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F ig .  l .  Schemat ic  p rocec lu rc  l i r r  SAMI I \1 .

rep l ica mold ing.  SAMIM begins wi th  a  t .vpe of  e las tomer ic
mold (usual lv  made f rom polv(d imethy ls i loxane) .  PDMS)

that has becn usecl in much of our previous work. l l '1 r '  sl  In

SAMIM.  a  l iqu id  that  is  a  good so lvent  for  the po lymer ic

subst ra te  is  appl iec l  to  the sur face of  the PDMS mold us ing

Q-tips before i t  is bnrusht into contact with the polymer

sur face.  As the mold is  p laced on the sur face of  the po ly-

mer .  the so lvent  d isso lves (or  swel ls )  a  th in  laver  o f  the
polymer ,  and the resu l t ing (probably  ge l - l ike)  f lu id  com-
prising polymer and solvent conforms to the surface topol-

ogy of the mold. The polymer sol idif ies as the solvent dissi-
pates. l l0 l  whi le  the mold mainta ins conformal  contact  w i th

the substrate. The overal l  morpholoev of the patterned

polymer represents a negative repl ica of the rel ief patterns

on the PDMS mold.

The key element of this procedure is wett ing of the

PDMS mold by a solvcnt and conformal contact between

the e lastomer  mold and the subst ra te  (F ig .  l ) .  The l iqu id

solvent f i l ls the recessecl regions on the surface of the

PDMS mold in order to minimize the area of the l iquid/va-

por interface and maximize that of the sol id/ l iquid inter-

face. For an i l lustrat ion. we have concentrated on a com-

merc ia l ly  ava i lab le  photores is t  (Micropos i t  1813.  Ship ley.  a
posit ive-tone novolak resin). but we have applied this pro-

cedure (with dif ferent solvcnts) to many other polymers.

inc lud ing po lys tvrene (PS) ,  po ly(methv lmethacry la te)

(PMMA),  ce l lu lose acetate  (CA) .  and po ly(acry lon i t r i le -

butad iene-s tyrene)  (ABS).  A th in  f i lm of  photores is t  (PR)
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Solvent-Assisted Microcontact Molding:
A Convenient Method for Fabricating
Three-Dimensional Structures on Surfaces of
Polymers**

By Enoch Kint, Younun Xict, Xiao-Mei Zhao. and
Georee M. Whitesides*

"Soft l i thography" is the name we use for a group of
non-photol i thographic methods for forming high-quali ty
micro- and nanostructures. These strategies require re-
markably l i t t le in capital investment. Thev are becoming
attract ive as routes to micro- and nanostructures that can-
not be made (or cannot be made as easi lr ,)  bi '  photol i tho-

graphy.  Micromachin ing. l r l  microcontact  pr in i inS (pCp) .1 : l

embossing (or imprint ing;,t :1 micromoldine in capi l lar ics
(MIMIC) . [ ] l  microt ransfer  mold ing (pTM).151 anc l  rcp l ica
mold ing l6 l  are  a  few examples o f  such methods that  have
been used to fabricate ( in some cases. to manufacture)
structures on the sub-micrometer scale. More recentlr ' .
embossinslTl and repl ica moldinglsl hzive been extenclecl as
procedures to form patterned polymeric nanostructures as
small  as 2-5 nm in lateral dimension. These nanometer-sized
structures are beyond the capabil i ty of conventional photo-
l i thography: currently they are fabricated using advanced
li thographic techniques[ ' ]- for example. deep UV photo-
l i thographv. X-ray l i thography, electron-beam writ ins. and
scanning probe l i thography-that are st i l l  in development.

