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Tsp formation of patterned structures on micrometre-length scales
is essential for the fabrication of manv electronic, optical and
mechanical devicesr. Patterning technologies are well established
for semiconductors and metals, but are relatively undeveloped for
organic polymers (with the notable exception of the specialized
polymers used in photolithographyr). Polymeric replicas of some
structures have been formed by filling them with monomers which
are subsequently polymerizedz t. But these procedures have impor-
tant limitations, in that the,v usually involve the destruction of the
template structure, or the resulting structures are not sufficiently'
regular for most applications. Here we describe a general moulding
procedure which does not suffer from these limitations. For the
mould we use the continuous network of channels formed when a
substrate and a patterned elastomeric master are placed in intimate
contact. A low-viscosity polymer precursor is placed in contact
with the network, which then fills spontaneously b_'" capillary
action. After cross-linking the precursor, the master is removed
(and can be reused), leaving a patterned poll'mer layer; depending
on the choice of substrate, patterned free-standing films can be
similarl.'- produced.
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FlG.  1  Schemat ic  d iagram of  cap i l la ry  micromould ing of  a  pat tern o f
paral lel,  rectangular channels. l t  is not necessary for both ends of the
channels  to  be open:  even i f  one end is  c losed,  the channels  f i l l  w i th
the prepolymer .  The t rapped a i r  seems to  escape by d i f fus ing through
the PDMS master .

Photol i thography has successful ly provided routcs to planar
and quasi-planar supportcd structures in the special ized poly-
mers used as photorcs is ts ' .  Techniques for  forming microst ruc-
tures in structural and functional polymcrs wor.r ld al low
microfabrication of a broader rangc of organic materials. Here
wc dcscribe a new procedurc micromouldin-c in capi l lar ics
(M IMIC)  f o r  f ab r i ca t i ng  m ic ros t ruc tu res  o f  pohmcr i c  n r l t -
c r ia ls  (F ig .  l ) .We fabr icate  an c lastomcr ic  mastcr  that  has a
planar surface with a network of rcccsscd channels bv casting
poly(d imcthy ls i loxane)  (PDMS, Sy lgard 184.  Dow Conr ing)
against a complementary rel icf structure ( in turn prepared b1-
photo l i thographic  or  non-photo l i thographic  proccdurcs) '  " .  Wc
cut the ends of this mastcr so that the network of channcls is
open and al lows thc l iquid prepolymer to enter. The mastcr is
placed on a support:  the patterns in the surface of the mastcr
form a network of channcls. When a drop of a l iquid prepolymer
is placcd at one open end of this nctwork. the l iquid spontan-
eously f i l ls the channels by capi l lary action. The init ial  rate at
which a prepolyn ier  o f  po lyurethane (J-91.  Summers)  moved
along a channel with approximatc cross-sectional dimensiorrs
3.0  x  I  .5  Fm over  a  so l id  suppor t  o f  S i  'S iO:  was -0 .5  mnl  min
The prepolymers were cross-l inked thermally (at 65 C for I
2 h. for thermally cured epoxies) or photochemical ly (thin
PDMS f i lms are opt ica l ly  t ransparent ) " .  Once thc po lymer  had
cross-l inked suff iciently. the PDMS stamp could be removed
from the support.  These cross-l inked polymers did not adhcrc
to PDMS. and the patterned polymcric layer remained on the
support.

This process generates negative repl icas clf  the patterns on thc
surfacc of the master. Features having f lat edges and acute anglcs
can be prepared (F ig .2a.  b) ; the edge reso lu t ion obta ined in  the
polymeric structurc is dctermined by the PDMS stamp. We have
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p repa rcd  samp les  u i t h  t hc  comp lc r i t l ' o f  t hose  i n  F ig .  2  n ' i t h
mac roscop i c  d i n t c r t s t t ) ns  ( ) l '  se r  c r i t l  \ qua rc  cc r t l i n r c l r c : .

MIMI( -  can a lso be uscd to  fabr icatc  f ' rcc-s tandin-q f i lms.  us i r tg
two proccdurcs.  In  the f r rs t .  thc  po ly 'n tcr  s t ructurc  is  lormcd on
a so l id  suppor t  and thcn l - rccd b l ,d issohing.  mel t ing or  \apr ) r ' i z -
i ng  t ha t  suppo r t .  Fo r  e ramp lc .  F ig .2 r ' shou ' s  a  co r l p l c r  pa t -
terncd s t ructurc  that  has bccn rcmoved f rom a Si  S iO:  sur l lce
by d isso lv ing thc ox idc lay 'c r  in  an aque ous so lu t ion o1 '
NHrF  HF . the  l o l d rn -q  i n  t hc  samp le  dcmons t ra t cs  i t s  s t r uc tu ra l
in tcgr i t l ' .  Wc havc prcparcd othcr  f icc-s tanding f i lms b1 '  rcmor-
ing the sL lppor t  us i r tc  apprr )pr ia t r -  eondi t ions.  such as d isso lv ing

