask 
onto a photoresist-coated substrate by MPP. (b) Optical micrograph of a 
transparency mask prepared by image setting. (c) Optical micrograph of a 
photoresist pattern produced by MPP using the mask in (b). (dl  
Schematic diagram of the process of MAP. (e)-(f) Optical micrographs of 
patterns produced by MPP. The insets are optical micrographs of the 
masks used to pattern the features in the respective images. The images 
in figures (a)-(c) are reproduced with permission from ref. 22, the images 
in (d) and (e) from ref. 23, and the image in (f) from ref. 24 (Copyright 
2001 and 2002, American Chemical Society). 



84 Nanolithography and patterning techniques in microelectronics 

and is easy to clean. The exposure of the photoresist through the microlenses 
can be carried out on a standard overhead projector (or other inexpensive 
source of diffuse illumination); no additional infrastructure or equipment is 
necessary for this technique. The features in the array can be discrete". 25 or 
connected2) depending on the size of the features on the original photomask 
(Fig. 3.3(e) and (0). Arrays of features with variable topography and shape 
can be generated by MAP using grey-scale transparencies." Changing the 
orientation of the pattern being imaged with respect to the array of microlenses 
can produce an array of different images from a single pattern.24 

3.2.2 Types of elastomeric materials used for stamps 

Polydimethylsiloxane (PDMS) 

PDMS is the elastomeric material most commonly used to make stamps or 
molds for soft lithography. These stamps are made by replica molding of 
topographically patterned masters by techniques discussed previously (Fig. 
3.4(a)).293y5 In principle, any elastomeric material that replicates the topology 
of a master may be useful as a stamp.34 Sylgard 184 (184-PDMS) is an 
inexpensive commercial brand of PDMS)~ that is used commonly as the 
material for the stamps.29 This material works well for most applications in 
microfabrication requiring replication of masters with features with lateral 
dimensions of > 500 nm. The replication of features with lateral dimensions 
< 500 nrn with 184-PDMS yields stamps with deformed, buckled, or collapsed 
features resulting from lateral and/or roof collapse.36 Deformation and rounding 
of the edges of the features also occurs due to surface tension (Fig. 3.4(~)).)~ 
Most of these problems reflect the low elastic modulus of 184-PDMS 
(1.8 MPa). The development of formulations of PDMS that have elastic 
moduli greater than that of 184-PDMS - e.g., ~ - P D M S ) ~  and ~V-PDMS~* - 
have enabled replication of sub-100-nm features. Composite stamps made of 
a thin layer of h-PDMS (40 pm) and a thick layer of 184-PDMS (3 rnm) have 
the ability to replicate sub- 100-nm features with the same fidelity as h-PDMS, 
but are not as fragile as pure h-PDMS replicas (Fig. 3.4(d)).36 These materials 
can replicate features with lateral dimensions as small as 30 nm, 36, 37 and 
vertical dimensions as small as 2 nrn (Fig. 3.4(0).)~ Table 3.2 summarizes 
the physical properties of these types of PDMS. 

Block co-polymers 

The use of block co-polymer thermoplastics - e.g., polyolefins~ poly(styrene- 
block-butadiene-block-styrene) (SBS)?~ and poly(styrene-block-ethylene-co- 
butylene-block-styrene) (SEBS)~' - as materials for elastomerig, stamps has 
also been explored. These materials have an elastic modulus higher than that 
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of 184-PDMS (Table 3.2),42 and thus replicas of these materials are less 
susceptible to deformations of the features due to roof or lateral collapse. 
These stamps are also less fragile (more ,ductile) than those made of h- 
PDMS. The replicas using these materials, however, are more difficult to 
prepare than those of PDMS because they require the use of hot embossing 
techniques that use temperatures of 150-200 "C and loads of 200 g. These 
conditions are not compatible with most photoresist-based masters. 

Hydrogels 

Hydrogel stamps are useful as an altemative to PDMS stamps because they 
are inherently hydrophilic. They are, of course, mechanically fragile, and 
useful only for certain applications, especially the patterning of proteins and 
other biologically relevant molecules that are sensitive to their environment. 
Mayer, et al. demonstrated the fabrication of topographically patterned agarose 
gels by replica molding of a photoresist-based master and of a 184-PDMS 
replica of this ma~ter.4~ Martin, et al. formed hydrogels of poly(6-acryloyl- 
P-0-methylcalactopyranoside-co-methylele bis(acry1amide) through similar 
techniques." Hydrogel stamps differ frdm those made of PDMS or block co- 
polymers in that hydrophilic molecules dissolve into the bulk of the stamps. 
This property is useful for uniform patterning of hydrophilic molecules by 
printing.43 Hydrophilic molecules also diffuse readily through these stamps. 
Mayer et al. used this capability to create a gradient in the concentration of 
a protein in the hydrogel stamp and transferred this gradient to a glass slide 
by printing." Hydrogel stamps must be kept in an aqueous environment to 
prevent cracking or distortions of the topologically defined features that 
form as a result of drying out of the stamps. 

3.2.3 Replication using elastomeric stamps (soft 
lithography) 

The suite of techniques in soft lithography includes three general types of 
replication: printing, molding, and phase-shifting lithography. A number of 
developments in the areas of printing and phase-shifting lithography have 
extended the capabilities of each of these techniques to include the patterning 
of hydrophilic and hydrophobic molecules, polymers, proteins, metals, and 
electrostatic charge on a surface, and the fabrication of features with lateral 
dimensions < 100 nrn. 

Microcontact printing (rnCP) 

Microcontact printing is the process of transferring a material ('ink') from 
the elastomeric stamp to a substrate when the two are in conformal contact 
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Photoresist 
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I Release from 
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1 Cast 184-PDMS 

f 
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3.4 (a)-(b) Scheme for replica molding of a master into PDMS (a) and 
into a composite stamp (b). (c)-(d) (top) Atomic force micrograph of 

3 m m  184-PDMS 
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Table 3.2 Physical properties of elastomers used in soft lithography 

Material Tensile Tensile Surface Coeff. Method Comm. 
modulus strength free energy of linear of avail. 
(MPa) MPa) (dyn/cm2) expansion curing 

(ppmPC) 

PDMS 
184-PDMS 1 . 8 ~ ~  4.7738 21.6 260-310 Heat Yes 
hv-PDMS 3.438 0 . 1 3 ~ ~  -20 4 5 0 ~ ~  UV-light No 
h-PDMS 8.238 0 . 0 2 ~ ~  - 20 3 0 0 ~ ~  Heat Yes 

Co- 
Polymers 

SBS 1 4.241 ~ 3 2 ~ ~  N/A Yes 
SEBS 46.741 -314' N/A Yes 

(Fig. 3.5). The ink forms a self-assembled monolayer (SAM) on the surface 
of the substrates; this transfer is controlled spatially by the topography of the 
stamp. The combination of PCP of SAMs and wet-chemical etching is used 
to generate patterns of electronically and optically relevant metals (e-g., Au, 
Pd, Pt, Ti, Cu, Ag), semiconductors (e.g., Si, GaAs), and insulators (e.g., 
Si02, glass). The details of PCP have been discussed previously.2~3 
Developments in this technique include the modification of the surface of 
PDMS stamps to enable the patterning of hydrophilic inks, the use of high- 
molecular weight inks for nanofabrication, the ability to pattern and attach 
molecules covalently to SAMs, the improvement of etch chemistries for Au 
and Cu, and the patterning of ~d~~~~ and indium-tin-oxide (ITO). 48,49 

&. . 
$; . 
k: Hydrophilic PDMS stamps 

The patterning of hydrophobic molecules (e.g., alkanethiols) by PCP with 
PDMS stamps made of Sylgard 184 works well because the stamp is 
hydrophobic, and thus the molecular 'ink' is soluble in the stamp and is 
distributed uniformly on the surface. Recently, there has been substantial 
interest in the patterning of hydrophilic inks (e.g., water containing DNA, 50.5 1 

proteins:2-55 and polar  molecule^).^^^  he use of hydrophobic PDMS stamps 
to pattern hydrophilic inks by PCP yields poor results because the ink does 

(Caption continued from previous page) 

the topography o f  a replica pattern o f  rings in 184-PDMS (c) and in  a 
composite stamp (d). (bottom) Scanning electron micrographs o f  
polyurethane replicas o f  stamps. (e)-(f) Atomic force micrograph o f  
the topography o f  a PMMA master and a composite stamp replica o f  
this master measured by  atomic force microscopy. The images in  (c) 
and (d) are reproduced wi th permission f rom ref. 37, and the images 
in (e) and (f) f rom ref. 40 (Copyright 2002 and 2003, American 
Chemical Society). 
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Microcontact printing 

Print 
Substrate 
, 50 nm 

3.5 Scheme for microcontact printing and transfer of the pattern into 
a substrate by etching. 

not coat the surface of the stamp evenly or dissolve into the stamp.61 Exposure 
of the PDMS .stamps to an oxygen plasma makes the surface of the stamp 
hydrophilic (by oxidizing Si-CH3 groups to Si-OH, and perhaps Si-CH2-OH 

Reorganization of the surface of oxidized stamps, however, occurs 
over -30 min; this reorganization (sometimes called 'reconstruction') causes 
the surface to revert from hydrophilic to hydrophobic (Fig. 3.6(b)).61 It 
probably originates in the migration of mobile, uncrosslinked siloxane 
molecules from the interior of the polymer to its surface. This reversion can 
be slowed and minimized by immersing the stamps in water immediately 
after oxidation. Grafting hydrophilic molecules (aminoalkylsilanes)65 
and polymers (e.g., poly(ethyleneoxide)66 and poly(ethy1ene glycol)61 to the 
surface of oxidized PDMS stamps results in hydrophilic stamps that are 
stable for > 7 days (Fig. 3.6(c)). 

Molecular 'inks' 

The ability to control the wettability of the surface of PDMS stamps has 
expanded the number and types of molecules that can be patterned by PCP. 
Table 3.3 contains a list of these molecules, and of compatible substrates, for 
use in ~ c P . ~ ~ ~ ~ ~ ~  Whereas microfabrication of features with lateral dimensions 
> 500 nm with these inks is relatively simple, fabrication of features < 200 
nrn is difficult because low molecular-weight (< 0.3 k.) inks (e.g., alkanethiols) 
diffuse laterally during printing. Li et al. addressed this problem by using 
dendrimer-based inks.''* Liebau et al. used high-molecular weight (> 1000 
kD) inks based on thioether-calixarene derivatives. lo5 These inks exhibit low 
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3.6 Patterning using hydrophilic PDMS stamps. A catalyst for the 
electroless deposition of  Cu was patterned by mCP using a freshly 
oxidized stamp (a), an oxidized stamp 3 h after the plasma treatment 
(b), and a 20-day-old stamp with a grafted layer of poly(ethylene 
glycol) (c). The images are scanning electron micrographs of Cu that 
were electrolessly deposited onto the patterned catalyst. The insets 
are X-ray photoelectron spectra of the Pd2+ catalyst present on the 
stamp before printing. The images are reproduced with permission 
from ref. 62 (Copyright 2001, Wiley-VCH). 

diffusivity, and thus allow the fabrication of features as small as 40 nm by 
PCP with composite PDMS stamps (Fig. 3.7). 



