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Soft l i thography is a low-cost, non-photolithographic strategy for carrying out miclo- and nano-fabrication. This unconventional
approach consists oftechniques based on self-assembly and replica moiding oforganic molecules and polyneric marerials- Four
such techniques, microcontact printing (ICP). replica molding. micromolding in capil laries (MIMIC), and microtransfer molding
(ITM ). have been demonstr.rted for the labrication of pallerns and structures of a variet! of materials with dimension > l0 nm.
This review describes these techniques and theil applications in fabrication and nranufacturinc at the sub-100 nm scale.

The dernand for fabrication techniques that are capable of
forming nanometre-sized structures rapidl l , '  and economical ly
is a major driving force in the development of ni inoscience
and nanotechnolog l . r  A u ide ranse of  techniques have been
and are bein_e developed for nano-fabrication: e..q..  deep UV
( i . : 2 0 0  2 9 0 n m )  a n d  e x t r e m e  U V  ( l < 2 0 0 n m )  p h o t o l i t h -
o-eraphy. 2'  3 phase-shift  photol i thographv.{ electron-bea nr r,r ,  r- i  t  -
ing.s  focused ion beerm (FIB)  l i thograph\ . t '  X- rav l i thogntph l . -
scanning probe l i thographr .s  and r r thers .e  Despi te  thc  ext ra-
ord inarv  success of  these technolog ies.  new st ra leg ies are s t i l l
desired for manufacturing nanostructures: a rnajr lr  hurdle to
cross in the development of future technolo-eies for nano-
labr icat ion is  the enormous expense (both cap i ta l  expense and
operat ing expense)  o f  these technolog ies.  and of  the c lean
rooms altd special ized reagents the1, '  usual lv require.

Thrs  paper  d iscusses sof t  l i thography.  a  co l lec t i le  name 1or
techniques based on self-assembly and molding. as a conveuient
and low-cost  approach to  micro-  and nano- fabr icat ion
(Table l) .  Soft l i thograph), uses soft.  organic nraterials (e..s..
functional ized alkanes and polymeric materials) to senerate
pat terns and s t ruct r - r res wi thout  the use of  l ight  or  o ther  h igh-
ener_qy part icles. I ts stren_rrths and lr,eaknesses are verv dif ferent
f rom other  n- r ic ro l i thographic  techniques.  A l though i t  is  a t  ar r
very early stage of der,elopment. soft l i thographv has been
shown to be a rapid and inexpensive wav of forn-r ing ancl
t ransfer r ing pat terns and s t ructures ( )30 nnt  in  c l imenston;
onto or into other materials. This revrerv focuses primari lv ori
the procedures for four soft l i thographic techniques. micro-
contact  pr in t ing (pCP).  rep l ica mold ing.  micromold ing in
capi l la r ies  (MfMIC) .  and microt ransfer  mold ing (pTM).  as
well  as their potential appl icat ions in the fabrication of patterns
and s t ructures hav in-q a t  least  one d imension {  100 nm.

Self-assembled monolavers and microcontact
printing

Self-assembled rnonolayers (SAMs) are highly ordered molecu-
lar assemblies that form spontaneously by the chemisorption

of functior-ral ized alkanes onto the surfaces of appropriate
subst ra tes. to  t -  16.  th ickness of  a  SAM is  usr - ra l ly  I  3  nnt .  and
can  be  t uned  n ' i t h  an  accu rac ) ' o f  ca .  0 .1nn t  by  l ' a r v i ng  t he
t.t t-rnther of curbon trtoms in the alk1,l  chain. The tnterfacial
proper t ies  o f  a  SAM-colered subst ra te  can be eas i l r  rnod i l ied
b. r  the incorporat ion o f  organic  and inorganic  funct iona l
_q ro l rps  rn to  und  o r  a t  t he  end  o f  t he  a l kv l  cha in .  SAMs  o i
lon_e-chain  a l  kanct  h io la tes I  in  l l r  r t icLr  lur ' .  heradecanet  h i t t la  te .
CH-r (CH:) r .S ]  on uo lc l  l 'epresent  onc of  thc  n- rost  c lere loped
and best characterized s1'stems. They have been usec' l  as ntctdel
systems for  s tudy i r lg  the proper t ies  o f  SAMs" s l rch as s t luc-
tures.18 r0  wet tab i l i t ies . r l ' r r  and dens i t ies  o f  defects . rs  rs

