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(57) ABSTRACT 

Improved methods of forming a patterned self-assembled 
monolayer on a surface and derivative articles are provided. 
According to one method, an elastomeric stamp is deformed 
during and/or prior to using the stamp to print a self 
assembled molecular monolayer on a surface. According to 
another method, during monolayer printing the surface is 
contacted With a liquid that is immiscible With the molecular 
monolayer-forming species to effect controlled reactive 
spreading of the monolayer on the surface. Methods of 
printing self-assembled molecular monolayers on nonplanar 
surfaces and derivative articles are provided, as are methods 
of etching surfaces patterned With self-assembled monolay 
ers, including methods of etching silicon. Optical elements 
including ?exible diffraction gratings, mirrors, and lenses 
are provided, as are methods for forming optical devices and 
other articles using lithographic molding. A method for 
controlling the shape of a liquid on the surface of an article 
is provided, involving applying the liquid to a self-as 
sembled monolayer on the surface, and controlling the 
electrical potential of the surface. 
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METHODS OF ETCHING ARTICLES VIA MICRO 
CONTACT PRINTING 

RELATED APPLICATIONS 

[0001] This application is a divisional of US. application 
Ser. No. 09/164,733, by Whitesides et al., entitled “Methods 
of Etching Articles via Microcontact Printing”, ?led Oct. 1, 
1998, Which is a divisional of US. application Ser. No. 
08/677,309, by Whitesides et al., entitled “Methods of 
Etching Articles via Microcontact Printing”, ?led Jul. 9, 
1996, Which is a continuation of US. application Ser. No. 
08/676,951, by Whitesides, et al., entitled “Microcontact 
Printing On Surfaces and Derivative Articles”, ?led Jul. 8, 
1996, Which is a continuation-in-part of US. application Ser. 
No. 08/397,635, ?led Mar. 1, 1995, Which is a continuation 
in-part of US. application Ser. No. 08/131,841, ?led Oct. 4, 
1993, now US. Pat. No. 5,512,131, issued Apr. 30, 1996. 

GOVERNMENT FUNDING 

[0002] This invention Was made With government support 
under Grant Number NIH GM30367 and ONR N00014-86 
K-0756. The government has certain rights in the invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to deriva 
tiZation and patterning of surfaces and more particularly to 
the formation of self-assembled molecular monolayers on 
surfaces using microcontact printing, derivative articles pro 
duced thereby, and novel optical elements. 

BACKGROUND OF THE INVENTION 

[0004] In ?elds involving microelectronic devices, sen 
sors, and optical elements, the development of devices that 
are small relative to the state of the art, controllable, and 
conveniently and relatively inexpensively reproduced With a 
relatively loW failure rate is important. 

[0005] A Well-known method of production of such 
devices is photolithography. According to this technique, a 
negative or positive resist (photoresist) is coated onto the 
exposed surface of a material. The resist then is irradiated in 
a predetermined pattern, and irradiated (positive resist) or 
nonirradiated (negative resist) portions of the resist are 
Washed from the surface to produce a predetermined pattern 
of resist on the surface. This is folloWed by one or more 
procedures. For example, the resist may serve as a mask in 
an etching process in Which areas of the material not covered 
by resist are chemically removed, folloWed by removal of 
resist to expose a predetermined pattern of the conducting, 
insulating, or semiconducting material on the substrate. 
According to another example, the patterned surface is 
exposed to a plating medium or to metal deposition under 
vacuum, folloWed by removal of resist, resulting in a pre 
determined plated pattern on the surface of the material. In 
addition to photolithography, x-ray and electron-beam 
lithography have found analogous use. 

[0006] While the above-described irradiative lithographic 
methods may be advantageous in many circumstances, all 
require relatively sophisticated and expensive apparatus to 
reproduce a particular pattern on a plurality of substrates, 
and are relatively time-consuming. Additionally, no method 
of patterning nonplanar surfaces is commonly available 
according to these methods. In the ?eld of electronic cir 
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cuitry, an attempt is often made to save space by stacking 
planar circuit boards or chips, the boards or chips intercon 
nected With auxiliary contacts. Alternately, a board or chip 
may be bent or otherWise formed in a nonplanar manner so 
as to save space, auxiliary contacts connecting components 
on different sides of the bend. All too often these auxiliary 
contacts are the cause of circuitry failure, and the attempt to 
move from the tWo-dimensional domain to a three-dimen 
sional domain fails. Irradiative lithography provides no 
remedy to this complication, nor does it provide a method of 
conveniently and inexpensively reproducing an existing 
microelectronic circuit pattern, or the surface morphological 
features of other objects of interest. 

[0007] Additionally, the above-described irradiative tech 
niques are generally not amenable to the patterning of 
biological species such as proteins, as they typically utiliZe 
resists and solvents that are toxic to many biological species. 