Here we report a new method for fabricating structures
and modifying surface morphologies of polymers. usins a
method rve refer to as "solvent-assisted microcontact mold-
ing"  (SAMIM,  see F ig .  1) .The operat iona l  pr inc ip le  o f  th is
technique shares characterist ics with both embossins and
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was prepared on a Si wafcr by spin-coating at 5500 rpm for
30 s .  and then baked for  3 .5  min a t  l0 -5"Ct  thc  resu l t ins
f i lm was -1 .2  pm th ick .  PDMS (Sy lgard 184.  Dow Corn ing)
molds hav ing rc l ie f  pat terns ( -1 .2  prm th ick)  on thc i r  sur -
faces were fabricated according to publ ishcd proce-
clures.l l ' r  t ' l  The PDMS mold was wetted with cthanol.
which f i l led the recesscc l  reg ions on the PDMS sur facc. l l r l
When the mold was placed on the f i lm of PR. thc eltrstor.ner
made conformal contact with the PR. forminq micrometer-
sca le  channels  (or  cav i t ies)  between them. Bccause PDMS
is compl iant .  the e lastomcr  adhered spontaneous ly  to  thc
surface and squeezcd out the excess ethanol front thosc re-
g ions of  the mold that  were in  contact  w i th  thc  PR.  The re-
main ing so lvent  d isso lved (or  swel led)  the PR poly ,mer .
and a pat tern complementary  to  that  on the mct ld  was
formed in the result ing polvrneric f luid bv a process similar
to  emboss ing (or  impr in t ing) .  I 'he mold was a l lowed to  rc-
main on the surface for --5 rnin at room tentperature unti l
most  o f  the so lvent  had d iss ipated.  The s tantp was pce lec l
away: a pertterncd microstructure of PR was lcl ' t  behincl on
the surfncc of the substrate. We have usecl the same PDMS
mold for  severa l  cvc les (>  10)  o f  th is  process wi thout  obse r -
ving a dccrease in pcrforntance.

Choosing the appropr ia te  so lvent  for  a  po lvrner ic  matcr i -
a l  determines the ef l ' cc t iveness anc l  success of  SAMIM.
The so lvcnt  should  d isso lve or  swcl l  the sur face o1 ' thc  po lv-
mcr :  i t  should  not .  howevcr .  swel l  thc  PDMS stamp anc l
therebv deslroy the conformzrl contact between the polv-
mer  i ind the s tamp.  ManV non-po lar  so lvents  ( for  example.
hexane.  to luene.  anc l  mcthv lene ch lor ide)  cannot  be uscd
in  SAMIM becausc thev swcl l  the cross- l inkec l  PDMS. l r r l
In  genera l .  the sohcnt  shoulc l  havc a re la t ive lv  h igh vapor
pressure and a moderate l r ,  h igh sur face tens ion ( for  exam-
ple .  methzrno l .  c thanol .  anc l  acetone)  to  ensure rap id  eva-
porat ion o1 ' the excess so lvent  anc l  rn in in ta l  s rve l l ing o f  the
PDMS mold.  Dves and inr t rganic  sa l ts  can a lso bc ac lc lec l
in to  the so lvents .  and sut rscqucnt l r  l rc  rncorporatec l  in to
the formed po lymr- - r ic  n t ic rost ructLr rcs .  So l rcnts  u i th  lou
vapor  pressures ( for  exanrp le .  e thv lcne g l r  c t t l  anr l  t l in te  thr  l
su l f ox ide )  a re  no t  we l l  su i t ed  f o r  SAMIN I .  So l r cn t s  n i t h
h igh sur face tens ions ( for  example.  water )  c lo  not  uork  u t
i r l l .  hecause  t hey  on l v  pa r t i i r l l v  we t  t he  PDMS su r l ' i r ce  . 11  

'

F igure 2  shows scannins c lec t ron microererphs (SEMs)  o1 '
representat ive s t ructures that  were formed by SAMIM:  a l l
structures were fabricated from spin-coi i ted f i lms of PR with
ethanol  as  the so lvent .  F igure 2A and C represent  pos i t ive
and negat ive s t ructures o f  the same pat tern:  each was fabr i -
cated us ing the appropr iu tc  s tamp conta in ing a complemen-
tarv pattern. Figure 2B shor,vs an obl ique view of the frac-
tured edge of  the pat tern in  F igure 2 ,A:  i t  shows wcl l  de l ' ined
corners  and the presence of  a  th in  f i lm on those res ions
where the PDMS mold contacted the surftrce of PR. Fig-
urc 2D shows a more complex pattern taken frclm a nt icro-
e lect ron ics  c i rcu i t :  i t  i l lus t ra tes that  the three-d imensional
information on thc surface of the PDMS mold (Fie. 2E) can
be faithful ly transferred to the polymer layer in a single step.

I  r s  I  \  I ) )  S I r \ l s  ( ) l ' t c s l  s l r u c l u r c s  l o r n r c c l  i n  t h i n  f i l n r s  o f  n o v o l l k  p h o t o -
r r ' \ i \ t  u \ i n s  S ' \ \ l l l \ , l .  r r i t h  c t h a r t o l  a s  l h c  s o l ' n c n t .  t : ) S I : N , l  o f  t h e  P D M S  n t o l r l
L r \ . r l  l ( )  g c n c r i r t c  t h c  s a r n n l c  s h o r r ' n  i n  ( D ) .