90 Nanolithography and patterning techniques in microelectronics 

Table 3.3 Types of  i n k  molecules used i n  PCP 

Ink 
(headgroup) 

Substrates References 

ROH 

RNH2 

RSH (. 

RSeH 

RSiX3 
)(=HI CI, 0CH2CH3 

RPO :- /RP(0)(OH)2 

RPO i- 

Si-H 
S i 
Stainless Steel 316L 
Mica 
Au 
Ag 
Cu 
Pd - 
R 
Ni  
Stainless Steel 316L 
Zn ' 

ZnSe 
GaAs 
InP 
Au 
Ag 
Au 
Cu 
a-AI2O3 
Ti/Ti02 
AI/A1203 

Zr02 
Hf02 
Pto 
lndium t in oxide (IT01 
Al 
AI-OH 
Ti02 
Zr02 
GaAs 
GaN 
Mica 
Tooth enamel 
lndium t in oxide (ITO) 
lndium zinc oxide (IZO) 

Conductive substrate materials 

SAMs patterned by PCP can act as resists to wet-chemical etchants; this 
capability is the basis for patterning thin films of metals, semiconductors, 
and insulators for use in microelectronic devices; examples include wires or 
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3.7 Atomic force micrograph of lines of dendrimers printed by two 
separate mCP steps; the stamp was rotated by 90" for the second 
step. These lines do not appear to be continuous. The image is 
reproduced with permission from ref. 106 (Copyright 2003, American 
Chemical Society). 

contacts.23 Table 3.4 lists metals and conductive oxides used for this purpose 
along with wet-chemical etchants that are compatible with SAMs for 
microfabrication."~ l o 7 9  lo9-'l2 The coinage metals (Au, Ag, and Cu) are 
used commonly as substrates for this purpose?9 

Defects in the metallic film after etching is a problem common to patterning 
by PCP on these metals, and can hinder performance of microelectronic 

Table 3.4 Types of conductive films, and etchants used with these films 

Surface Etchant References 

Au K3Fe(CN)dK4Fe(CN)dNa2S20JKOH 
FeNOdthiourea 

Ag K3Fe(CN)dK4Fe(CN)dNa2S203 
FeNOJthiourea 

Cu FeCIJHCI or NH4CI 
H202/HCI 
KCN/NaOH/KCI 
3-nitrobenzene sulfonic acid/ 
poly(ethylene imine) 
FeNOJthiourea 

Pd FeC13 
FeN03 

Pt HCI/CI2 
Indium tin oxide Oxalic acid 
Indium zinc oxide Oxalic acid 
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devices fabricated by these techniques. Geissler et al. used two techniques to 
decrease the number of defects in patterns of Au and Cu formed by PCP and 
wet-chemical etching.'" First, they added octan-1-01 to the etch solution for 
Au to fill in defects in the SAM of alkanethiolates formed by PCP 
(Fig. 3.8(a)). Use of this additive significantly reduced the density of etched 
pits in the patterned thin film of Au (Figs. 3.8(b) and (c)). Secondly, they 
used a solution containing 3-nitrobenzenesulfonic acid (NBSA) and branched 
polyethylenimine (PEI) to etch copper patterned by PCP with a SAM of 
alkanethiolates. They hypothesized that the large molecules of the etch solution 
could not penetrate through the defects in the SAM, and etching thus produced 
high-quality patterns of Cu (Figs 3.8d-f). 

3.8 (a) Schematic diagram of the 'healing' of defects in SAMs using 
additive molecules such as octanol that have high affinity for the 
SAM, but not for the surface. (b)-(c) Au surface patterned by mCP of 
ECT and etched without (b) and with (c) octanol in the etch solution. 
(d) Schematic diagram of the use of large wet-chemical etchants that 
cannot fit into the defects in the SAM. (e)-(f) Cu surface patterned by 
mCP of ECT and etched with the PEIINBSA solution. All of the 
images are reproduced with permission from ref. 108 (Copyright 
2002, American Chemical Society). 
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Love et al., showed that Pd features generated by pCP of alkanethiols and 
wet-chemical etching were less rough (by a factor of five) and had fewer 
defects (by a factor of -100) than those produced on gold (Fig. 3.9(b)). 4547  

These improvements in the quality of the metallic features result in part from 
the presence of a thin PdS layer below the SAM of alkanethiolates (Fig. 
3.9(a)). This layer acts as an added resist to wet-chemical etchants. Pd has 
four additional properties useful for microfabrication of functional devices: 
(i) It resists oxidation in air below 400 "C. (ii) It absorbs 900 times its 
volume (at STP) in hydrogen - this property is the basis for hydrogen sensors 
(Figs 3.9(d)-(0):' (iii) It is compatible with materials used in CMOS 
processing. (iv) It has a wide variety of useful activities as a catalyst. 

Two groups have extended PCP techniques to the patterning of transparent 
conductive o ~ i d e s ; ~ * , ~ ~  these materials are used commonly in light-emitting 
devices and liquid-crystal displays as a transparent electrode. Breen et al. 
used alkanephosphonic acids as the ink in PCP to pattern indium-tin-oxide 
(ITO) and indium-zinc-oxide (120):~ Although this system was capable of 
patterning features with lateral dimensions as small as 2 pm, there were 
numerous etched pits present throughout the sample. Koide et al. improved 
the quality of these features by printing alkyltrichlorosilanes on IT0  at elevated 
temperatures (50 O C ) . ~ ~  The elevated temperature was necessary to increase 
the rate of reaction of the silane with the ITO. These SAMs were used as 
insulating layers in organic light-emitting display (OLED) devices with pixels 
of 1 )un diameter.48 They do not etch the unprotected regions of the ITO, and 
thus a direct comparison of the limits of resolution of this technique to that 
of Breen et al. is not possible. 

New variations on PCP 

There are a number of variations of PCP that provide new capabilities, such 
as transferring metallic films, storing of charge, and bleaching of dyes. These 
abilities and developments are the basis for the microfabrication of a number 
of devices included in this discussion. 

Patterning of reactive SAMs 

Lahiri, et al. developed a method to pattern ligands onto self-assembled 
monolayers formed on Au by PCP. ' I3  This technique is useful for patterning 
biologically relevant ligands onto surfaces that resist protein adsorption. 
These patterned surfaces are useful for bio- and cell-based assays.6 In this 
technique, a ligand that contains a nucleophilic amine is transferred to a 
SAM formed on Au that has a reactive terminal group. The SAM comprised 
a small mole fraction (< 0.1) of a pentafluorophenol-activated, terminal 
carboxylic acid group and a terminal tri(ethyleneglyco1) group; the triethylene 
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3.9 (a) Schematic diagram of SAMs of alkanethiolates formed o n  Pd. 
(b)-(c) Scanning electron micrographs o f  features patterned in  Pd (b) 
and Au (c) b y  mCP of  octadecanethiol. (d) Design o f  a 2-m long 
serpentine wire wi th electrical contacts positioned along the length 
of the wire to  facilitate measurement o f  the electrical properties as a 
function of length. (e) Scanning electron micrograph o f  a section o f  
the wire fabricated by mCP and wet-chemical etching. (f) Plot o f  the 
change in resistance as a function o f  t ime on exposure o f  a 
microfabricated wire t o  concentrations of Hz ranging f rom 0.03-1.5% 
vol. in  N2. The inset is a plot of  the change in resistance as a 
function of the concentration of HP. The images in (b) and (c) are 
reproduced wi th permission f rom ref. 47 (Copyright 2002, American 
Chemical Society) and the images in (d)-(f) f rom ref. 46 (Copyright 
2002, American Institute o f  Physics). 

glycol was present to resist the non-specific adsorption of proteins on the 
surface. An oxidized stamp was inked with a ligand and placed in contact 
with the mixed-SAM-coated Au substrate. The reaction of amine-terminated 
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ligands with the activated carboxylic acid group occurred with high yield 
(-75-90%).lL3 This technique is one example of the patterning of reactive 
SAMs. Reviews by Kane et a!.: Sullivan and ~ u c k " ~ ,  and Chechik et al.'15 
describe additional examples of work in this area. 

Positive microcontact printing ((+)-PCP) 

Delamarche et al. developed a technique for generating a positive replica in 
metal of the master from which the PDMS stamp was prepared (Fig. 3.1O(c)); 
that is, this technique is used to produce the inverse pattern of that generated 
by standard pCP (Figs 3.10(a) and (b)). l6 This process is useful for generating 
metallic replicas of features with lateral dimensions < 1 pm. By contrast, the 
use of 184-PDMS stamps with raised features of these dimensions in PCP 
results in unwanted contact of the stamp with the substrate because of roof 
collapse.36 In (+)-PCP, pentraerythritol-tetrakis(3-mercaptopropionate) 
(PTMP), which is used as the ink, is printed onto the surface of Au and Cu. 
This monolayer passivated the surface of the metal and prevented binding of 
other alkanethiols. A SAM of eicosanethiol (ECT) was formed in the 
unpatterned region. The SAM of ECT acted as a barrier to wet-chemical 
etchants, whereas the SAM of PTMP was not resistant because it does not 
form a well-packed monolayer. Figure 3.10(d) shows features generated in 
Au thin films by (+)-PCP. 

Chemically-amplified soft lithography 

Yu et al. described a technique for patterning a conductive polymer by PCP 
that is useful for fabricating polymer-based microelectronic devices.ll7 In 
this technique, camphorsulfonic acid was used as the ink and was transferred 
by pCP using a topographically patterned 184-PDMS stamp onto the surface 
of a thin film (90 nm) of a poly(thiophene)-derivative containing 
tetrahydropyranyloxyalkyl side chains (Fig. 3.1 1 (a)). An acid-catalyzed reaction 
occurred in the regions of contact between the stamp and the polymer film 
(where the ink was deposited) when the sample was heated to 130 "C for ten 
seconds. This reaction removed the tetrahydropyran group from the 
poly(thiophene) to make the solubility of these regions orthogonal. This 
approach was used to pattern polymeric wires of - 100 pm in width (Fig. 
3.11(c)); it may be difficult to pattern features of < 5 pm in width because of 
diffusive spreading of the acidic ink. The ultimate limit of resolution of this 
technique has not been defined. 