[0008] A need exists in the art for a convenient, inexpen 
sive, and reproducible method of plating or etching a surface 
according to a predetermined pattern. The method Would 
ideally ?nd use on planar or nonplanar surfaces, and Would 
result in patterns having features in the micron and submi 
cron domain. Additionally, the method Would ideally pro 
vide for convenient reproduction of existing patterns. Addi 
tionally, a need exists for the fabrication of surfaces that can 
pattern portions amenable to attachment of biological spe 
cies, such as antibodies, antigens, proteins, cells, etc., on the 
micrometer scale. 

[0009] The study of self-assembled monolayers (SAMs) is 
an area of signi?cant scienti?c research. Such monolayers 
are typically formed of molecules each having a functional 
group that selectively attaches to a particular surface, the 
remainder of each molecule interacting With neighboring 
molecules in the monolayer to form a relatively ordered 
array. Such SAMs have been formed on a variety of sub 
strates including metals, silicon dioxide, gallium arsenide, 
and others. SAMs have been applied to surfaces in prede 
termined patterns in a variety of Ways including simple 
?ooding of a surface and more sophisticated methods such 
as irradiative patterning. 

[0010] Accordingly, a general purpose of the present 
invention is to solve problems associated With expense, 
complicated apparatus, and other complications associated 
With patterning surfaces for electronic, chemical, biological, 
and optical devices. One object is to provide a method of 
conveniently and reproducibly producing a variety of SAM 
patterns on planar and nonplanar surfaces, the patterns 
having resolution in the submicron domain, and being 
amenable to plating, etc. Another purpose of the invention is 
to facilitate the attachment of biomolecules on the submi 
cron scale Without loss of biological function. Another 
purpose of the invention is to provide a method of forming 
a template from an existing pattern having micron or sub 
micron-domain features, the template conveniently repro 
ducing the preexisting pattern. 
[0011] Another general purpose of the invention is to 
provide optical elements and devices that are conveniently 
and inexpensively manufactured, and that are adaptable to a 
variety of systems. 

SUMMARY OF THE INVENTION 

[0012] The present invention provides a method of etching 
an article that is coated With a thin layer of resist. The 
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method involves contacting a ?rst portion of the resist 
surface With a stamp to transfer to the ?rst portion a 
self-assembled monolayer of a molecular species in a ?rst 
pattern. The self-assembled monolayer is contiguous With an 
exposed portion of the resist surface in a second pattern. The 
resist is removed from the surface of the article, according 
to the second pattern, by contacting the exposed portion of 
the resist surface With a ?rst etchant that reacts chemically 
With the resist and that is inert With respect to the self 
assembled monolayer. This exposes the surface of the article 
in the second pattern. A second etchant is applied to the 
exposed surface of the article that reacts chemically With the 
article and that is inert With respect to the resist. According 
to one aspect the resist is an electrical conductor. According 
to another, the resist is a metal oxide, and can be an oxide 
of the article. The article can be a semiconductor such as 
silicon gallium arsenide, or the like, and can have a non 
planar surface. 

[0013] According to one embodiment, the self-assembled 
monolayer exposes a chemical functionality in the ?rst 
pattern, and prior to the removing the resist, the molecular 
species is coated With a protecting species that is compatible 
With the chemical functionality and incompatible With the 
?rst etchant. 

[0014] The present invention provides also a method of 
etching an article involving contacting a ?rst portion of the 
surface of the article With a stamp to transfer to the ?rst 
portion a self-assembled monolayer of a molecular species 
in a ?rst pattern, the self-assembled monolayer being con 
tiguous With an exposed portion of the surface in a second 
pattern and exposing a chemical functionality. A protecting 
species that is compatible With the chemical functionality is 
applied to the self-assembled monolayer, and the exposed 
portion of the surface is contacted With an etchant that reacts 
chemically With the resist and that is incompatible With the 
protecting species. According to another embodiment, the 
self-assembled monolayer exposes a chemical functionality, 
in the ?rst pattern, that is less compatible With the protecting 
species than is the surface of the article that remains uncov 
ered With the self-assembled monolayer. In this embodi 
ment, the protecting species is positioned on the surface at 
regions not covered by the self-assembled monolayer and, 
When the etchant is applied, the etchant etches the article at 
regions not covered by the protecting species (including 
those regions originally covered by the self-assembled 
monolayer). 
[0015] The present invention provides also a method of 
applying to a surface of an article a self-assembled mono 
layer of a molecular species. The method involves coating a 
portion of a stamping surface of a stamp With a self 
assembled monolayer-forming molecular species, and trans 
ferring from the stamping surface to a ?rst portion of the 
article surface the molecular species, While applying to a 
second portion of the article surface contiguous With the ?rst 
portion a species that is not compatible With the molecular 
species. According to one aspect the method involves alloW 
ing the molecular species to spread evenly from the ?rst 
portion of the article surface to the second portion of the 
article surface. According to another aspect the ?rst portion 
of the article surface includes at least tWo isolated regions 
separated by the second portion, and the method involves 
transferring the molecular species from the stamping surface 
to the at least tWo isolated regions of the ?rst portion, While 

Aug. 19, 2004 

applying to a second portion the species that is not compat 
ible With the molecular species. The molecular species is 
alloWed to spread from each of the at least tWo isolated 
regions of the ?rst portion toWard each other. The molecular 
species can be lipophilic and the species that is not com 
patible With the molecular species hydrophilic, or vice versa, 
and the article surface can be nonplanar. Prior to or during 
the transferring step the stamp can be deformed. 