A common charactcr is t ic  o f  pat terned microst ructures

scnc ra t cd  us ing  SAMIM i s  t l r a t  t hc  r csu l t i ng  s t ruc tu res  a rc

lc l jo incc l  bv  a  th in  l ' i ln r  o1 '  po l l 'n rcr .  For  example.  s tur -
shaPcc l  s t ructures in  F iqurc  2( '  are  conncctcc l  to  onc ar . r -
o t l r c r  bv  a  t h i n  I ' i lm  o l '  PR  tha l  i s .  usua l l r ' .  t h i nnc r  t han

l (X)  nr l .  We have been ab le  to  rcnrovc thcsc th in  f i ln ts

us ins  r cac t i ve  i on  e t ch ing  (R IE ) .  F i g l r r c  iA  shous  t hc

5  1 t m
I ; i g . . 3 .  ' \ ) S [ : \ l  o l  r  l c s t  p i r t l c n r  o l  P R  f o r n r e d  u s i n c  S ' \ \ l l \ l  o n  r r  r r ] i e o r r

n 'a fe r  corc lc t l  l r r  thernra l l r '  l i r rn rcc l  S i ( ) r  (0 . .1  ; r r l  th ick ) .  I l )  \ l  \ l  r ,1  th is
s a r n p l c  l l t c r '  [ { l F -  l i r r  5  r n i n .  ( ' )  - I ' h c  

s a n t e  s a n t p l c  l r :  i n  { [ ]  )  r r l t e ' r  l u r t h c r
c t c h i n g  i r . t  l c l u c o u s  I I F  l o r  - l  n r i n .  a n c l  i n  a n  a q u c o l l s  K ( ) l l ]  l . r , , l . r r n o l  s o l -
u t i o n  l i r r ' . ' 1 0  r l i n  a t  6 5  ( ' .  T l t c  P R  s t r u c l u r c s  r l i s s o l r c t l  o r .  l i l t t t l  r r l l  i n  t h c
KC)H/ l -p rop i tno l  so lu t io t t  a t  th is  tcnrpcra turc .  

- fhc  
S i ( ) -  r rn i .k  l r i r s  l rccn  rc -

nrovec l  a f tc r  S i  c tch ing .

652 a9 VC. II  VerIu,q.s.qcseIlschuI ' t  t t tbI{.  D-69169 WeirrI teitrr.  I997
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cross-sect iona l  SEM of  a  tes t  pat tern o f  PR that  was
formccl  on S i /S iOl  us ing SAMIM:  F i .eure 38 shows the
cross-sect iona l  SEN, I  o f  th is  santp le  a f ter  RIE in  an oxvgen
plasma ( l f iO nt tor r ' )  for  -5  rn in .  F igure 3C shows the cross-
sect iona l  SE\ l  o l . the same santp le .  a f ter  i t  had been c tched
i n  H F  ( - 1 " , , ) f ' o r  - 2  m i n .  f o l l o w c d  b v  a n i s o t r o p i c  c t c h i n g
in an i lqLle ous KOH/2-propanol solut ion att 6-5 "C' for
-10 nr in .  

' l -hcsc 
SEMs c lear ly  demonst ra te  that  the th in

f i ln ts  c l r r t  l ' rc  rcntovcc l  bv  hontogeneous th inn ing wi th  RIE.
F icL l re  - {  shons atont ic  force microscopy (AFM) imagcs

o1 ' the :nru l lcs t  f ' ca tures that  have been generated in  a  th in
l - i ln r  o t  PR ( \ l i c ropos i t  180-5.  Sh ip ley:  the th ickness of  thc
f i ln r  ur r :  - -0 .J  prnt )  us ing SAMIM:  para l le l  l incs that  arc
-60 nrn i r t  u ic l th  anc l  - -50 nnr  in  he ieht .

7 run

F i g .  l .  . \ l ' \ l  i n l r g c s  o l  t h c  s n t a l l c s l
l - rccn  l i r l r r ie i r t . ' .1  us in  g  SA\ ' l  I  N l .