Elastomeric membrane printing (EMP) 

Lift-off is a technique that is used commonly to pattern metals in the 
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3.10 Comparison of patterning Au by standard mCP ((a) and (b)) and 
by (+)-mCP ((c) and (d)). The image in (b) is reproduced with 
permission from ref. 108, and (d) from ref. 117. Copyright 2002, 
American Chemical Society. 
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3.11 (a) Scheme for chemically amplified soft lithography. (b) Optical 
micrograph of the topographically patterned PDMS stamp used to 
pattern the polymer. (c) Optical micrograph of the polymer after 
patterning and dissolution of the unpatterned regions. The images in 
(b) and (c) are reproduced by permission of The Royal Society of 
Chemistry from ref. 118. 

semiconductor industry. This process involves three steps: (i) fabrication of 
a patterned surface of photoresist by photolithography; (ii) evaporation of 
metal onto this patterned surface; (iii) removal of the photoresist, and the 
metal deposited on top of the features defined in the resist, using organic 
solvents. Many materials (e.g., biological organisms, proteins, and some 
polymers) are not compatible with these solvents, and thus cannot be patterned 
by lift-off. EMP uses PDMS membranes both as a dry resist (for 
electrodepositing metals, reactive ion etching of silicon, and fabricating 
hydrogel and sol-gel structures) and as a template for dry lift-off (for patterning 
metals by evaporation, biological materials by nonspecific adsorption, and 
conductive polymers by chemical vapor deposition) (Fig. 3.12(a). 'I8 The 
entire process is dry because no solvents are necessary to deposit or remove 
the membrane from the surface. In EMP, the membrane must be continuous 
(or at least continuous in sections) and mechanically stable. There are, therefore, 
limitations to the types of pattern that EMP can produce: they must have 
lateral dimensions > 1 pm, and continuous patterns. 
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Decal-transfer microlithography (DTM) 

Decal-transfer m i c r o l i t h ~ ~ r a ~ h ~ ~ ~ ~  is a technique that prints the topographically 
patterned features of a PDMS stamp onto a substrate. This technique is 
useful for the transfer to surfaces of PDMS-based features that can not be 
transferred using EMP techniques, e.g., features with lateral dimensions 
< 1 pm and with discontinuous designs. There are two types of process used 
to facilitate this transfer, cohesive mechanical failure (CMF) and selective 
pattern release (SPaR). In CMF (Fig. 3.12(b)), an oxidized PDMS stamp is 
placed in contact with a silicon, glass, quartz, PDMS, or metal oxide substrate. 
The surface of the oxidized PDMS stamp bonds irreversibly to these substrates. 
The PDMS stamp is physically torn from the surface, leaving behind the 
PDMS that was bound to the surface in the pattern of the topology of the 
stamp. This technique fabricates patterns that are 'open' - i.e., the individual 
pieces of PDMS need not be connected by a continuous top layer. Open 
features are useful as resists to etching of the underlying substrate. 

In SPaR (Fig. 3.12(c)), a two-layer PDMS stamp is prepared that has a 
bottom layer containing the topographical pattern and a top surface that is a 
removable support layer. The layers can be separated without causing damage 
to either layer because they are sealed reversibly by van der Waals interactions. 
This technique can be used to fabricate both 'open' and 'closed' features. 
Closed features are useful as microfluidic channels or for patterning by 
micromolding in capillaries  MIMIC).^^ SPaR is less destructive than CMR 
to the PDMS stamp, but requires two steps of curing PDMS in order to 
prepare the transfer element. Either process can be repeated to fabricate 3D 
structures, such as microfluidic networks.l19 

Nanotransfer printing (nTP) 

Nanotransfer printing is a method for depositing thin films of gold from a 
topographically patterned stamp onto the surface of metals, semiconductors, 
and insulators (Figs 3.13(a) and (b)).126123 This technique is additive, that 
is, the gold features are transferred directly from the PDMS to the substrate, 
and no additional steps (e.g., wet-chemical etching or dissolving of photoresist) 
are necessary. Such conditions are useful for the fabrication of contacts for 
plastic electronics because nTP does not subject the substrate to conditions 
that may damage the polymer. In this technique, a thin (20 nm). gold film is 
deposited directly onto a PDMS stamp by physical vapor deposition. The 
substrate is functionalized with mercaptopropytrimethoxysilane (MPTMS) 
(for metal oxides or silicon)120 or 1,s octadecanedithiol (for non-oxide forming 
metals or semiconductors, e.g., Au or G ~ A s ) ; ' ~ ~  these molecules form a 
monolayer on the surface that present a terminal thiol group. A covalent 
bond forms between the gold and the thiol group when the gold-coated 
stamp is placed in conformal contact with the thiol-presenting surface. The 
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3.12 Schematic diagrams for (a) elastomeric membrane patterning 
and ((b) and (c)) the two types of decal transfer lithography. 
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thin film of gold transfers easily to the substrate because the strength of 
interaction between it and the thiol-presenting SAM on the substrate is much 
greater than that of the Au and the PDMS. This technique yields high-quality 
gold features with lateral dimensions as small as -100 nm, and edge roughness 
of -15 nm (Fig. 3.13(c)). The topology of the stamp can be designed such 
that a continuous gold film is formed on the surface by physical vapor 

(a) Etch oxide; de~osi t  SAM 

M. 
1 Deposit gold 

(b) Bring stamp into contact with substrate m 
. , 

Second 
printing step 

(c) Remove stamp; complete nTP Cold welding 
of gold films 

3.13 (a)-(c) Schematic diagram outlining the fabrication of metallic 
contacts on GaAs by nTP. (d) Scanning electron micrograph of lines 
of Au patterned on GaAs by nTP. (e) Schematic diagram showing 
fabrication of three-dimensional structures by nTP. (f) Scanning 
electron micrograph of a three-dimensional structure fabricated by 
nTP. The images in (a)-(d) are reproduced with permission from ref. 
123, and the images in (e) and (f) from ref.'121. Copyright 2003, 
American Chemical Society. 
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deposition. The subsequent transfer of this film by nTP yields a pattern of 
gold with 3D topology (Fig. 3.13(d)).lo3 This technique was used to prepare 
electrical contacts for high-mobility transistors and inverter circuits. 120, 122 

Electrical microcontact printing (E-mCP) 

This technique uses a metal-coated, topographically patterned PDMS stamp 
to define regions of charge1" or of bleached dyes125 in polymeric thin films. 
The patterns generated by this technique may be useful in data storage, and 
in the fabrication of optical waveguides. Figure 3.14(a) illustrates this process. 
The metal-coated stamp was prepared by physical vapor deposition of Au 
onto the PDMS stamp. The stage holding the stamp must be cooled to prevent 
unwanted thermal expansion of the PDMS during deposition, because this 
behavior can induce cracks and waves in the thin metallic films upon cooling.126 
The metallic stamp was placed in contact with the surface of a polymer film 
supported by a conductive substrate (e.g., Au-coated silicon wafer). A DC- 
bias was applied between the stamp and the substrate such that current 
flowed through the polymer film. Jacobs, et al. used this technique to pattern 
charge in thin films of poly(methylmethacry1ate) (Fig. 3.14(b)). 124 We described 
the use of this technique to bleach selectively a dye, phloxine B, doped in a 
thin film (3-5 pm) of poly(vinylpheno1) (Fig. 3 . 1 4 ( ~ ) ) . ~ ~ ~  The bleaching of 
the dye results in a decrease of the refractive index of these regions. This 
work is the basis for the fabrication of planar optical waveguides and a 
1 x 4 optical splitter (Figs 3.14(d) and (e)). 

Phase-shifting photolithography 

Features with lateral dimensions of < 100 nm are useful for applications in 
data storage and subwavelength optics. It is difficult to produce features 
of this size by standard photolithographic techniques because of limits 
determined by the numerical aperture of imaging optics. Phase-shifting 
lithography is a specialized type of photolithography that uses the modulation 
of the intensity of light in the near field at the edges of features defined in a 
photomask to pattern features with lateral dimensions of < 100 nm. 127,128 

The use of rigid masks in phase-shifting lithography is difficult because the 
distance between the phase mask and the photoresist layer must be controlled 
precisely, and because accidental contact between the mask and the layer of 
resist damages both. 

Elastomeric phase masks are a useful alternative to rigid phase masks 
because the distance between the mask and the substrate is controlled by the 
height of the features rather than by specialized positioning equipment (Fig. 
3.15(a)), and because physical contact is 'soft', and non-damaging. The 
conformal physical contact between the PDMS mask and the resist also 
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3.14 (a) Scheme for E-mCP using metal-coated PDMS stamps. 
(b) Kelvin force micrograph of charge in a film of 
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minimizes diffractive broadening of features, and allows the generation of 
small (< 50 nm) features. Rogers et al. demonstrated that topographically 
patterned 184-PDMS stamps can be used as phase masks in photolithography 
to produce features with lateral dimensions of - 100 nm over large areas 
(> cm2) rapidly (< 1 ~ / e x ~ o s u r e ) . ' ~ ~ ~  12* Odom et al. used an elastomeric 
phase mask made of a composite 184-PDMSIh-PDMS stamp to extend the 
resolution of this technique to - 30 nm (Figs. 3.15(c) and (d)). 369 129 Phase- 
shifting photolithography has been used to fabricate transistors (Fig. 3. 15(d))130 
and polarizers (Fig. 3.15(e)). l3 l 

3.2.4 Approaches to registiation 

The fabrication of complex microdevices requires multiple steps of lithography 
where the pattern in each layer is aligned precisely in register with the 
previous ones. Many microelectronic, microfluidic, and microelectromechanical 
systems require the multilevel fabrication of two or more types of structure. 
In soft lithography, it is difficult to register multiple layers with high accuracy 
(< 1 pm over 1 mm) because of the elastomeric nature and the high coefficient 
of thermal expansion of the materials used for the stamps. These properties 
can result in deformation of the features in the stamp when placed in contact 
with a rigid substrate. The low contrast between the raised and recessed 
regions of the stamp also makes it difficult to register patterns optically. 
These difficulties in registering multiple layers of patterning using PDMS 
stamps have limited the use of soft lithography to those applications where 
one, or at most two, levels of patterning are necessary. 