We10'16 3s and others ' r ( '  I  have demonst ra ted and developed
SAMs of  lon-e-chain  l t lkaneth io la tes and a lky ls i lo ranes as
u l t r a th i n  ( l  . l  nn t )  r es i s t s  i n  l i t hog raphy  a t  t he  nanomet re  sca le
(< 100 nnt ) .  T 'hc  lorn l r t ion o l '  put tented SAMs is  the key to
such appl icat ions.  

- fab le  
I  l i s ts  techniques that  have been

demonst ra ted for  thc-  get rerat ion o1 '  pat ten ied SAMs rv i th
feature s izes {  100 nnt .  Other  l i thographic  technrques ( lbr
example.  photochemica l  ox idat ion. { {5  cross- l ink in- { . ro  and
generation of reactive eroups4r t t '  I  i . l rc general lv less convenient
than pt( 'P ancl har, 'e not been used rvith sub-ptnt structLlres.
a l though thc ' r  n ta- r  s t i l l  f ind some appl icat ions.

Microcontact  pr rn t ing ( [ rCP)  is  perhaps the most  r .ersat t le
and ct-rst-efI 'ectrr,c l lethocl lor the generation of patterned
SAMs rv i th  la tera l  d in iens ion )  100nm. F ig .  I  shorvs the
schemat ic  procedure lor  pCP.  I t  uses an c lastomer ic  s tamp
(usual ly  made f rom pol_v"d imethv ls i loxane.  PDMS)u, i th  a  re l ie f

Table 2 Techniqucs f()r patterning SAMs at sub-100 nm scalcs

t e  chn iquc smarl lest  fcature s ize nm ref

lT l lcrocontact  pnnl lng
mic romach in ins
neutral  atorn l i thographr
clectron-beam wri t ing
STM rvr i t ing

( u .
( 'u.
( 'u.
( u .
( u .

100
100
70
5 6
t 0

10.  t6  l9
30 32
33  35
16 3iJ
39 42

Table I  Four sol i  l i thographic techniques

technique
smaller featurc nn-r
( l a te ra l  d imens ion )

largest  pat ternecl  arca
(for  th is feature s ize) reL

microcontact  pr int ing (pCP)
replica moldin,e
mic romo ld ing  in  cap i l l a r i es  (  M IMIC)
microtransf 'er  molding (pTM )

ca .  100
crr .  30
c a . 1 0 0 0
crr. 700

crr .  50 crur  (< 'a.  0.5 pm)
trr .  I  crnz lcr l .  0.2 pnt)
t 'rt. I cm: (r'rr. I ; 'rm)
crr. I cr.t 'tr (c'rr. 1 prrn)

10. i l
| ] .  t 3

t 4
l 5
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Fig. I  Schematic i l lustrat ion olthe procedure for prCP. An clastomenc
stamp is made bv casting a prepolymer oi PDMS against a master
that is usually made by microl i thographic techniques. The stamp is
inked with a solut ion of hexadecanethiol in ethanol. dried in a stream
of Nr, and then brought into contact with the gold surface. The
patterned SAMs can be used as resists in wet chemical etching to
transfer patterns to the Au f i lm.