[0016] The present invention also provides a method 
involving applying to a surface of an article a ?rst region and 
a second region of a self-assembled monolayer, Where the 
?rst and the second regions are separated from each other by 
an intervening region. Aspecies that is incompatible With the 
molecular species that forms the self-assembled monolayer 
is applied to the intervening region, and the molecular 
species is alloWed to spread evenly from the ?rst region 
toWard the second region and from the second region toWard 
the ?rst region. 

[0017] The present invention also provides a method of 
applying to a surface of an article a self-assembled mono 
layer of a molecular species. The method involves coating a 
portion of a stamping surface of a ?exible stamp With a 
self-assembled monolayer-forming molecular species, 
deforming the stamp, and contacting at least a portion of the 
surface With at least a portion of the stamping surface. The 
stamp can be deformed by compressing it in a plane approxi 
mately parallel to the stamping surface, and/or by applying 
a force to it in a direction approximately perpendicular to the 
stamping surface. 

[0018] The present invention also provides a method of 
making an article, involving etching a pattern into a surface 
of a template, and molding the article on the surface of the 
template. This can involve applying to the template a 
hardenable ?uid and-alloWing the ?uid to harden. For 
example, a prepolymeric ?uid can be applied to the template 
and polymeriZed. According to one aspect, the hardenable 
?uid is a ?uid precursor of an elastomer. The etching can be 
anisotropic etching. 
[0019] The present invention also provides a method of 
making an article that involves providing a template having 
a surface anisotropically etched in a pattern, applying a 
hardenable ?uid to the surface, and alloWing the ?uid to 
harden. 

[0020] The present invention also provides a method of 
patterning a self-assembled monolayer on a nonplanar sur 
face of an article. The method involves rolling the nonplanar 
surface of the article over a stamping surface of a stamp 
carrying a self-assembled monolayer-forming molecular 
species, thereby transferring to the nonplanar surface a 
self-assembled monolayer of the molecular species. Accord 
ing to one aspect, the rolling step involves applying to the 
nonplanar surface the self-assembled monolayer in a pattern, 
While leaving portions of the surface contiguous With the 
self-assembled monolayer exposed. According to one aspect 
the exposed portions of the surface are etched. 

[0021] The present invention also provides a method of 
making a lens, involving providing a hardenable ?uid pre 
cursor of the lens, contacting a surface of the ?uid precursor 
With a liquid that is incompatible With the ?uid precursor, 
and alloWing the ?uid precursor to harden to form a lens. 
The precursor can be a prepolymeric ?uid, and can be a 
precursor of an elastomer. 
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[0022] The present invention also provides a method of 
making an article, involving providing a supporting surface 
having, on a discrete isolated region, a self-assembled 
monolayer of a molecular species, applying to the self 
assembled monolayer a ?uid precursor of the article, the 
precursor having a surface including a ?rst region in contact 
With the self-assembled monolayer and a second, eXposed 
region contiguous With the ?rst region, contacting the 
eXposed region of the precursor surface With a ?uid that is 
incompatible With the precursor ?uid, and alloWing the 
precursor to harden. 

[0023] The present invention also provides a method of 
making a diffraction grating, involving coating a surface of 
a template With a hardenable, ?uid diffraction grating pre 
cursor, alloWing the ?uid precursor to harden and form a 
diffraction grating, and removing the diffraction grating 
from the template. 

[0024] The present invention also provides a method of 
making an optical element, involving molding an article by 
coating a mold having an optical surface With a hardenable 
?uid and alloWing the ?uid to harden to form an article 
having an optical surface that correlates to the optical 
surface of the mold, removing the article from the mold, and 
contacting the optical surface of the article With a liquid 
metal. 