Multilevel stamping 

In an effort to overcome this limitation, Tien et al. developed a technique for 
registering multiple steps of patterning using a single PDMS stamp that 
contains multilevel topology.lg2 The details of the technique are described 
e1~ewhere . l~~  Briefly, each level of the stamp was inked with different 

- molecules. When the stamp was placed in contact with a rigid substrate, only 

(Caption continued from previous page 

poly(methylmethacrylate) patterned by this technique. (c) Optical 
micrograph of patterned bleaching of a thin film of phloxine B-doped 
poly(vinylphenol). (d) Optical micrograph of the output of light from 
a 1 x 4 optical splitter fabricated in the film described in (c). (e) Plot 
of the intensity versus position along the edge of the waveguides. 
The scheme and images in (a) and (c)-(e) are reproduced with 
permission from ref. 126 (Copyright 2004, American Institute of 
Physics) and the image in (b) from ref. 125 (Copyright 2001, 
American Association for the Advancement of Science). 
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3.15 (a) Scheme for phase-shifting lithography using conformal phase 
masks. (b) and (c) Scanning electron micrographs of features in 
photoresist (rings (b) and holes (c) fabricated by this technique. (dl 
Scanning electron micrograph of a HEMT GaAsIAIGaAs-based transistor. 
The gates in this device were patterned using this technique. (f) 
Photograph of the diffraction of light from a spherical surface with 
surface features patterned by phase-shifting lithography using a 
conformal phase mask. This photograph shows an example of patterning 
sub-200-nm features on non-planar surfaces (I-cm-diameter steel spheres 
coated with photoresist) by soft lithography. The images in (b) and (c) are 
reproduced with permission from ref. 130 (Copyright 2002, American 
Chemical Society), the image in (d) from 131 (Copyright 2000, Elsevier 
B.V.), and the image in (e) from 132 (Copyright 2003, Wiley-VCH). 



Rapid prototyping of functional microfabricated devices 105 2 - 
i 

C 

the tallest raised features were in conformal contact so patterning occurred 
only in these regions. Subsequent levels of the stamp were placed in contact 
with the substrate by applying pressure to the stamp. This technique was 
used to pattern a surface with regions of Au and Ag (Fig. 3.16(a)) and 
fluorescently labeled proteins (Fig. 3.16(b)) in register. 

Substrate 

AU Ag 4 $ 

Stamp blue 

Stamp green 

(2If 1 I 
Evaporate Au Stamp red 

(a)  

Polymer 

(c) 

3.16 (a) and (b) Optical micrograph and scheme of fabrication for a 
patterned substrate generated by a combination of etching and 
evaporation using a three-level membrane. The numbers in the brackets 
represent the different levels of the multi-level stamp with the highest 
number as the most recessed feature. (c) Scanning electron micrographs 
of a crossed wire array fabricated by microcontact printing and patterned 
self-assembly. The images in (a) and (b) are reproduced with permission 
from ref. 133 (Copyright 2002, National Academyof Sciences, USA). The 
images in (c) are reproduced with permission from ref. 134 (Copyright 
2000, Elsevier B.V.). 
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Patterned self-assembly of polymers 

Crossed wires that are electrically isolated from one another are integral 
components of microelectronic devices. The standard techniques to prepare 
arrays of crossed wires include multiple steps of pattern transfer and registration. 
Black et al. used PCP and patterned self-assembly to pattern such a system 
without the need for complex steps of regi~tra t i0n. l~~ The details of the 
technique are discussed in the original m a n s u ~ c r i ~ t . ' ~ ~  SAMs of carboxylic 
acid-terminated alkanethiolates patterned by PCP on Au made those regions 
hydrophilic. The unpatterned regions were rendered hydrophobic by washing 
the surface with a solution of methyl-terminated alkanethiolates. Hydrophilic, 
insulating polymers (e.g., polyurethanes, epoxies, or some photoresists) 
deposited by spin coating or dip coating stuck only to the regions patterned 
with the hydrophilic SAM. The regions of the gold not coated with polymer 
were removed by wet-chemical etching. This process was repeated to produce 
an array of electrically isolated, crossed wires (Fig. 3.16(c)) with only one 
step of registration necessary (i.e., a simple 90" rotation of the stamp with 
respect to the orientation of the first set of wires). 

3.3 Conclusions and outlook 
; 

Soft lithography is not meant to replace the high-resolution tools (i.e., electron- 
beam and laser lithographies and photolithography) used to generate masters 4 

for micro- and nanofabrication of integrated circuits. The combination of the 1 PI 
two sets of techniques enables routine and cost-effective microfabrication - 4 
and potentially of nanofabrication - of functional devices. Soft lithography 

.J 3 
has six advantages over conventional techniques (e.g., photolithography and 
electron-beam lithography). 

1. It is well suited for fabricating low-cost, disposable devices, and tools : 

for analysis, because the fixed costs are low. 
2. It can generate prototype devices rapidly - the time from design to 

prototype can be less than 24 hours. 
3. It can pattern features smaller than those by photolithography because it 3 I 

is not subject to the limits of optical diffraction. 4 
1 4. It can pattern features on both planar and non-planar surfaces. 
i 5. It can be integrated easily into existing manufacturing processes and .! 

facilities. I 

6. It may be possible to pattern large areas (z 1 m2) in a single step; this 
limit is dictated by the size of the stamp rather than the size of the beam 
spot, uniformity of the intensity, and variations in focus. Initial efforts 
towards the patterning of these large areas have been successful (Fig. 
3 .17) . '~~  
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3.77 Photograph of a backplane for an active-matrix TFT display 
prepared using soft lithographic techniques. The inset is a 
photograph of an individual organic transistor. This image was 
reproduced from ref. 135 (Copyright 2001, National Academy of 
Sciences, USA). 

: There are three disadvantages of the use of soft lithography in the fabrication 

I 
of functional microdevices. First, the optical (e.g., low contrast of the features) 
and physical (e.g., high coefficient of thermal expansion and low elastic 

t modulus) properties of the elastomeric stamp make it difficult to register 
L 

multiple lithographic steps with accuracy of < 1 pm. Secondly, the stamps 
are subject to distortion of the features because of their elastomeric nature 
and because of their high coefficient of thermal expansion; these properties 
of the stamp limit the use of soft lithographic techniques to applications 
where small distortions or defects do not affect device performance. It is 
therefore unlikely that soft lithography will replace photolithography as the 
technique used most commonly to fabricate complex microelectronic devices 
such as microprocessors. Thirdly, the PDMS-based stamps are not stable to 
many organic solvents135 or at high (> 200 OC) temperatures. 

A wide range of disciplines (e.g., biology, chemistry, engineering, and 
physics) have adopted soft lithography. The interdisciplinary use of soft- 
lithographic techniques has enabled the development of new capabilities in 
each of the aforementioned areas of science; examples include the patterning 
of cells on surfaces for cell-based assays27 and the rapid turnaround of prototype 
and single-use devices in microfl~idics '~ and biology.6 The continued 
development of soft-lithographic techniques through interdisciplinary research 
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may enable methods of microfabrication for which the extension of 
conventional techniques is not straightforward, such as large-area, 
macroelectronic devices 1369 137 and non-planar electronic and optical 
devices. 13"14) It is also unclear how conventional techniques will successfully 
paBern features having sizes < 50 nm over large areas rapidly and 
cost-effectively. The combination of soft lithography and patterned self- 
assembly may be a solution to this problem. . 

3.4 Further information 

The examples of functional micro-devices fabricated by soft lithography that 
are listed in this chapter are only a subset of those described and demonstrated 
in the literature. Below we list reviews that describe the use of soft lithography 

. in electronics, optics, microfluidics, and cell biology; these reviews provide 
an introduction to the larger literature. 

The use of soft lithographic printing techniques for microelectronics and 
optical devices is.discus'sed in detail by Rogers in 'Rubber Stamping for 
Plastic Electronics and Fiber ~ ~ t i c s ' . ' "  Gates et al. review soft lithographic 

145 techniques for nanofabrication in 'Unconventional Nanofabrication . 
The use of soft lithography to fabricate microfluidic devices is discussed 

in detail by Whitesides and Stroock in 'Flexible Methods for micro fluidic^'^^, 
Ng et al. in 'Components for Integrated Poly(dimethylsi1oxane) Microfluidic 
~ ~ s t e m s ' , 9  McDonald et al. in 'Fabrication of Microfluidic Systems in 
~ol~(dimeth~lsiloxane)','~ and Quake and Scherer in 'From Micro- to 
Nanofabrication with Soft ~aterials ' .  146 The use of PDMS-based microfluidic 
channels in biology and biochemistry is described by Sia and Whitesides in 
'Microfluidic Devices Fabricated in Poly(dimethylsiloxane) for Biological 

Table 3.5 Examples of PDMS-based microfluidic components and devices 

Reference 

Components 
Valves 
Mixers 

Functional Devices 
Dilutor 
lmmunoassay systems 
DNA and protein separators 
Cell sorters 
Combinatorial screening devices 
Tools for cell biology 
Gradient generators 
Bubble generators 
Maze solver 
Analog computer 
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studies',15 by Jiang and Whitesides in 'Engineering Microtools in Polymers 
to Study Cell and by Whitesides et al. in 'Soft Lithography in 
Biology and ~ i o c h e m i s t r ~ ' . ~  Table 3.5 is a list of examples of PDMS-based, 
microfluidic components and devices along with their respective 
references. 14"'92 Microfluidic systems fabricated in PDMS and in other 
materials (e.g., glass and silicon) are discussed in further detail in Chapters 
10 and 11. 

Reviews of the use of soft lithography for applications in cell biology are 
described by Whitesides et al. in 'Soft Lithography in Biology and 
~iochemist ry '~  and by Jiang and Whitesides in 'Engineering Microtools in 
Polymers to Study Cell 

3.5 Acknowledgements 

The authors thank the National Science Foundation (CHE-0101432), the 
National Institutes of Health (GM065364), and DARPA for financial support. 

3.6 References 

1. Madou M.J., Fundamentals of microfabrication. ed., CRC Press: Boca Raton, 
1997. 

2. Xia Y. and Whitesides G.M., 'Soft lithography', Angew. Chem. Int. Ed., 1998 37(5) 
550-75. 

3. Xia Y. and Whitesides G.M., 'Soft lithography7, Annu. Rev. Mater. Sci., 1998 28 
153-84. 

4. Xia Y., Rogers J.A., Paul K.E. and Whitesides G.M., 'Unconventional methods for 
fabricating and patterning nanostructures', Chem. Rev., 1999 99(7) 182348. 

5. Michel B., Bernard A., Bietsch A., Delamarche E., Geissler M., Juncker D., Kind 
H., Renault J.P., Rothuizen H., Schmid H., Schmidt-Winkel P., Stutz R. and Wolf 
H., 'Printing meets lithography: Soft approaches to high-resolution printing7, IBM 
J. Res. Dev., 2001 45(5) 697-719. 

6. Whitesides G.M., Ostuni E.S., Takayarna S., Jiang X. and Ingber D.E., 'Soft lithography 
in biology and biochemistry', Annu. Rev. Biomed. Eng., 2001 3 335-73. 

7. Kane R.S., Takayama S., Ostuni E., Ingber, D.E. and Whitesides G.M., 'Patterning 
proteins and cells using soft lithography7, Biomaterials, 1999 20(23/24) 2363-76. 

8. Jiang X. and Whitesides G.M., 'Engineering microtools in polymers to study cell 
biology', Eng. Life Sci., 2003 3(12) 475-80. 