structure on i ts surface to transfer alkanethiol molecules (the
' ink') to the surface of gold by contact.s'  I t  is experimental ly
simple and inherently paral lel:  i t  can form patterned sub-[m
features over  an area of  ca.50cm2 in  a  s ing le  impress ion
wi th in  30 s .1r  Microcontact  pr in t ing has been used 1o form
patterned SAMs of alkanethiolates on Au.r0'26 tn Ag.tt  6'u,s'r 'sa
and GaAs;ss and of alkylsi loxanes on Si,SiO.. glass and plasma-
treated polymer f i lms.56 60 These processes are best understood
for Au and Ag substrates, where the quali ty ol SAMs is higher
relat ive to those on the other substrates. SAMs of long-chain
a lkaneth io la tes [CH-3(CH2) ,S .  n212]  wi th  hydrophobic  ter -
minal groups can effect ively protect the underlying substrates
from dissolut ion in certain types of aqueous etchants.6l 63 The
patterns in printed SAMs can, therefore. be transferred into
the underlying layers (e.g.. Au. Ag and Cu) by selective chemical
etching. The patterned structures of metals obtained this way
can be further used as secondary masks for the etching of
underlying substrates of SiOr. Si.  or GaAs.

Patterns of SAMs with dimensiorls >200 nm are routinely
generated using pCP. Smaller features (ca. 100 nnt in dimen-
sion) can also be generated using pCP by modifying the stamp
and/or the print ing procedure.l0'26 2e For example, mechanical
compression of the stamp,28 control led reactive spreading of
hexadecanethiol under water. lo and casting stamps from blazed
diffract ion gratings2e or masters prepared by anisotropic etch-
ing of Si(100)2' have been used to successful ly fabricate features
with dimensions in the range of ca. 100 nm. Fig. 2 shows an
example in which a reduction in feature size from ca. 2.5 prm
Io ca. 100 nm was accomplished by carrying out pCP under
water, leaving the stamp in contact with the gold surface for
r:a. 5 min. The reduction in dimension for the underivatized
regions was caused by the reactive spreading of the hexa-

30 nm

2 l lm

Fig.2  (A lScanning e lect ron micrograph (SEM)of  an ar ray o f  l . -5  f rn l
u' idc l ines of ,Au generatecl using the standard procedure of pC'P.
fol lou,ed br chemical etching in a basic cyanide solut ion. (B) SEM oi
a gold pattern that u'as produccd using prCP under water n' i th thc
same PDNIS s tanrp as in  (A) .  The inked s tamp was a l lowed to  remaln
in contact uith thc gold surfacc for t ' rr .  5 rntn.

decanethiol fronr the edges of the pattern on the surface of the
stamp. The result ing 100 nm wide l ines were transferred intcr
the th in  l i ln r  o lgo ld  b ,v-  se lect ive e tch ing in  an oxy 'gen-saturated
cyanide so lu t ion.

Microcontact print ing fol lowed by selective chemical etching
is capable of generating arravs of micro- and nano-structures
of a variety of materials with control led shapes and dimensions.
This  capabi l i t l  has d i rect  apphcat ions in  the fabr icat ion o f
custom-designed structures for studies of cel l  attzrchment.6'+ 66

sensors . t ' -  anc l  o ther  e lect rochemica l  and opt ica l  dev ices.6s t0

as well  as rn the fundamental studres of tr ibology such as
wet t ing and adhes ion. -1  

- r  
The qual i ty  o f  the l ina l  products .

however. has not yet met the requirements for the fabrication
of microelectronic devices for several reasons. First.  the best
SAMs are |ormed on Au and Ag,  and these meta ls  are not
acceptable as masks in the manufacturing of microelectrouic
dev ices.  Second.  even h igh-qual i ty  SAMs have a re la t ive lv  h igh
density (5 pits mm 2 ) of defects.2s Third. the technology needed
to register patterns in mult i level fabrication has not yet been
developed. Nevertheless. the microl i thographic techniques
based on 1"tCP have attracted broad attention, and their
development is proceeding rapidly. We bel ieve FCP wil l
become an alternative method to conventional techniques for
micro- and nano-fabrication in the future.