[0025] The present invention also provides articles made 
by the above and other methods, including an article includ 
ing on its surface an isolated region of a self-assembled 
monolayer of a molecular species, the isolated region 
including a lateral dimension of less than 10 microns. 
Preferably, the dimension is less than 5 microns, more 
preferably less than 1 micron, more preferably less than 0.5 
micron, more preferably less than 0.25 micron, more pref 
erably less than 0.2 micron, more preferably less than 0.15 
micron, and most preferably less than 0.1 micron. Also 
provided is a device including on its surface an pattern of a 
self-assembled monolayer of a molecular species, the pat 
tern having a lateral dimension of less than 10 microns, or 
one of the other preferred dimensions above. Also provided 
is a device including on its surface an pattern of a self 
assembled monolayer of a molecular species, the pattern 
including tWo closely-spaced regions of a single self-as 
sembled monolayer, or closely-spaced different self-as 
sembled monolayers, the dimension betWeen them being 
less than 10 microns, or one of the other preferred dimen 
sions above. 

[0026] The present invention also provides a diffraction 
grating including a liquid metal having a surface that is in 
contact With and correlates to a surface of an article. The 
article surface correlates to an diffraction grating, and the 
liquid metal surface is formed thereby into a diffraction 
grating. The grating can be transparent and ?exible, prefer 
ably transparent and elastomeric. 

[0027] The present invention also provides an optical 
element including an elastomer including a void having an 
optical conveX or concave surface, and a liquid metal 
adjacent the conveX or concave surface of the void. Prefer 
ably, the liquid metal ?lls the void and is encapsulated by the 
elastomer. 

[0028] The present invention also provides a device 
including an article de?ning a surface, a ?rst and a second 
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isolated region of a self-assembled monolayer on the sur 
face, the ?rst and second regions separated from each other 
by less than 10 microns. Preferably, the separation is one of 
the preferred dimensions above. 

[0029] The present invention also provides a device 
including an article de?ning a surface, and a self-assembled 
monolayer on the surface, forming a pattern having a lateral 
dimension of less than 10 microns. Preferably, the lateral 
dimension is one of the preferred dimensions above. 

[0030] The present invention also provides methods uti 
liZing the above and other devices and arrangements, includ 
ing a method of diffracting electromagnetic radiation. The 
method involves directing electromagnetic radiation at a 
liquid metal having a surface that is a diffraction grating to 
cause diffraction of the electromagnetic radiation, and 
alloWing diffracted electromagnetic radiation to re?ect from 
the surface. The surface of the liquid metal that is a diffrac 
tion grating can be deformed (elongated or stretched, bent, 
compressed, e.g.) to adjust the pattern of diffraction of the 
electromagnetic radiation. 

[0031] The present invention also provides a method of 
focusing electromagnetic radiation, involving directing elec 
tromagnetic radiation at a liquid metal having a concave 
surface, and alloWing the electromagnetic radiation to re?ect 
from the surface. 

[0032] The present invention also provides a method of 
controlling the shape of a liquid, involving providing a 
supporting, electrically-conductive surface having, on a dis 
crete isolated region, a self-assembled monolayer of a 
molecular species eXposing a chemical functionality that is 
compatible With the liquid, positioning the liquid on the 
self-assembled monolayer of the molecular species, sur 
rounding the liquid With a ?uid electrolyte that is not 
compatible With the liquid, and adjusting an electrical poten 
tial of the electrically-conductive surface to control the 
shape of the liquid. 

[0033] The present invention also provides a method of 
printing a self-assembled monolayer on a surface of an 
article, involving rolling over the surface of the article a 
nonplanar stamping surface of a stamp carrying a self 
assembled monolayer-forming molecular species. 

[0034] Other advantages, novel features and objects of the 
invention Will become apparent from the folloWing detailed 
description of the invention When considered in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] FIGS. la-f illustrate microprinting of a self-as 
sembled molecular monolayer on a surface, utiliZing con 
trolled reactive spreading in accordance With the invention; 

[0036] FIGS. 2a-e illustrate silicon surfaces selectively 
patterned With gold using controlled reactive spreading in 
conjunction With microprinting in accordance With the 
invention; 
[0037] FIGS. 3a-c illustrate deformation of a microprint 
ing stamp to achieve patterned self-assembled molecular 
monolayers With small features in accordance With the 
invention; 
[0038] FIGS. 4a-a' illustrate silicon surfaces selectively 
patterned With gold via mechanical deformation of a stamp 
in accordance With the invention; 
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[0039] FIGS. 5a-c illustrate a method of applying a pat 
terned self-assembled molecular monolayer to a nonplanar 
surface in accordance With the invention; 

[0040] FIGS. 6a-c illustrate nonplanar surfaces deriva 
tiZed using the technique illustrated in FIGS. 5a-c; 

[0041] FIG. 7 illustrates an optical ?ber having an exterior 
surface patterned With a self-assembled molecular mono 
layer according to the invention; 

[0042] FIGS. 8a-a' illustrate a method of etching an article 
according to the invention; 

[0043] FIGS. 9a-f illustrate a method involving litho 
graphic molding of an article in accordance With the inven 
tion; 
[0044] FIG. 10 is an atomic force microscope image of an 
article lithographically molded in accordance With the 
invention; 
[0045] FIGS. 11a-f illustrate methods of forming ?exible 
diffraction gratings in accordance With the invention, and a 
diffraction grating formed thereby; 