9. Ng J.M.K., Gitlin I., Str0ockA.D. and Whitesides G.M., 'Components for integrated 
poly(dimethylsi1oxane) microfluidic systems', Electrophoresis, 2002 23(20) 3461- 
73. 

10. Kane R.S., Stroock A.D., Jeon N.L., Ingber D.E. and Whitesides G.M., 'Soft 
lithography and microfluidics', Opt. Biosens., 2002 571-95. 

11. McDonald J.C. and Whitesides G.M., 'Poly(dimethylsi1oxane) as a material for 
fabricating microfluidic devices', Acc. Chem. Res., 2002 35(7) 491-99. 

12. Whitesides G.M. and Stroock A.D., 'Flexible methods for microfluidics', Phys. 
Today, 2001 54(6) 42-48. 



1 10 Nanolithography and patterning techniques in microelectronics 

13. Kenis P.J.A., Ismagilov R.F., Takayama S., Whitesides G.M., Li S. and White H.S., 
'Fabrication inside microchannels using fluid flow', Acc. Chem. Res., 2000 33(12) 
841-47. 

14. McDonald, J.C., Duffy D.C., Anderson J.R., Chiu D.T., Wu H. and Whitesides 
G.M., 'Fabrication of microfluidic systems in poly(dimethylsiloxane)', 
Electrophoresis, 2000 21 2740.  

15. Sia S.K. and Whitesides G.M., 'Microfluidic devices fabricated in 
poly(dimethylsi1oxane) for biological studies', Electrophoresis, 2003 24(21) 3563- 
76. 

16. Holmes A.S., 'Laser processes for mems manufacture', RIKEN Rev., 2002 43 63- 
69. 

17. Linder V., Wu H., Jiang X. and Whitesides G.M., 'Rapid prototyping of 2d structures 
with feature sizes larger than 8 pm', Anal. Chem., 2003 75(10) 2522-27. 

18. Deng T., Tien J., Xu B. and Whitesides G.M., 'Using patterns in microfiche as 
photomasks in 10-pm-scale microfabrication', Langmuir, 1999 15(16) 6575-8 1. 

19. Qin D., Xia Y. and Whitesides G.M., 'Rapid prototyping of complex structures with 
feature sizes larger than 20 pm', Adv. Mater., 1996 8(11) 917-19. 

20. Deng T., Wu H., Brittain S.T. and Whitesides G.M., 'Prototyping of masks, masters, 
and stamps/molds for soft lithography using an office printer and photographic 
reduction', Anal. Chem., 2000 72(14) 3 176-80. 

21. Cadlart services, inc., (www.Outputcity.Com) is an example of a company with 
laser photoplotting capabilities. 

22. Love J.C., Wolfe D.B., Jacobs H.O. and Whitesides G.M., 'Microscope projection 
photolithography for rapid prototyping of masters with micron-scale features for 
use in soft lithography', Langmuir, 2001 17(19) 6005-12. 

23. Wu H., Odom T.W. and Whitesides G.M., 'Connectivity of features in microlens 
array reduction photolithography: Generation of different patterns using a single 
photomask', J. Am. Chem. Soc., 2002 124(25) 7288-89. 

24. Wu H., Odom T.W. and Whitesides G.M., 'Reduction photolithography using microlens 
arrays: Applications in grayscale photolithography', Anal. Chem., 2002 74(14) 3267- 
73. 

25. Wu H., Odom T.W. and Whitesides G.M., 'Generation of chrome masks with 
micrometer-scale features using microlens lithography', Adv. Mater., 2002 14(17) 
1213-16. 

26. Chen C.S., Mrksich M., Huang S., Whitesides G.M. and Ingber D.E., 'Geometric 
control of cell life and death7, Science, 1997 276(5317) 1425-28. 

27. Ostuni E., Kane R., Chen C.S., Ingber D.E. and Whitesides G.M., 'Patterning 
mammalian cells using elastomeric membranes', Langmuir, 2000 16(20) 781 1-19. 

28. Rogers J.A., Bao Z., Meier M., Dodabalapur A., Schueller O.J.A. and Whitesides 
G.M., 'Printing, molding, and near-field photolithographic methods for patterning 
organic lasers, smart pixels and simple circuits', Synth. Met., 2000 115(1-3) 5-1 1. 

29. In most commercial microscopes there is a lens that precedes the objective in the 
path of light from the bulb to the substrate. This lens increases the diameter of the 
light by a factor of 4 to fill completely the back aperture of the objective. The 
presence of this lens reduces the linear reduction of the pattern by a similar factor; 
that is, a lOOx objective reduces the linear dimensions by a factor of 25x. 

30. Moreau W.M., Semiconductor lithography: Principles, practices, and materials. 
ed. Plenum Publishing Corporation: New York, 1988. 



Rapid prototyping of functional microfabricated devices 11 1 

31. Wu M.-H., Paul K.E., Yang J. and Whitesides G.M., 'Fabrication of frequency- 
selective surfaces using microlens photolithography', Appl. Phys. Lett., 2002 80(19) 
3500-02. 

32. Hutley M., Stevens R. and Daly D., 'Correlation between surface free energy and 
surface constitution', Phys. World, 1991 4(7) 27-32. 

33. Wu M.H. and Whitesides G.M., 'Fabrication of arrays of two-dimensional 
micropatterns using microspheres as microlenses for projection lithography', Appl. 
Phys. Lett., 2001 78(16) 2273-75. 

34. Harper C.A., Handbook of plastics and elastomers. ed.; McGraw-Hill: New York, 
1975. 

35. Sylgard 184 is available from Dow Coming; equivalent materials are available 
from other manufacturers. 

36. Odom T.W., Love J.C., Wolfe D.B., Paul K.E. and Whitesides G.M., 'Improved 
pattern transfer in soft lithography using composite stamps', Langmuir, 2002 18(13) 
53 14-20. 

37. Schmid H. and Michel B., 'Siloxane polymers for high-resolution, high-accuracy 
soft lithography', Macromolecules, 2000 33(8) 304249. 

38. Choi K.M. and Rogers J.A., 'A photocurable poly(dimethylsiloxane) chemistry 
designed for soft lithographic molding and printing in the nanometer regime', J. 
Am. Chem. Soc., 2003 125(14) 406041. 

39. Gates B.D. and Whitesides G.M., 'Replication of vertical features smaller than 
2 nm by soft lithography', J. Am. Chem. Soc., 2003 125(49) 14986-87. 

40. Csucs G., Kuenzler T., Feldman K., Robin F. and Spencer N.D., 'Microcontact 
printing of macromolecules with submicrometer resolution by means of polyolefin 
stamps', Langmuir, 2003 19(15) 610449. 

41. Trimbach D., Feldman K., Spencer N.D., Broer D.J. and Bastiaansen C.W.M., 
'Block copolymer thermoplastic elastomers for microcontact printing', Langmuir, 
2003 19(26) 10957-6 1. 

42. www.Kraton.Com 
43. Mayer M., Yang J., Gitlin I., Gracias D.H. and Whitesides G.M., 'Micropatterned 

agarose gels for stamping arrays of proteins and gradients of proteins', Submitted. 
44. Martin B.D., Brandow S.L., Dressick W.J. and Schull T.L., 'Fabrication and application 

of hydrogel stampers for physisorptive microcontact printing', Langmuir, 2000 
16(25) 994446. 

45. Wolfe D.B., Love J.C., Paul K.E., Chabinyc M.L. and Whitesides G.M., 'Fabrication 
of palladium-based microelectronic devices by microcontact printing7, Appl. Phys. 
Lett., 2002 80(12) 2222-24. 

46. Love J.C., Wolfe D.B., Haasch R., Chabinyc M.L., Paul K.E., Whitesides G.M. and 
Nuzzo R.G., 'Formation and structure of self-assembled monolayers of alkanethiolates 
on palladium', J. Am. Chem. Soc., 2003 125(9) 2597-609. 

47. Love J.C., Wolfe D.B., Chabinyc M.L., Paul K.E. and Whitesides G.M., 'Self- 
assembled monolayers of alkanethiolates on palladium are good etch resists', J. 
Am. Chem. Soc., 2002 124(8) 1576-77. 

48. Koide Y., Such M.W., Basu R., Evmenenko G., Cui J., Dutta P., Hersam M.C. and 
Marks T.J., 'Hot microcontact printing for patterning into surfaces. Methodology, 
morphology, microstructure, and OLED charge injection barrier imaging', Langmuir, 
2003 19(1) 86-93. 

49. Breen T.L., Fryer P.M., Nunes R.W. and Rothwell M.E., 'Patterning indium tin 
oxide and indium zinc oxide using microcontact printing and wet etching', Langmuir, 
7002 18(1) 194-97. 



1 12 Nanolithography and patterning techniques in microelectronics 

50. Lange S.A., Benes V., Kern D.P., Hoerber J.K.H. and Bernard A., 'Microcontact 
printing of DNA molecules', Anal. Chem., 2004 76(6) 164147. 

51. Xu C., Taylor P., Ersoz M., Fletcher P.D.I. and Paunov V.N., 'Microcontact printing 
of DNA-surfactant arrays on solid substrates', J. Mater. Chem., 2003 13(12) 3044- 
48. 

52. Renault J.P., Bernard A., Bietsch A., Michel B., Bosshard H.R., Delamarche E., 
Kreiter M., Hecht B. and Wild U.P., 'Fabricating arrays of single protein molecules 
on glass using microcontact printing', J. Phys. Chem. B, 2003 107(3) 703-1 1. 

53. Inerowicz H.D., Howell S., Regnier F.E. and Reifenberger R., 'Multiprotein 
immunoassay arrays fabricated by micrcontact printing', Langmuir, 2002 18(13) 
5263-68. 

54. Graber D.J., Zieziulewics T.J., Lawrence D.A., Shain W. and Turner J.N., 'Antigen 
binding ~pecificity of antibodies patterned by microcontact printing', Langmuir, 
2003 19(13) 543 1-34. 

55. Bernard A., Renault J.P., Michel B., Bosshard H.R. and Delamarche E., 'Microcontact 
printing of proteins', Adv. Mater., 2000 12(14) 1067-70. 

56. Runge A.F. and Saavedra S.S., 'Comparison of microcontact-printed and solution- 
adsorbed cytochrome c films on indium tin oxide electrodes', Langrnuir, 2003 
19(22) 94 1 8-24. 

57. Shin H.S., Yang H.J., Jung Y.M. and Kim S.B., 'Direct patterning of silver colloids 
by microcontact printing: Possibility as sers substrate array', Vib. Spectrosc., 2002 
29(1-2) 79-82. 

58. Kind H., Bonard J.-M., Forro L., Kern K., Hernadi K., Nilsson L.-0. and Schlapbach 
L., 'Printing gel-like catalysts for the directed growth of multiwall carbon nanotubes', 
Langmuir, 2000 16(17) 6877-83. 