SA\ l l \ l  i s  an  "app l y  anc l  w i ck "  p roccss :  i t  i nvo l vcs  ap -
p l r i ne  u  so l r c r . r t  on  t he  PDMS mo lc l  anc l  r i i c k i ng  t he  so l -
vcnt  in to  thc  c l tannels  (or  cav i t ies)  fornrcc l  bc tween the
nro lc l  and thc subst ra te .  SAMIM can a lso be c i t r r icd  out
us ing prc t rc l t l l cn t  o f  the sur face of  the po lvnter .  I f  thc
pol l 'n rcr ic  \L l l ) \ t r i l tc  ( l i r r  example.  a  PR I ' i lm)  is  exposcd tc- r
a  so l r cn t  o r  t hc  \ upo r  o f  a  so l ven t .  t he  subs t ra te  becomes
"sof tene r l " .  \ \ 'hcn t l tc  n to lc l  is  brought  in to  contact  w i th  the
sur face o l '  th rs  prc t rcatcc l  subst ra tc ,  the sur face morpholouv
of  the po l r  l le  r  changcs to  a  re l ie f  pat tern complementarv
to  that  on thc sur l 'ucc o l ' the n to ld .  SAMIM can.  therefore.
be appl icc l  to  p i l t tern  a  large number  o f  po lymers whosc
surfaces cun bc rnodif ied using appropriate solvents. Fig-
ure 5 ,A shou 's  thc  SEM of  a  pat terned sur face of  ABS
(0.t15 ntm thick. Gooclfel low). The surface morpholoev was
generatec l  r ia  SAMIM us ing arcetone as the sc l lvcnt .  Thc
pat ternec l  t ' ca turcs.  hav ing three d i f fercnt  leve ls  o f  he ight
(0 .8 .  1 .3 .  anc l  1 . - l  prm.  respcct ive ly) .  show smooth sur faccs
and goocl structural integri tv. Figure -5B shows a patterncd

Fig .  .5 .  SENIs  o l  po lvnrc r ic  s l ruc tu rcs  l i r rncc l  us ing  SAN4I \1  (u , i th  l ce tone i l s
t h c  s o l v c n t ) i n  t h i n  l ' i l n r s  o l ' A )  A B S .  l 3 ) p o l v s t r r c n c .  a n c l  C - ) c c l l u l o s c  i t c e t -
a t c .

sur l 'ace formcd on a PS f  i lm (2 .0  mrn th ick .  Goodfc l low)
rus ing SAMIM r i ' i th  l rcc to l rc  us the so lvcnt .  

' l -he 
features are

uc l l  c l c l ' i n cc l  un r l  c l cu r l r  r cso l rec l .  F i gu rc  5C  shows  a  pa t -

t c rnc r l  sL r r l r r cc  o l  ( ' . \  ( 0 .5  n tn t  t h i ck .  Good fc l l ow)  p ro -

r l ucc t l  us i ng  S , \ \ l l \ l  u  i t h  i r ce  t o l t c  us  t hc  so l vcn t .  Thc  ove  r -
a l l  nrorphologr  o l  thc  pat tcr r r  shorvs uooc l  rcp l icat ion o f  thc
l 'ca turcs on thc sur t 'ace ot ' thc  PDMS nro lc l .  cxccpt  that  thc
sur face of  the pat tcrncc l  po lvmer  is  h ieh l r  tcx turec l .  Such
patterned and tcxturcd surfuccs r l tAv be uscl 'ul  in processcs
whcrc  a  h igh sur facc/vo lume ra t io  is  in tpor ternt .  such as in
adhcs ion anc l  cata lvs is .

I n  summarv .  SAMIM i s  a  conven ien t  t echn ique  f o r  s i n -
g lc-s tcp pat tern ing.  I t  can generate  quas i - three-d imen-

s ional  s t ructurcs or  morpholog ics  on the sur facc o f  a  po lv-
nrcr  us ing a so lvcnt  that  can sof ten the po lvmer ic  subst ra te
u ' i thout  a f fcc t ins  the PDMS nro lc l .  SAMIM has impor tant
c l i f fc rcnces f rcm othcr  ex is t ing tcchniques.  l )  I t  does not
suf fer  l rom the c l isac lvantage of  s low ra tes o f  cap i l la ry  f i l l -
ing that  l in t i ts  MIMIC to  rc la t ive lv  smal l  areas.  We have
uscd SAMIM to  pat tcrn  areas of  severa l  square cent i -
meters .  and cxtens ion to  cvcn larger  arcas should  be poss i -
b le .  2)  Appl icat ion o f  SAMIM is  not  l imi tcd to  fabr ic i i t ion
of  hydrau l ica l l l ,  conncctcd s t ructurcs:  iso l i i tec l  s t ructures
can er lso be fabr icated.3)  SAMIM can be usec l  w i th  a  wide
range of  po ly 'mers or  prepolvmers:  thc  on ly  requi rement
seems to  be for  a  so lven l  that  d isso lves the po lvmer  o f  the

' ,  l ' (  H VerIug.sta.saIl .st l tuf ' t  r trbI l .  D-69169 \I 'ai t thainr. I997 6-s3
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substrate and also wets the surface of the elastomeric mold.