FlG.2 Patterns fabr icated by MlMlC. Pat terns were sput tered wi th gold
before imaging by scanning electron microscopy.  The polymer used was
pho tocured  po ly (methy lme thac ry la te ) .  a ,  An  ob l i que  image  o f  a  f rac tu red
samp le  show ing  rec tangu la r  s labs  o f  po lymer  on  a  go ld  f i lm  suppor ted
on  S i  S iOz .  b ,  lmage  (cap tu red  a t  30  )o f  more  comp lex  pa t te rns  on  a
s i l i con  wa fe r .  c ,  A  f ree -s tand ing  f i lm :  the  same f i lm  as  in  b  was  re leased
f rom the  su r face  by  d i sso lv rng  the  S iO ,  l aye r  i n  NH. lF  HF.  The  fo ld rng
in  th i s  reg ion  o f  the  samp le  was  acc iden ta l ,  bu t  i l l us t ra tes  the  f l ex ib i l i t y
o f  the  f i lm .  d ,  A  f ree -s tand ing  po lymer i c  s t ruc tu re  fab r i ca ted  in  channe ls
formed by conformal  contact  of  two PDMS masters l ike those in a,
using an or ientat ion in which the grooves of  ihe two masters were
perpend icu la r .  The  two  laye rs  o f  t he  channe ls  fo rmed  one  in te rcon-
nected polymeric st ructure ( inset) .
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FlG.  3  A model  for  cap i l la rv  micromould ing.

glass in HF. single-cr1'stal x-aCl and KCI in u'atcr. polymer f i ln-rs
in  so lvents  ( for  cxan-rp le .  acetone for  a  f l lm of  a  photores is t ) .  or
rnc l t ing (parafhn f i lm) .  In  the second.  the po lymer ic  s t ructure is
tormcd bctu'een two PDMS masters. Aftcr f i l l ing with and cross-
l inkinc thc precursor. thc pol1,n-reric structure \\ 'as removcd from
tht '  rnastcr usir.r-e Scotch tapc or tweezers (Fig. 2r1) This t1,pe
of structurc nvo lave-rs with independent structurc ir-r cach
cannot  bc tabr icatcd bt  photo l i tho-eraph, r ,  i r . r  a  s ine le  s tep.

Thc thrcc contpo l tcnts  o1 ' thc  svstcnt  uscd tor  MIMIC the
elastot-nc'r ic nrastcr. thc suppnrt.  and the l iquid prepoll ,mcr
must  har  c  ccr ta in  charactcr is t ics .  The mastcr  must  be e lasto-
meric. harc a lou surface f l 'ce energy. and be unreactive towards
thc prcpolvnrer .  PDMS is  suf f ic ient ly  e lastomer ic  that  i t  makes
confbrmal contact with supports that are rou-eh on the 100-nm
scalc- :  th is  contact  l imi ts  the la tera l  sprcading of  the prcpol l ,mer
b1 capi l la r i t l  in to  the rcg ions in  contact  w i th  the s tamp.  Bccause
thc PDMS nr{ ls ter  and thc suppor t  adhere vn ' i thout  apply ' ing
extcmal  lbrcc .  the proccss reproduccs f -eatures in  thc  sur lacc o f
thc  mastcr  accuratc lv .  Evcn the low in ter f  ac ia l  t ' ree cncrgr  o1-  thc
s u l t a c c  o f ' t h c  P D M S  m a s t e r  ( / o , r n , , , i , : 2 1 . 6  d y n  c m '  :  r c f .  l 0 y
is  su lhc icnt  to  nra in ta in  adhcs ion betwecn thc master  and thc
s l lppor t .  Thc PDMS component  has very  low react iv i ty  towards
thc p lcpo l rmcrs  undcr  the cur ing condi t ions used hcrc .  I ts  e las-
t ic rn  rs  sufhc ient  to  a l low i ts  separat ion f iom the po lymer ic
microst ructure s :  i f  i t  r ias  not  an e lastomer .  th is  separat ion cou ld
be d i t i rcu l t  or  in rposs ib lc .

Wc l tarc  uscd nta l tv  d i f l ' c rent  suppor ts  in  MIMIC.  inc lud ing
S i  S iOr  t bo th  na t i \ c  and  t he rma l l r , ' s rown) .  N i  N iO .  T i  T iO r .
p la t inun.  g lass.  eo ld .  NaCl .  go ld  or  S iO.  covcrcd by sc l f -
asscnrb lcc i  nr ( )no la \c l 's  (SAMs) .  and t l lms o1-  organic  po lyrners .
I t  is  o l ' tcn  hc lp fu l  that  the sur face energ) 'o f  the suppor t  is  h igher
than that  o l 'PDVS as th is  e l tsures se lect ive adhes ion of  thc
pol rncr  bc ing nrou ldcd to  the suppor t  ( ra ther  than to  thc  mas-
tcr ) .  bLr t  i t  n ra l  not  be necessary .  The ab i l i t i ' to  tunc prec ise ly
thc  su r l acc  p rope r t i es  o f  SAMs  on  go ld  and  S iOs  ( r c f s  l l .  12 )
nlrkcs thcsc supports part icularly useful.  Thc support need not
be f lat:  uc hal 'c successful ly used curved surf-aces (glass; with
rac i i i  o l 'c l l rv i t tL l re  f ronr  0 .25 to  1 .0  cm.  A PDMS mastcr  f  ormed
I ts  l t  th in  ( -100 prm)f i lm can adhere to  a  curved sur lace wi thout
losrne thc l ide l i ty '  of thc stamp. The support can also bc a poly-
nrcr ic  sur fhcc (w ' i th  or  wi thout  rcccssed pat tcrns)  (F ig .  2r l ) .