Replica molding and related techniques for nano-
fabrication

Photol i thography. 's repl ica moldrng,t6 t8 embossing (or
imprint ingl" 'e and related techniquess0 82 hirve been demon-
strated for the fabrication of micropatterns and microstructures
of polymeric materials. Deep UV photol i thography, electron-
beam writ ing and X-ra,v l i thography are the techniques
commonly  used in  produc ing nano-s t ructures (< l00nm in
dimension) with reasonably high wafer throughput. Cost of
ownership issues and the requrrements for fabrication space.
however. have so far l imited their appl icat ions. research and
development.

Molding and embossing have been applied in generating
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polvmeric structures with feature sizes > 100 nm. Functiorral
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Replica molding

The form of repl ica molding which we have developed dif fers
from the conventional molding techniques in the use of an
elastomeric PDMS mold. Fig. 3 i l lustrates the general pro-
cedure we used in  the rep l icat ion. l2 ' r3  The use of  an e lastomer ic
(rather than r igid) ntold simphfies the separation betw.een the
repl ica and the mold. and -ereatly reduces the possible darnage
to the mold and the fragi le structures on the surface of
the repl ica.

F ig .44 and B show AFM images of  a  master  hav ing an
arrav of ca. 60 nm rvide and ca. 50 nm high l ines. and one of
i ts repl icas of polyurethane (Pti)  I t  is evident that repl ica
molding against an elastomeric mold faithful ly repl icates the
original master having del icate features. We have also moni-
tored the changes in qual i ty of the nano-structures on the
original master and the PU repl icas r ' .s. the number of repl i-
cations conducted. No observable reduction in qual i ty was
found either on the original Au master or on the repl icas after

<- SiO2,  Si3Na,  meta ls
or photoresists

PDMS

Si

Cure,  peel  o f f  PDMS

PDMS

Bend PDMS, Mold PU
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rcp l iL : i r  In t . l , . j i r tg  . t ' J l i i i , . ;  :u r  { , r i : r i t ( ) r i t l ' i c  nro l r i  i :  r , ' ; lp l }h lc  t r l

i r l ( ) ' i l ( i  i i i g  t t t u i l t i r i e  r , ' n j t ' r  i ' i  i t l i D ( ) - \ i t i i C t t i f r j s  i ' t - i t n t  i i  S i l t g l e

l l l i t s l \ r r .  t i i a i  i . .  i i  l s  r ' ; r i - r l t i r i t , ' j  i r r l u l t i l i t C i t i t ' t t i u  r l i l l l ( ) - s 1 l ' l t c l i t f c r .

R c l r i i c l r  l i ) , : i 1 l l l i g  , r g . L i n i l  ; i l i  c i . r > i ( ) l l r - l ' t e  t t t o l d  i s  i i t t  c r t c t t r l e i i

t o n t i  . r l ' i i t c  c r ; r i \ i l r I ! ( ) ; l i l l  l c e i l i l r - r t r d  l t i r : ; c t l  : r t t  r i g t t l  r t i c l r i s .  I ' i t e

t i i i . '  ( i  r : l . t : l t ' , i l l J i '  j r  1 i ; , - .  j , . i '  t , ] l r l $  r  i l t . '  , . i z t ' . ' - r  t t n t l  s h l i p C s  t l f '  t h c

i , : l r t r r r , . t :  r ) 1 t  t l r e  i i n l i l  r ' r I i r e i t s  1 r i  l r i  d , l t l . o l l c r i  l r - f  t i s i n g  n i c c i t l t i l -

i u i t l  r 0 i t l i ' t i ' \ : r ( \ t i .  i ' . ' t l i i j i t l  ' 1 : ' i : i a i t t t l : - : ^  | t  ; i  C { ) t t t l r t i t i t t i r r t ' i  r r l

i h i ' s r '  l t - | - ' h r 1 i , . r r r i ' s  i l t i i  l i r l r s ^  ; l r l t i r  t l c r i i r i i i t i  i t r  t h r r  l e p l r c i r