[0046] FIGS. 12a-a' illustrate a method of forming a 
?exible lens in accordance With the invention, and a lens 
formed thereby; 

[0047] FIG. 13 illustrates a method for forming an optical 
element in accordance With the invention; 

[0048] FIG. 14 illustrates apparatus for controlling the 
shape of a ?uid on a surface in lo accordance With the 

invention; 
[0049] FIGS. 15a and 15b illustrate apparatus for control 
ling the shape of a ?uid on tWo surfaces in accordance With 
the invention; and 

[0050] FIGS. 16a-e illustrate a method of etching an 
article in accordance With one embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0051] Commonly-oWned US. patent application Ser. No. 
08/131,841, ?led Oct. 4, 1993 by Kumar et al. and entitled 
“Formation of Microstamped Patterns on Surfaces and 
Derivative Articles”, now US. Pat. No. 5,512,131, issued 
Apr. 30, 1996, the entire content of Which is incorporated 
herein by reference for all purposes, describes stamping, or 
microprinting, self-assembled monolayers onto surfaces, 
etching and plating such surfaces, assembling isolated 
regions of self-assembled monolayers exposing a particular 
chemical functionality, optionally surrounded by a self 
assembled monolayer exposing a different functionality, and 
derivative articles. US. application Ser. No. 08/397,635, 
?led Mar. 1, 1995, co-pending and commonly-oWned, is 
incorporated herein by reference for all purposes. 

[0052] Referring to FIGS. la-d, a method for applying a 
self-assembled monolayer of a molecular species to a sur 
face that involves controlled, reactive spreading of the 
species on the surface is illustrated schematically. The 
method results in tWo or more self-assembled molecular 
monolayers, or tWo or more regions of a single self-as 
sembled molecular monolayer, that are very closely spaced 
on the surface. At FIG. 1a, a stamp 20 is illustrated having 
a surface 22 including a plurality of indentations 24 formed 
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therein that form an indentation pattern. The indentations are 
contiguous With a stamping surface 26 that de?nes a stamp 
ing pattern. The stamping pattern includes closely-spaced 
features, that is, the indentations are closely-spaced and this 
results in the presence of closely-spaced protrusions, the 
outWard-facing surfaces of Which de?ne the stamping sur 
face 26. 

[0053] Prior to microprinting, stamping surface 26, typi 
cally the entire surface 22 of the stamp, is coated With a 
molecular species 27. Molecular species 27 terminates in a 
functional group selected to bind to a particular material, and 
to form an ordered self-assembled monolayer thereupon. In 
the embodiment illustrated in FIGS. la-f, species 27 termi 
nates in a functional group selected to bind to a surface 28 
of an article 30, and to form a self-assembled monolayer on 
surface 28. AWide variety of species suitable as species 27 
and surfaces suitable as surface 28, that is, species that 
terminate in a variety of functional groups, and surfaces to 
Which they chemisorb, are described in application Ser. No. 
08/131,841. 
[0054] Stamp 20 of the present invention may be formed 
in a variety of Ways. In one embodiment, stamp 20 is formed 
by contacting a mold surface With a hardenable material, 
typically a ?uid, Which serves as a precursor of the stamp. 
The ?uid is hardened, for example by ionic, nonionic, or 
free-radical polymeriZation to form the stamp having a 
surface contacting the mold surface. A mold surface is 
advantageously selected to include at least one protrusion, 
and When the stamp is removed from mold surface, a stamp 
having a stamping surface including an indentation corre 
sponding to mold surface protrusion results. 

[0055] The particular material chosen for formation of 
stamp 20 should satisfy certain physical characteristics. 
Stamp 20 is advantageously chosen to be elastic, such that 
stamping surface 26 may very closely conform to minute 
irregularities in surface 28 of material 30 so as to completely 
transfer molecular species 27 thereto, and so as to be 
amenable to transferring SAMs of molecular materials to 
nonplanar surfaces. HoWever, stamping surface 26 should 
not be so elastic that When it is pressed lightly against a 
surface, stamping surface features deform to the extent that 
blurring of molecular species 27 on material surface 28 
results. 

[0056] According to a preferred embodiment, stamp 20 is 
formed from a polymeric material. Polymeric materials 
suitable for use in fabrication of stamp 20 may have linear 
or branched backbones, and may be crosslinked or non 
crosslinked, depending upon the particular polymer and the 
degree of formability desired of the stamp. A variety of 
elastomeric polymeric materials are suitable for such fabri 
cation, especially polymers of the general classes of silicone 
polymers, epoxy polymers, and acrylate polymers. Epoxy 
polymers are characteriZed by the presence of a three 
member cyclic ether group commonly referred to as an 
epoxy group, 1,2-epoxide, or oxirane. For example, digly 
cidyl ethers of bisphenol A may be used, in addition to 
compounds based on aromatic amine, triaZine, and 
cycloaliphatic backbones. Another example includes the 
Well-known Novolac polymers. Materials Which may not be 
suitable for fabrication of stamping surface 26 according to 
preferred embodiments include polyethylene and polysty 
rene, Which are generally too brittle, (not elastic enough), 
and polybutadiene, Which is generally too elastic. 