4) I t  uses an elastomer as the component in the mold.

PDMS provides a surface that is low in interfacial free

energy and inert in reactivi ty: polymers being molded do

not adhere to or react with the surface of PDMS. The elas-

t ic characterist ic of PDMS also al lows i t  to be released ea-

sily, even from complex and fragile structures. 5) The basis

of SAMIM is spontaneous formation of channels or cav-

i t ies when an elastomer containing three-dimensional rel ief

structures comes in int imate contact with a substrate: i t

does not require external pressure in maintaining confor-

mal contact. 6) The surface of the polymer is "softened"

using a solvent (or vapor) instead of temperaturet the pro-

cess is rapid and does not require special ized equipment or

systems for aligning mold and substrate.
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The solvent seems to evaporate from those regions of the polvmer f i lm

that are not cclvered bv the mold: the dif fusion of solvent from the

mold-covered regions to the uncovered regions is a relat ivelv fast pro-

CCSS.

A homogeneous thin laver of solvent could be easi ly appl ied to the

surface of PDMS mold using Q-t ips.
See. for example. a) L. C. DeBolt.  J.E. Mark. Macrotrtolecules 1987.

20 ,2369.  b )  L .E .  P ie r re .  H.A.  Dewhurs t .  A .  M.  Bueche.  J .  R t lvm.  S t i .
1959. .16 .  r0 -5 .
We can modify the surface propert ies of the PDMS mold by plasma-

treatment or othcr chcmical processes to make i ts surface wettable bv

a oolar scl lvent.

Effect of Surface Fractality on the Permeability
of Transparent Gas Barrier Coatings**

By Genta Garcfa-Avuso, Roherto Sulv'arezza,

Jost M. Murtinez-Duart, Olga Sdnchez..and

Luis Vi i :que:*

In the last few decades inorganic barr ier coatings on

polvmers have been used as protective coatings in several

industr ial appl icat ions, in part icular in the f lexible packa-

ging industry. In this case the coating deposited on a poly-

mer f i lm should behave as a good barrier against moisture.

oxygen. and exposure to l ight in order to avoid the degra-

dation of the packed product (usually food). As the preser-

vation requirements become increasingly more str ingent.

the development of coatings with better barr ier propert ies

has attracted the interest of groups in both research and in-

clustrv. From the scienti f ic point of view. dif ferent aspects

of thc barr ier propert ies have been studied. In part icular

the cl i l ' t 'usiorr ot '  qascs. such as oxygen and water vapor.

thnrush poroL ls  barr ic rs  has bce n invest igated. l l '21

Di l ' l 'us ion o l  sascs throush i i  porous so l id  is  a  complex

proccss that  rcqurrcs .  t 'o r  a  complete  unders tanding.  a

deta i led dcscr ip t ion a t  the micro-  and nanometer  leve l  o f

the so l id  s t ructure. l ' l  There are severa l  mechanisms that

explain the dif fusion of gases and l iquids through porous

solids. In the case of solids with pore stze (d) in the 3-

30 nm range so-cal led Knudsen dif fusion is one of them.t2l

This mechanism. which involves dif fusion in the gas phase,

al lows dif ferent dif fusing species to be separated, as the

permeabil i tv (P) is inverselv proport ional to the square

roc-rt of thc molecular weight of these species. The degree

of the pore network irresulari tv is described in terms of a

tortuosity factor. tn. which is ref lected in the Knudsen

transport oS P - 1/to.[ : l

In addit ion to the Knudsen transport.  there could be a

f low of adsorbed gaseous species on the pore surface.

which in a f irst approximation occurs paral lel to and inde-

pendently of the gas f low.lr l  In many cases the magnitude

of this mechanism of transport can be 2-3 t imes that of the

Knudsen transport contr ibution.[3'a] This surface dif fusion

contr ibution should be affected bv the desree of internal

trl
L2l
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