n r o l d i t t g  l c t ' h t i i r l  t i c .  I { , . ' l r i t c i r  l r t , , l r , l i t r g  l u t l t i r t : l  l t  r l ' - ' 1 " , ' t l t l , - ' c l  c l r r s t t ' r -

l l l r - l ' i r '  r ' )  r i r l r i  1 - 1 i r t  l i i r ' c  . l  : l l l i ( i l i c  l l ( ' ' . \  i ( \ 1 l l \ . '  [ ( r  t t t b f ; r . ] l t t , . '  c t - l t l t p l * f

l r l t C t ' r l -  l l l l t l  t i l l r l r r - . r 1 t ' i : , ' l i I ' r r  \ \  i l l t  . . l t l t  j . l , - ' . ,  : , t Z C : : .  L t n , . 1  l - r r ' r i t l r l i C i t i C r
i h i i l ; i ) ' C  r i l l t r l r i l r r r i l r , i i i l C r C n i  l l ' r . n i  t h r i : v  { , \ n  t i t r ' r ' , r i g i t t ; t l

r n l i : 1 . , : r " .  l  i g  ' l  i )  l i ' ' L ' r  , 1  1 s 1 1 1 ' 1 ' \ r - ' i 1  l i r l i r r '  , A " l -  \ ' l  i r n l r g c  O l ' l i n  l r | f t r t

o [  . ] ( i  l l t t  \ \  i r l t  ! i i t c s  l ; 1 l r ; ; ; ; 1 1 1 ' , , i  l r r  t ' t t r l i c l i  l . ] t o l c l  t t . t o  t t g t i t t i s l  l t

bent  PDMS mold.  C 'ompar ison of  the nano- features on the
repl ica (r 'r i .  -10 nm wide) to those on the original Au metster
(F is"  4C)estab l ishes that  the d imensions of  cer ta in  features on

B. Repl ica

5rrm

2.5 lrm

<'- 60 nm

5pm

Fig.4 (A.  B) AFM images of  a master  wi th an array of  60 nm wide
l ines of  Au on SirSiO. and a PU repl ica generated f rom the PDMS
mold cast  f rom th is Au master i  (C.  D) AFM images of  another Au
master having an array of 50 nm wide lines and a PLI replica generated
from a bent  PDMS mold cast  f rom th is Au master
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cure eu, peet off

w
Fig.3 Schemat ic procedure for  carry ing out  repl ica molding against
an elastomeric PDMS mold. The PDMS mold is fabricated by casting
against nanometre-sized relief structures fabricated using X-ra,,-' l i th-
ography or  e lectron-beam wri t ing.  

' Ihe 
test  pat tern shown here is  an

arrav of cu. 50 nm lines. Replica rnolding can also be conducted while
the PDMS mold is  deformed. for  example,  by '  mechanical  bending (B).
The dimensions of the lines were reduced from cn. 50 nm to ca. 30 nm
in th is process wht le the spacrngs betrveen the l ines increased s l ight ly .

A. Master

e 5 i tni
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the master have been reduced significantly from ca. 50 nm to
ca. 30 nm by casting against a mold deformed by mechanical
bending. We have also demonstrated that replica molding
against a PDMS mold is capable of generating microstructures
on curved surfaces,13 and producing functional microdevices
with changing periodicities (e.g., chirped diffraction gratings).13

Micromolding in capillaries and microtransfer molding

We recently developed a new technique, micromolding in
capi l lar ies (MIMIC), for the fabrication of microstructures of
po lymers and other  mater ia ls  (F ig .5) .1a '86 88 The PDMS
master used in MIMIC is cast from an original master (for
example, a photoresist master made using photol i thography).
Fig. 6 shows a test pattern having regions which are < 100 nm
high but ca. 2 pm wide.la We have not appl ied MIMIC to
smaller structures. Although i t  should, in principle, be appli-
cable to such structures, in practice, the very slow f i l l ing of
very small capillaries may limit its usefulness.