US 2004/0159633 A1 

[0057] Examples of silicone elastomers suitable for use as 
stamp 20 include those formed from precursors including 
the chlorosilanes such as methylchlorosilanes, ethylchlo 
rosilanes, and phenylchlorosilanes, and the like. A particu 
larly preferred silicone elastomer is polydimethyl siloxane. 
Exemplary polydimethyl siloxane polymers include those 
sold under the trademark Sylgard by the DoW Chemical 
Company, Midland Mich., and particularly Sylgard 182, 
Sylgard 184, and Sylgard 186. 

[0058] The ability to transfer SAMs to nonplanar surfaces 
is particularly advantageous in the preparation of microelec 
tronic devices on curved surfaces, for example microcon 
nections betWeen various circuit regions, the connections 
conforming to a bend to conserve space in an overall 
circuit-containing region. Stamp 20 should also be formed 
such that stamping surface 26 comprises an absorbent mate 
rial selected to absorb SAM-forming molecular species 27 to 
be transferred to a surface 28 to form a SAM thereon. 
Stamping surface 26 preferably sWells to absorb molecular 
species 27, and/or to absorb molecular species 27 dissolved 
or suspended in a carrier such as an organic solvent. Such 
sWelling and absorbing characteristics serve the important 
function of providing good de?nition of an isolated SAM on 
a surface. For example, if a dimensional feature of stamping 
surface 26 includes a substantially square-shaped feature, 
surface 26 should transfer molecular species 27 to surface 28 
of material 30 so as to form SAMs mirroring the substan 
tially square features of stamping surface 26, Without blur 
ring. Such blurring results from selection of a stamp Which 
does not absorb molecular species 27. When such a stamp is 
employed, molecular species 27 resides as a ?uid on stamp 
ing surface 26, rather than partially or fully Within surface 
26, and When stamping surface 26 contacts material surface 
28, molecular species 27 is dispersed from under stamping 
surface 26. According to the stamp of the present invention, 
hoWever, molecular species 27 is absorbed into stamping 
surface 26, and When stamping surface 26 contacts material 
surface 28, molecular species 27 is not dispersed, but binds 
to surface 28, and removal of stamping surface 26 from 
surface 28 results in Well-de?ned SAM features. 

[0059] Referring to FIG. 1b, stamp 20 is placed, in a 
predetermined orientation, adjacent to article 30 such that 
stamping surface 26 contacts article surface 28. Prior to, 
during, or shortly after stamping surface 26 is brought into 
contact With surface 28, a species 32 is applied to portions 
of surface 28 of article 30 that are not contacted by stamping 
surface 26. That is, surface 28 of article 30 includes at least 
a ?rst portion 34 to Which the self-assembled molecular 
species is transferred from the stamping surface, and at least 
a second portion 36, contiguous With ?rst portion 34, to 
Which is applied species 32. 

[0060] Species 32 is incompatible With self-assembled 
monolayer-forming molecular species 27. As used herein, 
“compatible” is used to de?ne species that have at least some 
mutual attraction, or at least are not mutually repulsive. For 
example, tWo polar species are compatible, and tWo nonpo 
lar species are compatible. Miscible liquids, for example tWo 
different aqueous solutions, are compatible species. “Incom 
patible” is used herein to de?ne species that are mutually 
repulsive to the extent that they are not miscible. For 
example, most organic liquids are incompatible With most 
aqueous solutions. Incompatible liquids Will coexist sepa 
rated by a phase boundary. An etchant that is inert With 
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respect to a species such as a self-assembled monolayer is 
often inert With respect to the species since it is incompatible 
With the species. One of ordinary skill in the art can readily 
select such incompatible species, and a test to determine the 
compatibility or incompatibility of such species is routine to 
one of ordinary skill in the art. Species 32 is selected as one 
that does not chemisorb to surface 28. Thus, species 32 has 
a lesser af?nity for surface 28 than does self-assembled 
monolayer-forming molecular species 27. 

[0061] Typically, species 27 is a hydrophobic liquid or is 
carried in a hydrophobic liquid, as described in the above 
referenced application Ser. No. 08/131,841. Species 27 also 
can be a hydrophilic liquid, or carried in a hydrophilic liquid. 
When species 27 (or a liquid in Which species 27 is dis 
solved) is hydrophobic, species 32 is selected to be hydro 
philic. When species 27 is hydrophilic, species 32 is selected 
to be hydrophobic. It is important only that species 27 and 
species 32 are incompatible. 