59. Shin H., Im H., Hong S., Lee K., Lim G., Jeon J.U., Kim E.S. and Pak Y.E., 
'Selective depositions of fe-containing oxide films on mixed self-assembled organic 
monolayers using microcontact printing', Mater. Res. Soc. Symp. Proc., 1999 576 
191-96. 

60. Kind H., Geissler M., Schmid H., Michel B., Kern K. and Delamarche, E., 'Patterned 
electroless deposition of copper by microcontact printing palladium(ii) complexes 
on titanium-covered surfaces', Langmuir, 2000 16(16) 6367-73. 

61. Donzel C., Geissler M., Bernard A., Wolf H., Michel B., Hilborn J. and Delamarche 
E., 'Hydrophilic poly(dimethy1siloxane) stamps for microcontact printing', Adv. 
Mater., 200 1 13(15) 1 164-67. 

62. Chaudhury M.K. and Whitesides G.M., 'Correlation between surface free energy 
and surface constitution', Science, 1992 255(5049) 1230-32. 

63. Chaudhury M.K. and Whitesides G.M., 'Direct measurement of interfacial interactions 
between semispherical lenses and flat sheets of poly(dimethylsiloxane) and their 
chemical derivatives', Langmuir, 199 1 7(5) 10 13-25. 

64. Morra M., Occhiello E., Marola R., Garbassi F., Humphrey P. and Johnson D., 'On 
the aging of oxygen plasma-treated polydimethylsiloxane surfaces', J. Colloid Inte$ace 
Sci., 1990 137(1) 11-24. 

65. Tan J.L., Tien J. and Chen C.S., 'Microcontact printing of proteins on mixed self- 
assembled monolayers', Langmuir, 2002 18(2) 519-23. 

66. Delamarche E., Donzel C., Kamounah F.S., Wolf H., Geissler M., Stutz R., Schmidt- 
Winkel P., Michel B., Mathieu H.J. and Schaumburg K., 'Microcontact printing 
using poly(dimethylsiloxane) stamps hydrophilized by poly(ethy1ene oxide) silanes', 
Langmuir, 2003 19(21) 8749-58. 



Rapid prototyping of functional microfabricated devices 11 3 

67. Zharnikov M., Kueller A., Shaporenko A., Schmidt E. and Eck W., 'Aromatic self- 
assembled monolayers on hydrogenated silicon', Langmuir, 2003 19(11) 4682-87. 

68. Joy V.T. and Mandler D., 'Surface functionalization of h-terminated silicon surfaces 
with alcohols using iodoform as an in situ iodinating agent', ChemPhysChem, 2002 
3(11) 973-75. 

69. Niederhauser T.L., Lua Y.-Y., Jiang G., Davis S.D., Matheson R., Hess D.A., Mowat 
I.A. and Linford M.R., 'Arrays of chemomechanically patterned patches of 
homogeneous and mixed monolayers of 1-alkenes and alcohols on single silicon 
surfaces', Angew. Chem. Int. Ed., 2002 41(13) 2353-56. 

70. Ruan C.-M., Bayer T., Meth S. and Sukenik C.N., 'Creation and characterization of 
n-alkylthiol and n-alkylamine self-assembled monolayers on 3161 stainless steel', 
Thin Solid Films, 2002 419(1-2) 95-104. 

71. Benitez J.J., Kopta S., Ogletree D-F. and Salmeron M., 'Preparation and 
characterization of self-assembled monolayers of octadecylamine on mica using 
hydrophobic solvents', kngmuir, 2002 18(16) 6096-100. 

72. Laibinis P.E., Whitesides G.M., Allara D.L., Tao Y.T., Parikh A.N. and Nuzzo R.G., 
'Comparison of the structures and wetting properties of self-assembled monolayers 
of n-alkanethiols on the coinage metal surfaces, copper, silver, and gold', J. Am. 
Chem. Soc., 1991 113(19) 7152-67. 

73. Li Z., Chang S.-C. and Williams R.S., 'Self-assembly of alkanethiol molecules onto 
platinum and platinum oxide surfaces', Langmuir, 2003 19(17) 6744-49. 

74. Mekhalif Z., Laffieur F., Couturier N. and Delhalle J., 'Elaboration of self-assembled 
monolayers of n-alkanethiols on nickel polycrystalline substrates: Time, concentration, 
and solvent effects', Langmuir, 2003 19(3) 63745. 

75. Laffineur F., Couturier N., Delhalle J. and Mekhalif Z., 'Effect of the solvent on the 
formation of n-dodecanethiol films on a polycrystalline ag90ni10 substrate', Appl. 
Surf. Sci., 2003 212-213 452-57. 

76. Sinapi F., Forget L., Delhalle J. and Mekhalif Z., 'Self-assembly of (3- 
mercaptopropyl)trimethoxysilane on polycrystalline zinc substrates towards corrosion 
protection', Appl. Sug. Sci., 2003 212-213 464-7 1. 

77. Noble-Luginbuhl A.R. and Nuzzo R.G., 'Assembly and characterization of sams 
formed by the adsorption of alkanethiols on zinc selenide substrates', Langmuir, 
2001 17(13) 3937-44. 

78. Ye S., Li G., Noda H., Uosaki K. and Osawa M., 'Characterization of self-assembled 
monolayers of alkanethiol on GaAs surface by contact angle and angle-resolved 
xps measurements', Surf. Sci., 2003 529(1-2) 163-70. 

79. Baum T., Ye S. and Uosaki K., 'Attenuated total reflection ftir studies of self- 
assembled monolayers of alkanethiols on gallium arsenide', Proc. Electrochem. 
SOC., 2002 99(15) 149-54. 

80. Schvartzman M., Sidorov V., Ritter D. and Paz Y., 'Passivation of inp surfaces of 
electronic devices by organothiolated self-assembled monolayers', J. Vac. Sci. Technol. 
B, 2003 21(1) 148-55. 

81. Protsailo L.V., Fawcett W.R., Russell D. and Meyer R.L., 'Electrochemical 
characterization of the alkaneselenol-based sams on au(ll1) single crystal electrode', 
Langmuir, 2002 18(24) 9342-49. 

82. Han S.W. and Kim K., 'Self-assembled monolayers of organoselenium compounds 
on gold: Surface-enhanced raman scattering study', J. Colloid Interface Sci., 2001 
240(2) 492-97. 



114 Nanolithography and patterning techniques in microelectronics 

83. Han S.W., Lee S.J. and Kim K., 'Self-assembled monolayers of aromatic thiol and 
selenol on silver: Comparative study of adsorptivity and stability', Langmuir, 2001 
17(22) 698 1-87. 

84. Lee M.-T., Hsueh C.-C., Freund M.S. and Ferguson G.S., 'Electrochemical self- 
assembly of monolayers from alkylthiosulfates on gold', Langmuir, 2003 19(13) 
5246-53. 

85. Lusk A.T. and Jennings G.K., 'Characterization of self-assembled monolayers formed 
from sodium s-alkyl thiosulfates on copper', Langmuir, 2001 17(25) 7830-36. 

86. Taylor C.E. and Schwartz D.K., 'Octadecanoic acid self-assembled monolayer growth 
at sapphire surfaces', Langmuir, 2003 19(7) 2665-72. 

87. Chen H.-G., Wu X.-D., Yu Q.-Q., Yang S.-R., Wang D.-P. and Shen W.-Z., 'Self- 
assembled monolayers of n-hexadecanoic acid and a-hydroxyl n-hexadecanoic acid 
on titanium surfaces', Chin. J. Chem., 2002 20(12) 1467-71. 

88. Jeon N.L., Finnie K., Branshaw K. and Nuzzo R.G., 'Structure and stability of 
patterned self-assembled films of octadecyltrichlorosilane formed by contact printing', 
Langmuir, 1997 13(13) 3382-91. 

89. Marcinko S., Helmy R. and Fadeev A.Y., 'Adsorption properties of sams supported 
on ti02 and zro2', Langmuir, 2003 19(7) 2752-55. 

90. Helmy R. and Fadeev A.Y., 'Self-assembled monolayers supported on tio2: 
Comparison of c18h37six3 (x = h, cl, och3), c18h37si(ch3)2cl, and c18h37po(oh)2', 
Langmuir, 2002 18(23) 8924-28. 

91. Fadeev A.Y., Helmy R. and Marcinko S., 'Self-assembled monolayers of organosilicon 
hydrides supported on titanium, zirconium, and hafnium dioxides', Langmuir, 2002 
18(20) 7521-29. 

92. Long Y.-T., Herrworth S., Eck W. and Grunze M., 'Synthesis and characterization 
of self-assembled monolayers based on redox-active compounds on platinum surfaces', 
Phys. Chem. Chem. Phys., 2002 4(3) 522-26. 

93. Pellerite M.J., Dunbar T.D., Boardman L.D. and Wood E.J., 'Effects of fluorination 
on self-assembled monolayer formation from alkanephosphonic acids on aluminum: 
Kinetics and structure', J. Phys. Chem. B, 2003 107(42) 11726-36. 

94. Geissler M., Wolf H., Stutz R., Delamarche E., Grummt U.-W., Michel B. and 
Bietsch A., 'Fabrication of metal nanowires using microcontact printing', Langmuir, 
2003 19(15) 6301-1 1. 

95. Lewington T.A., Alexander M.R., Thompson, G.E. and McAlpine, E., 'Characterisation 
of alkyl phosphonic acid monolayers self assembled on hydrated surface of aluminum', 
Surf. Eng., 2002 18(3) 228-32. 

96. Pawsey S., Yach K. and Reven L., 'Self-assembly of carboxyalkylphosphonic acids 
on metal oxide powders', Langmuir, 2002 18(13) 5205-12. 

97. Yim C.T., Pawsey S., Morin F.G. and Reven L., 'Dynamics of octadecylphosphonate 
monolayers self-assembled on zirconium oxide: A deuterium nmr study', J. Phys. 
Chem. B, 2002 106(7) 1728-33. 

98. Hughes W.C., Koh S.E., Augustine B.H. and Polefrone J.M., 'Self-assembly of 
phosphonate monolayers on gaas and gan', Proc. Electrochem. Soc., 2001 2001(1) 
213-17. 

99. Neves B.R.A., Salmon M.E., Russell P.E., and Troughton E.B ., Jr., 'Spread coating 
of opa on mica: From multilayers to self-assembled monolayers', Langmuir, 200 1 
17(26) 8193-98. 

100. D'Andrea S.C., Iyer K.S., Luzinov I., and Fadeev A.Y., 'Self-assembled monolayers 
of organophosphonic acids supported on teeth', Colloids Surf. B, 2003 32(3) 23543. 



J? 
'Y 

3' 
Rapid prototyping of functional microfabricated devices 11 5 6' 

u r  

101. Fadeev A.Y., D' Andrea S., Iyer K.S. and Luzinov I., 'Organic monolayers supported 
on tooth enamel surfaces', Polym. Mater. Sci. Eng., 2003 89 155. 