Microtransfer molding (prTM) offers a procedure" for rep-
l icat ing microstructures from an elastomeric mold. that is more
rapid than MIMIC. and applicable to larger areas, i t  has been
applied successful ly to both planar and contoured surfaces

PDMS mold

(a) Cut off ends
(b) Place the PDMS

mold on a
substrate

Place a drop
prepolymer
at one end

(a )Cure
(b) Remove PDMS

Fig.5 Schemat ic procedure for  MIMIC. This technique re l ies on a
conformal contact formed between a support and an elastomeric
(PDMS) mold with relief features on its surface to create a network
of microchannels. A low-viscosity. l iquid prepolymer fi11s these channels
by capillary action. Solidification of the precursor in situ. followed by
removal of the PDMS mold. results in the formation of polymeric
structures on the surface of the support.

(F ig .7) .1s I t  is  a lso capable  o f  generat ing iso la ted s t ructures.
Fig. 8 shows an array of submicron-wide pyramids having c'c.
100 nm size t ips made using pTM. A disadvantage of pTM is
that the features that are formed usually rest on a continuous,
thin (( 100 nm) f i lm of the polymer.

Micromolding in capi l lar ies and microtransfer molding are
the two new techniques capable of generating microstructures
of polymers. inorganic salts. and sol-gel materials on
substrates of completely different materials. Fabrication of
free-standing polymeric webs (using MIMIC).86 mult i layer
structures (using pTM ).t t  and functional devices (e.g..
polymeric waveguideq.ls 'c1 waveguide couplers.e2'e'r and
interdigitated carbon capacitors and suspended carbon micro-
resonators 'a 'os)  have a lso been demonst ra ted.  MIMIC and
uTM attract attention because of their abi l i t ies to fabricate
complex topologies and structures with a broad range oi
materials and to accept non-planar surfaces as substrates.
Unti l  norv, MIMIC and pTM have primari ly been applied to
the fabrication of features at micrometre scales. Their ut i l i ty
in forming nano-structures has begun to be explored with
promis ing in i t ia l  resu l ts  {  F ig .  6  and 8 ) .

Conclusions and future work

Nano-st ructures (<  100 nm in  d imension)  are an impor tant  set
of targets in materials science. In the past. they have been
fabricated rnainly using electron-beam and ion-beam writ in-q:
deep UV.  X-rar .  and scanning probe l i thographies.  A l though
these technologies are very capable of -eenerating a broad
range of  s t ructures.  they ha l 'e  a  number  o f  d isadvantages that
ma1' l i rnit  their appl icat ions in manufacturing: for example.
they are rest r ic ted in  the tvpes of  mater ia ls  that  can be used
as resists: they are not easi ly appl icable to curved surfaces: and
most importantlv, they' require high capital aind operating costs.

Soft l i thographl ' .  in contrast. represents a class of largely
unexplored. non-photol i tho-eraphic techniques that offer a
cost-effect ive stratesv for fabricatins and rnanufacturins nano-

-

Fig.6 SEM (A) and AFM (B) ima,ees of  pat terned microstructures of
PU on a Si  SiO, surface generated using MIMIC. The arrow in (A)
ind ica tes  a  l i ne  tha t  i s  < l00nm in  he igh t .  (C )A  c ross -sec t iona l  SEM
image of  the f ractured sample.
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Fig.  7 Schcmat ic d iagram for  pTM. A drop of  prepolr , rne r  is  appl icc l
c ln the pat terned sur lace of  a PDMS ntolc l .  The excess prcpolrr .ner rs
scraped ar ' , 'a1.  r - rs ine a piece of  f lat  PDN{S. lear. ' iug a l i l lcc l  PDN{S
mo ld .  The  f i l l ed  mo ld  i s  then  b rough t  i n to  con tac t  u i th  u  subs t ra te
and the pre poly 'nrer  is  a l louec' l  to sol id i i l  in  s i tu.  Pat terncd rn icrostruc-
tures are obtaincd al ter  t l re PDMS mold is  rentolcd.  The process can
be repeatcd on a substrate \ \ ,hosc sur l i rce has al ready been pat terncd
u ' i t h  a  l ave r  (o r  l avc rs )  o f  re l i e l s t ruc tu res  to  bu i l d  mu l t i l ave r  s t ruc tu res
layer bv lavcr .