[0062] For example, species 27 can include a hydrophobic 
long-chain alkyl group that terminates in a functional group 
that spontaneously chemisorbs to surface 28, and species 32 
can be Water or an aqueous solution. Alternatively, species 
27 can be a long-chain alkyl group including suf?cient 
heteroatoms to make species 27 hydrophilic and species 32 
in that case can be a liquid that is sufficiently hydrophobic 
to be incompatible With species 27. 

[0063] Referring noW to FIG, 1c, the method involves 
alloWing stamping surface 26 to remain in contact With 
surface 28 for a period of time suf?cient to alloW molecular 
species 27 to spread from portion 34 of surface 28 onto 
portion 36 of the surface. This occurs as species 27, trans 
ferred from stamping surface 26, has a greater af?nity for 
surface 28 of article 20 than does species 32. 

[0064] Stamp 20 is maintained in contact With article 30 
for a period of time suf?cient to alloW species 27 to spread 
over surface 28 to a desired extent. The extent of spreading 
is, typically, approximately proportional to the time of 
contact betWeen stamp 20 and article 30. Stamp 20 is 
advantageously alloWed to contact article 30 for a period of 
time suf?cient to alloW species 27 to spread from each 
portion of stamping surface 26 toWard an adjacent portion. 
In this Way, species 27 is alloWed to spread across surface 28 
to form an increasingly narroW gap 38 (FIG. 1L0 on surface 
28. Gap 38 on surface 28 thus is not coated With species 27. 

[0065] The presence of incompatible species 32 applied to 
portions of surface 28 that are not coated With species 27 
facilitates the spreading of species 27 over surface 28 in a 
smooth, Well-de?ned manner. That is, species 27 does not 
spontaneously chemisorb at random, isolated portions 36 of 
surface 28 betWeen adjacent regions of stamping surface 26 
via vapor transport or the like. The method of the invention 
results in very Well-de?ned, very closely-spaced regions of 
species 27 on surface 28. 

[0066] In FIG. 1d, stamp 20 has been removed from 
article 30, and a scanning electron micrograph of the surface 
of article 30 that has been patterned according to the 
embodiment illustrated is shoWn in FIG. 16. In the embodi 
ment illustrated, dimension 40, the Width of indentations 24 
betWeen protrusions of stamp 20 that de?ne stamping sur 
face 26, is 3 microns, While the dimension of gap 38 betWeen 
adjacent regions of self-assembled monolayer 27 that have 
spread toWard each other is 0.1 micron. 
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[0067] FIG. 16 is a scanning electron micrograph of a 
silicon article 30, coated With a thin layer of gold, upon the 
surface of Which species 27 has been alloWed to spread in 
accordance With the method illustrated in FIGS. la-d. After 
removal of stamp 20, an etchant is applied to the surface. 
The etchant is not compatible With species 27, and species 
27 is therefore undisturbed by the etchant. The etchant 
contacts surface 28 of the thin gold layer on silicon article 
30 (not shoWn in FIGS. Isl-LO via gap 38, and dissolves the 
gold layer at gap 38. The result is illustrated in FIG. 16, and 
an atomic force microscope image is shoWn in FIG. 1]”. 
FolloWing removal of the self-assembled monolayer of 
species 27, a thin gold layer that has been etched at gap 38, 
to form adjacent regions of gold on a silicon surface sepa 
rated by approximately 0.100 micron, results. 
[0068] FIGS. la-d illustrate an end vieW of a stamp 20 
that includes a plurality of elongated, linear ridges 26, 
separated by recessed portions of the stamp. When such a 
stamp is brought into contact With a surface of an article in 
a ?rst orientation, folloWed by removal of the stamp, rota 
tion of the stamp through 90° relative to the surface of the 
article, and reapplication of the stamp to the surface, a grid 
pattern of species 27 on surface 28 results. During each 
application of the stamping surface to the surface of the 
article, the stamp can be held in contact With the stamping 
surface for varying periods of time, resulting in a grid of 
lines of molecular species 27 of varying Width. Scanning 
electron micrographs of such a procedure are shoWn in 
FIGS. 2a-e. The surfaces shoWn in FIGS. 2a-e Were deriva 
tiZed by covering a silicon article With thin layer of gold, 
applying species 27 to the gold surface via microprinting 
With a microstamp, and contacting exposed portions of the 
gold surface (those portions not covered by the self-as 
sembled monolayer) With an etchant that is not compatible 
With species 27 and that dissolves gold. The etchant is thus 
inert With respect to species 27. For each of FIGS. 2a-e, 
stamp 20 Was applied to the surface in a ?rst orientation for 
a ?rst period of time (“1st printing”), and applied to the 
surface in a second orientation rotated 90° from the ?rst 
orientation for a second period of time (“2nd printing”). The 
time that stamping surface 26 Was alloWed to contact surface 
28, for each printing step, is listed beside each ?gure. 
Control of the length and Width of exposed portions of 
silicon results. Dark portions 41 are exposed regions of 
silicon folloWing etch, and light regions 42 are the self 
assembled monolayer on the gold surface. The procedures 
described With respect to FIGS. 1 and 2 are described in 
greater detail beloW in Example 1. 