102. Zwahlen M., Tosatti S., Textor M. and Haehner G., 'Orientation in methyl- and 
hydroxyl-terminated self-assembled alkanephosphate monolayers on titanium oxide 
surfaces investigated with soft X-ray absorption', Langmuir, 2002 18(10) 395762. 

103. Tosatti S., Michel R., Textor M. and Spencer N.D., 'Self-assembled monolayers of 
dodecyl and hydroxy-dodecyl phophates on both smooth and rough titanium and 
titanium oxide surfaces', Langmuir, 2002 18(9) 3537-48. 

104. Haehner G., Hofer R. and Klingenfuss I., 'Order and orientation in self-assembled 
long chain alkanephosphate monolayers adsorbed on metal oxide surfaces', Langmuir, 
2001 17(22) 7047-52. 

105. Liebau M., Huskens J. and Reinhoudt D.N., 'Microcontact printing with heavyweight 
inks', Adv. Funct. Mater., 2001 ll(2) -147-50. 

106. Geissler M., Schmid H., Bietsch A., Michel B. and Delamarche E., 'Defect-tolerant 
and directional wet-etch systems for using monolayers as resists', Langmuir, 2002 
18(6) 2374-77. 

107. Xia Y., Zhao X.-M., Kim E. and Whitesides G.M., 'A selective etching solution for 
use with patterned self-assembled monolayers of alkanethiolates on gold, silver and 
copper', Chem. Mater., 1995 7(12) 2332-37. 

108. Li H.-W., Muir B.V.O., Fichet G. and Huck W.T.S., 'Nanocontact printing: A route to 
sub-50-nm-scale chemical and biological patterning', Langmuir, 2003 19(6) 1963-65. 

109. Xia Y., Kim E., Mrksich M., and Whitesides G.M., 'Microcontact printing of 
alkanethiols on copper and its application in microfabrication', Chem. Mater., 1996 
8(3) 601-3. 

110. Moffat T.P., and Yang H., 'Patterned metal electrodeposition using an alkanethiolate 
mask', J. Electrochem. Soc., 1995 142(11) L220-L22. 

11 1. Carvalho A., Geissler M., Schmid H., Michel B. and Delamarche E., 'Self-assembled 
monolayers of eicosanethiol on palladium and their use in microcontact printing', 
Langmuir, 2002 18(6) 2406-1 2. 

112. Geissler M., Chen J. and Xia Y., 'A comparitive study of monolayers self-assembled 
from octadecylisocyanide and ocadecaethiol on polycrystalline pt substrates', 
Submitted. 

113. Lahiri J., Ostuni E. and Whitesides G.M., 'Patterning ligands on reactive sams by 
microcontact printing', Langmuir, 1999 15(6) 205560. 

114. Sullivan T.P. and Huck W.T.S., 'Reactions on monolayers: Organic synthesis in two 
dimensions', Eur. J. Org. Chem., 2003 2003(1) 17-29. 

115. Chechik V., Crooks R.M. and Stirling C.J.M., 'Reactions and reactivity in self- 
assembled monolayers', Adv. Mater., 2000 12(16) 11 6 1-7 1. 

116. Delamarche E., Geissler M., Wolf H. and Michel B., 'Positive microcontact printing', 
J. Am. Chem. Soc., 2002 124(15) 3834-35. 

117. Yu J. and Holdcroft S., 'Chemically amplified soft lithography of a low band gap 
polymer', Chem. Commun., 200 1 (14) 1274-75. 

118. Jackman R.J., Duffy D.C., Cherniavskaya 0. and Whitesides G.M., 'Using elastomeric 
membranes as dry resists and for dry lift-off', Langmuir, 1999 15(8) 2973-84. 

11 9. Childs W.R. and Nuzzo R.G., 'Decal transfer microlithography: A new soft-lithographic 
patterning method', J. Am. Chem. Soc., 2002 124(45) 13583-96. 

120. Loo Y.-L., Willett R.L., Baldwin K.W. and Rogers J.A., 'Additive, nanoscale patterning 
of metal films with a stamp and a surface chemistry mediated transfer process: 
Applications in plastic electronics', Appl. Phys. Lett., 2002 81(3) 562-64. 



1 16 Nanolithography and patterning techniques in microelectronics 

121. Loo Y.-L., Someya T., Baldwin K.W., Bao Z., Ho P., Dodabalapur A., Katz H.E. and 
Rogers J.A., 'Soft, conformable electrical contacts for organic semiconductors: 
High-resolution plastic circuits by lamination', Proc. Natl. Acad. Sci. U.S.A., 2002 
99(16) 10252-56. 

122. Loo Y.-L., Lang D.V., Rogers J.A. and Hsu J.W.P., 'Electrical contacts to molecular 
layers by nanotransfer printing', Nano Lett., 2003 3(7) 913-17. 

123. Loo Y.-L., Willett R.L., Baldwin K.W. and Rogers J.A., 'Interfacial chemistries for 
nanoscale transfer printing', J. Am. Chem. Soc., 2002 124(26) 7654-55. 

124. Jacobs H.O. and Whitesides G.M., 'Submicrometer patterning of charge in thin- 
film electrets', Science, 2001 291(5509) 1763-66. 

125. Wolfe D.B., Conroy R.S., Love J.C., Gates B.D., Prentiss M.G. and Whitesides 
G.M., 'Fabrication of planar optical waveguides by electrical microcontact printing', 
Appl. Phys. Lett., 2004 84(10) 1623-25. 

126. Bowden N., Brittain S., Evans A.G., Hutchinson J.W. and Whitesides G.M., 
'Spontaneous formation of ordered structures in thin films of metals supported on 
an elastomeric polymer', Nature, 1998 393(668 1) 146-49. 

127. Rogers J.A., Paul K.E., Jackman R.J. and Whitesides G.M., 'Using an elastomeric 
phase mask for sub-100 nm photolithography in the optical near field', Appl. Phys. 
Lett., 1997 70(20) 2658-60. 

128. Rogers J.A., Paul K.E., Jackrnan R.J. and Whitesides G.M., 'Generating -90 nanometer 
features using near-field contact-mode photolithography with an elastomeric phase 
mask', J. Vac. Sci. Technol. B, 1998 16(1) 59-68. 

129. Odom T.W., Thalladi V.R., Love J.C. and Whitesides G.M., 'Generation of 30-50 
nm structures using easily fabricated, composite pdms masks', J. Am. Chem. Soc., 
2002 124(41) 12112-13. 

130. Hu J., Deng T., Beck R.G., Westervelt R.M., Maranowski K.D., Gossard A.C. and 
Whitesides G.M., 'Fabrication of GaAsIAlGaAs high electron mobility transistors 
with 250 nm gates using conformal phase shift lithography', Sens. Actuators, A, 
2000 86 122-26. 

131. Paul K.E., Prentiss M.G. and Whitesides G.M., 'Patterning spherical surfaces at the 
two-hundred-nanometer scale using soft lithography', Adv. Funct. Mater., 2003 
13(4) 259-63. 

132. Tien J., Nelson C.M. and Chen C.S., 'Fabrication of aligned microstructures with a 
single elastomeric stamp', Proc. Natl. Acad. Sci. U.S.A., 2002 99(4) 1758-62. 

133. Black A.J., Nealey P.F., Thywissen J.H., Despande M., El-Zein N., Maracas G.N., 
Prentiss M. and Whitesides G.M., 'Microfabrication of two layer structures of 
electrically isolated wires using self-assembly to guide the deposition of insulating 
orgainic polymer.' Sens. Actuators, A, 2000 86(1-2) 96-102. 

134. Rogers J.A., Bao Z., Baldwin K., Dodabalapur A., Crone B., Raju V. R., Kuck V., 
Katz H., Amundson K., Ewing J. and Drzaic P., 'Paper-like electronic displays: 
Large-area rubber-stamped plastic sheets of electronics and microencapsulated 
electrophoretic inks', Proc. Natl. Acad. Sci. U.S.A., 2001 98(9) 4835-40. 

135. Lee N., J., Park C. and Whitesides G.M., 'Solvent compatibility of poly 
(dimethylsi1oxane)-based microfluidic devices', Anal. Chem., 2004 75(23) 6544-54. 

136. Rogers J.A., Bao Z., Makhija A. and Braun P., 'Printing process suitable for reel- 
to-reel production of high-performance organic transistors and circuits', Adv. Mater., 
1999 ll(9) 74145. 

137. Rogers J.A., Baldwin K., Bao Z., Dodabalapur A., Raju V.R., Ewing J. and Arnundson 
K., 'Large area, rubber stamped plastic circuits for electronic paper', Mater. Res. 
SOC. Symp. Proc., 2001 660 557 111-JJ7 118. 



Rapid prototyping of functional microfabricated devices 1 17 $A 

? 
138. Jackrnan R.J., Brittain S.T., Adams A., Wu H., Prentiss M.G., Whitesides S. and 

Whitesides G.M., 'Three-dimensional metallic microstructures fabricated by soft 
lithography and microelectrodeposition', Langmuir, 1999 15(3) 826-36. 

139. Jackman R.J. and Whitesides G.M., 'Electrochemistry and soft lithography: A route 
to 3-d microstructures', CHEMTECH, 1999 29(5) 18-30. 

140. Brittain S.T., Schueller O.J.A., Wu H., Whitesides S. and Whitesides G.M., 
'Microorigarni: Fabrication of small, three-dimensional, metallic structures', J. Phys. 
Chem. B., 2000 105(2) 347-50. 

141. Wu H., Brittain S.T., Anderson J.R., Grzybowski B., Whitesides S. and Whitesides 
G.M., 'Fabrication of topologically complex three-dimensional microstructures: 
Metallic microknots', J. Am. Chem. Soc., 2001 122(51) 12691-99. 

142. Wu H., Odom T.W., Chiu D.T. and Whitesides G.M., 'Fabrication of complex three- 
dimensional microchannel systems in pdms', J. Am. Chem. Soc., 2003 125(2) 554-59. 

143. Wu H., Whitesides S. and Whitesides G.M., 'Fabrication of micro-chain mail by 
simultaneous, patterned electrodeposition on a plane and multiple cylinders', Angew. 
Chem. Int. Ed., 2001 40(11) 205940. 

144. Rogers J.A., 'Rubber stamping for plastic electronics and fiber optics', Mater. Res. 
Bull., 2001 26(7) 530-34. 

145. Gates B.D., Xu Q., Love J.C., Wolfe D.B. and Whitesides G.M., 'Unconventional 
nanofabrication', Annu. Rev. Mater. Sci., Submitted. 