'100 nm
---i F-

450 nm

0
!rm

Fig.8  SEM (A)and AFM (B)  images of  an ar ray o f  sub-pm pyramids
of PU. The t ip of each pyramid. as shown in (B). is crr.  100 nrl  across.
The original master was fabricated using anisotropic etching of a
Si (  100)  subst ra te .

structures of metals. semiconductors and insulat in_e materials.
A number  o f  techniques,  e .g . .  pCP,  rep l ica mold ing.  MIMIC.
and prTM. have been successful ly demonstrated at the level of
prototypes. As a class. they take advantage of structures and
processes that use self- i issembly (for example. SAMs and
capil lary f i l l ing). Self-assembled structures are at. or close to.
thermodynamic equi l ibr iuml they are. as a result.  self-heal ing
and defect-reject ing.e6 They should, therefore. be the basis for
robust processes that are relat ively insensit ive to environmental

condit ions. and we have. in fact. been able 1o generate patterned
features )  30 nm us i r rg  a  numbe r  o f  so i t  l i thographic  tech-
n iques.  in  a  chemica l  laboratorv .  lv i thout  us ing c lean room
faci l i t ies. Several issues remair.r to be solved before soft l i tho-

-craphic  techniqLres f lnd appl icat ions in  the fabr icat ion o f
compler. functional nano-str lrctures. For example. the densit ies
o l 'de l 'ec ts23 in  the s tmctures formed by chemica l  e tch ing us ing
pr in ted SAMs as res is ts  are s t i l l  too h igh to  be used for  the
fabrication ol rr i icroelectronic devices. A lack of tools for
re-eistrat ion l l ' i th nanometre accuracy l imits i ts use in mult i layer
fabrictrt ion. Replica rnolcl ins. MIMIC. and prTM rnal '  sul ' l 'er
f rom ar t i fac ts  due to  deformat ion of  the molds. " -  The leve ls  o f
defects  in  these s t ructures (and tn  s tnrc tures produced us ing
techniques such as emboss inq )  have on ly '  begun to  be
characterized.

Al l  these techniques for  sof t  l i thography are s t i l l  in  the i r
ear ly  s tages o l '  de l 'e lopnrent .  Thei r  oppor tun i t ies  and l i rn i -
ta t ions in  nano- fabr icat ion and n l tnomanuf i tc tur ing are s t i l l
bein-e del lneci.  I t  is clear. however. that they offer exceptional
convenience and economy in  making cer ta in  k inds of  s t ruc-
tures.  and the most  probable  s t ra te_ey for  the i r  use u ' i l l  be to
produce copies o l  master  s t ructures prepared by con l 'ent iona l
but  more expens ive technic lues ( for  erample.  X- ray l i thographr
and e lect ron-beam ur i t ing) .  The appl icab i l i ty  o f  so l i  l i thosra-
ph i  to  lnore complcr  s t ructures lv i l l  be de l lned AS i t  is
c lcve loped fur thcr .

Th is  r iork  ur rs  sr . rppor tec l  in  par t  by  the Ol lce o f  Naval
Research.  the , , \c l runccd Rcscarch Pro jects  Agency.  and the
Nir t iona l  Sc ience Foundat ion (PHY 9312512) .  Th is  work  made
use of  MRSEC Shared Fac i l i t ies  suppor ted by the Ni i t iona l
Sc ience Foundat ion under  Au, r i rd  Nuntber  DMR-9400396.  We
thank Dr .  Hans Biebuyck for  hc lp lu l  d iscuss ions.  and Dr .  Jef f
Carbeck.  Andrew Black.  and . loe T ien for  the i r  he lp  in  ed i t ing
th is  n l rnuscr ip l .
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