[0069] Referring noW to FIGS. 3a-c, a method for apply 
ing a self-assembled monolayer of a molecular species to a 
surface of an article according to another embodiment of the 
invention is illustrated, in Which a stamp is deformed prior 
to and/or during transfer of the species to the surface. FIG. 
3a illustrates, schematically, an end vieW of a portion of a 
stamp 20 including a surface 22 that includes a stamping 
surface 26 separated by indentations 24. Stamp 20 is 
deformed prior to and/or during transfer of a self-assembled 
monolayer-forming molecular species 27, Which coats 
stamping surface 26 (typically coating the entire surface 22 
of stamp 20), to surface 28 of article 30. When stamp 20 is 
deformed prior to transfer, it generally is compressed by 
applying to the stamp forces parallel to the stamping surface. 
That is, With reference to FIG. 3b, force is applied to the 
stamp in the direction of arroWs 44. This results in reduction 
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in the dimension of individual portions of stamping surface 
26 along the direction of the application of force, as Well as 
reduction of the dimension of indentations 24 in the same 
direction. That is, features of stamping surface 26 are 
reduced in siZe, and in spacing from each other, in the 
direction parallel to the application of force. 

[0070] When stamping surface 26 (generally the entire 
surface 22) of stamp 20 is coated With molecular species 27 
(not illustrated in FIG. 3b) and alloWed to contact surface 28 
of article 30, a self-assembled monolayer is formed on 
surface 28 that includes regions having lateral dimensions 
that correspond approximately to the dimension of features 
of stamping surface 26. Thus, When stamp 20 is deformed as 
illustrated in FIG. 3b, self-assembled monolayers, or a 
self-assembled monolayer having separate regions, is 
formed on a surface With dimensions smaller than those that 
Would be achieved typically When the stamp is not 
deformed. Referring to FIG. 3c, stamp 20 is illustrated With 
stamping surface 26 in contact With surface 28 of article 30, 
Where the stamp has been deformed by applying a force 
perpendicular to stamping surface 26, that is, perpendicular 
to surface 28 of article 30. This perpendicular force is 
represented by arroWs 46, and can be applied independently 
of, or in combination With, a compressive force on the stamp 
that is parallel to the stamping surface and that is represented 
by arroWs 44. Application of a compressive force repre 
sented by arroWs 44 and/or a perpendicular force repre 
sented by arroW 46 Will result in reduced feature siZes of 
species 27 on surface 28. When a force perpendicular to 
stamping surface 26 is applied, as represented by arroWs 46, 
gap 38 betWeen regions of species 27 on surface 28 is 
smaller than the dimension of indentations 24 betWeen 
regions of stamping surface 26. Thus, the stamp is deformed 
as illustrated in FIG. 3c Where the distance betWeen adjacent 
regions of stamping surface 26 is lessened. 

[0071] Although only compressive forces are described 
With respect to deformation of stamp 20 during microprint 
ing, stamp 20 can be deformed by stretching, as Well. 

[0072] Referring noW to FIGS. 4a-c, scanning electron 
micrographs shoWing surfaces derivatiZed via microstamp 
deformation are shoWn. The ?gures represent printing using 
a microstamp deformed by compressing the stamp by apply 
ing force parallel to the stamping surface (arroWs 44 of FIG. 
3b), independently along perpendicular axes. A silicon 
article covered With a thin layer of gold Was provided, With 
a self-assembled monolayer applied to the gold surface. 
Gold Was etched from regions to Which the monolayer Was 
not applied. In FIGS. 4a-c, light regions 48 represent the 
self-assembled monolayer on the thin gold ?lm on silicon, 
and regions 50 represent exposed silicon surface from Which 
gold has been etched. A stamp used to apply a self-as 
sembled monolayer to the gold surface Was fabricated 
generally as described beloW in example 1, and included a 
surface including indentations represented by regions 50, 
de?ning a stamping surface represented by regions 48. FIG. 
4a illustrates a surface to Which a self-assembled molecular 
monolayer Was applied from the stamp Without deformation 
of the stamp, folloWed by etching of gold from regions to 
Which the self-assembled monolayer Was not applied. In 
FIG. 4b, the stamp Was compressed along an axis parallel to 
the stamping surface, by applying force as illustrated by 
arroWs 52. In FIG. 4c, the stamp Was compressed along an 
axis parallel to the stamping surface, by applying force in the 


