146. Quake S.R. and Scherer A., 'From micro- to nanofabrication with soft materials', 
Science, 2000 290(5496) 1536-40. 

147. Grover W.H., Skelley A.M., Liu C.N., Lagally E.T. and Mathies R.A., 'Monolithic 
membrane valves and diaphragm pumps for practical large-scale integration into 
glass microfluidic devices', Sens. Actuators, B, 2003 89(3) 315-23. 

148. Beebe D.J., Mensing G.A. and Walker G.M., 'Physics and applications of microfluidics 
in biology', Annu. Rev. Biomed. Eng., 2002 4 261-86. 

149. Unger M.A., Chou H.-P., Thorsen T., Scherer A. and Quake S.R., 'Monolithic 
microfabricated valves and pumps by multilayer soft lithography', Science, 2000 
288(5463) 11 3-1 6. 

150. Ismagilov R.F., Rosmarin D., Kenis P.J.A., Chiu D.T., Zhang W., Stone H.A. and 
Whitesides G.M., 'Pressure-driven laminar flow in tangential microchannels: An 
elastomeric microfluidic switch', Anal. Chem., 2001 73(19) 4682-87. 

15 1. Beebe D.J., Moore J.S., Bauer J.M., Yu Q., Liu R.H., Devadoss, C. and Jo B.-H., 
'Functional hydrogel structures for autonomous flow control inside microfluidic 
channels', Nature, 2000 404(6778) 588-90. 

152. Hua S.Z., Sachs F., Yang D.X., and Chopra H.D., 'Microfluidic actuation using 
electrochemically generated bubbles', Anal. Chem., 2002 74(24) 6392-96. 

153. Griss P., Andersson H. and Stemme G., 'Expandable microspheres for the handling 
of liquids', Lab on a Chip, 2002 2(2) 117-20. 

154. Stroock A.D., Dertinger S.K.W., Ajdari A., Mezit I., Stone H.A. and Whitesides 
G.M., 'Chaotic mixer for microchannels', Science, 2002 295(5555) 647-5 1. 

155. Seong G.H. and Crooks R.M., 'Efficient mixing and reactions within microfluidic 
channels using microbead-supported catalysts', J. Am. Chem. Soc., 2002 124(45) 
13360-61. 

156. Song H., Tice J.D. Ismagilov R.F., 'A microfluidic system for controlling reaction 
networks in time', Angew. Chem. Int. Ed., 2003 42(7) 768-72. 

157. Johnson T.J., Ross D. and Locascio L.E., 'Rapid microfluidic mixing', Anal. Chem., 
2002 74(1) 45-5 1. 



1 18 Nanolithography and patterning techniques in microelectronics 

158. He B., Burke B.J., Zhang X., Zhang R. and Regnier F.E., 'A picoliter-volume mixer 
for microfluidic analytical systems', Anal. Chem., 2001 73(9) 1942-47. 

159. Jiang X., Ng J.M.K., Stroock A.D., Dertinger S.K.W. and Whitesides G.M., 'A 
miniaturized, parallel, serially diluted immunoassay for analyzing multiple antigens', 
J. Am. Chem. Soc., 2003 125(18) 5294-95. 

160. Hatch A., Kamholz A.E., Hawkins K.R., Munson M.S., Schilling E. A., Weigl B.H. 
and Yager P., 'A rapid diffusion immunoassay in a t-sensor', Nature Biotechnol., 
2001 19(5) 461-65. 

161. Chiem N.H. and Harrison D.J., 'Microchip systems for immunoassay: An integrated 
irnmunoreactor with electrophoretic separation for serum theophylline determination', 
Clin. Chem., 1998 44(3) 591-98. 

162. Linder V., Verpoorte E., De Rooij N.F., Sigrist H. and Thormann W., 'Application 
of surface biopassivated disposable poly(dimethylsiloxane)/glass chips to a 
heterogeneous competitive human serum immunoglobulin g immunoassay with 
incorporated internal standard', Electrophoresis, 2002 23(5) 740-49. 

163. Rossier J.S., Girault H.H., 'Enzyme linked immunosorbent assay on a microchip 
with electrochemical detection', Lab on a Chip, 2001 l(2) 153-57. 

164. Ismagilov R.F., Ng J.M.K., Kenis P.J.A. and Whitesides G.M., 'Microfluidic arrays 
of fluid-fluid diffusional contacts as detection elements and combinatorial tools', 
Anal. Chem., 2001 73(21) 5207-13. 

165. Bernard A., Michel B., Delamarche E., 'Micromosaic immunoassays', Anal. Chem., 
2001 73(1) 8-12. 

166. Harris C.M., 'Shrinking the lc landscape', Anal. Chem., 2003 75(3) 64A-69A. 
167. Slentz B.E., Penner N.A., Lugowska E. and Regnier F., 'Nanoliter capillary 

electrochromatography columns based on collocated monolithic support structures 
molded in poly(dimethy1 siloxane) ', Electrophoresis, 200 1 22( 17) 3736-43. 

168. Jiang Y., Wang P.-C., Locascio L.E. and Lee C.S., 'Integrated plastic microfluidic 
devices with esi-ms for drug screening and residue analysis', Anal. Chem., 2001 
73(9) 2048-53. 

169. Kim J.S., and Knapp D.R., 'Microfabrication of polydimethylsiloxane electrospray 
ionization emitters', J. Chromatogr. A, 200 1 924(1-2) 137-45. 

170. Huikko K., Oestrnan P., Grigoras K., Tuomikoski S., Tiainen V.M., Soininen A., 
Puolanne K., Manz A., Franssila S., Kostiainen R. and Kotiaho T., 
'Poly(dimethylsiloxane) electrospray devices fabricated with diamond-like carbon- 
poly(dimethylsi1oxane) coated su-8 masters', Lab on a Chip, 2003 3(2) 67-72. 

171. Fu A.Y., Chou H.-P., Spence C., Arnold F.H. and Quake S.R., 'An integrated 
microfabricated cell sorter', Anal. Chem., 2002 74(11) 245 1-57. 

172. Deng T., Prentiss M. and Whitesides G.M., 'Fabrication of magnetic microfiltration 
systems using soft lithography', Appl. Phys. Lett., 2002 80(3) 461-63. 

173. Cho B.S., Schuster T.G., Zhu X., Chang D., Smith G.D. and Takayama, S., 'Passively 
driven integrated microfluidic system for separation of motile sperm', Anal. Chem., 
2003 75(7) 1671-75. 

174. Beebe D., Wheeler M., Zeringue H., Walters E. and Raty S., 'Microfluidic technology 
for assisted reproduction', Theriogenology, 2002 57(1) 125-35. 

175. Hansen C.L., Skordalakes E., Berger J.M. and Quake S.R., 'A robust and scalable 
microfluidic metering method that allows protein crystal growth by free interface 
diffusion', Proc. Natl. Acad. Sci. U.S.A., 2002 99(26) 16531-36. 

176. Monahan J., Gewirth A.A. and Nuzzo R.G., 'A method for filling complex polymeric 
microfluidic devices and arrays', Anal. Chem., 200 1 73(13) 3 193-97. 



Rapid prototyping of functional microfabricated devices 11 9 

177. Liu J., Enzelberger M. and Quake S., 'A nanoliter rotary device for polymerase 
chain reaction', Electrophoresis, 2002 23(10) 153 1-36. 

178. Mao H., Holden M.A., You M. and Cremer P.S., 'Reusable platforms for high- 
throughput on-chip temperature gradient assays', Anal. Chem., 2002 74(19) 5071- 
75. 

179. Chiu D.T., 'A microfluidics platform for cell fusion', Curr. Opin. Chem. Bio., 2001 
5(5) 609-12. 

180. Takayama S., McDonald J.C., Ostuni E., Liang M.N., Kenis P.J.A., Ismagilov R.F., 
and Whitesides G.M., 'Patterning cells and their environments using multiple laminar 
fluid flows in capillary networks', Proc. Natl. Acad. Sci. U.S.A., 1999 96(10) 5545- 
48. 

18 1. Chiu D.T., Li Jeon, N., Huang S., Kane R.S., Wargo C.J., Choi I.S., Ingber D.E. and 
Whitesides G.M., 'Patterned depositi& of cells and proteins onto surfaces by using 
three-dimensional microfluidic systems', Proc. Natl. Acad. Sci. U.S.A., 2000 97(6) 
2408-1 3. 

182. Takayama S., Ostuni E., LeDuc P., Naruse K., Ingber D.E. and Whitesides G.M., 
'Subcellular positioning of small molecules', Nature, 2001 411(6841) 1016. 

183. Sawano A., Takayama S., Matsuda M. and Miyawaki A., 'Lateral propagation of 
egf signaling after local stimulation is dependent on receptor density', Dev. Cell, 
2002 3(2) 245-57. 

184. Jeon N.L., Baskaran H., Dertinger S.K. W., Whitesides G.M., Van De Water L. and 
Toner M., 'Neutrophil chemotaxis in linear and complex gradients of interleukin-8 
formed in a microfabricated device', Nature Biotechnol., 2002 20(8) 826-30. 

185. Dertinger S.K.W., Jiang X., Li Z., Murthy V.N. and Whitesides G.M., 'Gradients of 
substrate-bound laminin orient axonal specification of neurons', Proc. Natl. Acad. 
Sci. USA., 2002 99(20) 12542-47. 

186. Kumacheva E., Garstecki P., Wu H. and Whitesides G.M., 'Two-dimensional colloid 
crystals obtained by coupling of flow and confinement', Phys. Rev. Lett., 2003 
91(12) 128301/1-01/4. 

187. Thorsen T., Roberts R.W., Arnold F.H. and Quake S.R., 'Dynamic pattern formation 
in a vesicle-generating microfluidic device', Phys. Rev. Lett., 2001 86(18) 4163-66. 

188. Tice J.D., Lyon A.D., and Ismagilov R.F., 'Effects of viscosity on droplet formation 
and mixing in microfluidic channels', Anal. Chim. Acta, 2004 507(1) 73-77. 

189. Tice J.D., Song H., Lyon A.D. and Ismagilov R.F., 'Formation of droplets and 
mixing in multiphase microfluidics at low values of the reynolds and the capillary 
numbers', Langmuir, 2003 19(22) 9127-33. 

190. Hua Susan Z., Sachs F., Yang David X. and Chopra Harsh D., 'Microfluidic actuation 
using electrochemically generated bubbles', Anal. Chem., 2002 74(24) 6392-96. 

191. Fuerstman M.J., Deschatelets P., Kane R., Schwartz A., Kenis P.J.A., Deutch J.M., 
Whitesides G.M., 'Solving mazes using microfluidic networks', Langmuir, 2003 
19(11) 47 14-22. 

192. Chiu D.T., Pezzoli E., Wu H., Stroock A.D., and Whitesides G.M., 'Using three- 
dimensional microfluidic networks for solving computationally hard problems', 
Proc. Natl. Acad. Sci. U.S.A., 2001 98(6) 2961-66. 