Thc l iqur id  prepolyrncr  should  havc low v iscos i ty  (<400cP)
to  a l low' f lo l 'n ' through thc cap i l la r -v :  i t  should  have smal l  vo lume
changes  (<3 ' l i , )  on  cu r i ng :and  i t  shou ld  wc t  t hc  suppo r t  ( o r  t hc
master .  or  both )  a t  least  par t ia l ly :  complc tc  wct t ing.  howevcr .
is not necessarv. We have uscd several prepolymers successful ly.
for  cxamplc  u l t rav io le t -curab le  po ly(mcthy lmethacry la tc)
(SK-9.  Summers Opt ica l ) .  u l t rav io lc t -curab le  epox ies (UVl5.
UV15-7 .  Mas tc r  Bond ) .  hca t - cu rab le  cpox i cs  (F  l l 3 .  F l 14 .
TRA-CON).  u l t rav io le t -curab lc  po lyurethanes (J-91.  Summcrs
Opt ica l  ;  NOA 60.  I  l .  12.  13.88.  Nor land) .  hcat -curab le  po lyure-
thanc (NOA 133.  Nor land)  and u l t rav io lc t -curab le  po ly(mcthy l -
acry la tc)  (SJ-7.  Summers Opt ica l ) .  Photocurab le  po lymcrs wcre
i r rad ia ted wi th  an u l t rav io le t  l ight  (Canrad-Hanovia  450 W
rnedium-pressurc. mcrcurv vapour lantp Typc 1825-34) for l0
20 min a t  a  d is tancc of  |  2  cm f rom the samplc .  I t  is  impor tant
that  the prcpolymcr  has lou '  v iscos i ty  and that  i t  c ross- l inks
under  ach icvable  condi t ions.
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The most  impor tant  concept  o f  MIMIC is  that  thc  l iqu id
orgarnizes and lbrms patterns as a result o1- capi l lary forces. Thc
chern-ues in interf 'acial free energies for a l iquid moving from a
spher ica l  drop ( rad ius r ' )  in to  a  ho l low tube wi th  a  squarc  cross-
sec t i on  (w id th  v )  a re  g i ven  by  equa t i ons  (  l  )  and  (2 )  (F ig .  3 ) r r  r \ .

Here three sur taces are assumed ident ica l  ( the PDMS) and one
di f ferent  ( thc  suppor t ) .  Thc tcrms l /s r , .  /s r .  and 7r . r ,are  so l id
vapour .  so l id  l iqu id  and l iqu id  vapour  in ter fac ia l  l iee energ ies.
respect ive ly ;  0  and 0 '  are  the contact  ang les o f  the l iqu id  prc-
po lvmer  on the sur lace o l 'PDMS and the suppor t .

LG:  / r  1 .A, ,1  
'ph" '  -  / ' (ysr .  /s  r . )Ar { '1" " " ' ' l  ( l )

: . r t A : 7 ,  r  r -  [ 3 . r A : ( / s r ' -  / s r  ) * . r A : ( y 5 1  -  / s r . ) ]  ( 2 )

: - [ 3 . r A : ( / s r  -  
] , s r  ) * . r A : ( y 5 t  -  

/ s '  ) ]  ( 3 )

:  - . r .A:7 ;  r  (3  cc ' rs  0  *  cos 0  
' )  (4)

When r '>>. r  and thc term due to  the drop of  l iqu id  prcpolymcr
can be neglectcd.  equat ion (2)  becomes equat ion (3)  (or  thc
equiva lent .  equat ion (4) ) .  These equat ior . ls  demonst ra te  that  th is
process is dominated bv the free energies of the sol id vapclur
and so l id  l iqu id  in tcr l : rces.  Only  when /sr  -  

/s r .  (and,  or

/sr  -  /s  r  )  arc  ncgat i \e '  (u  s i t t ta t ion that  norn- ra l ly  cor re la tcs
wi th  h igh / r  r  )  w ' i l l  thc  cap i l la r \  not  f i l l  As an approx imat ion,
th is  cap i l la rv  torce is  pos i t ive .  that  is .  thc  l iqu id  spontaneous ly
f i l ls the capi l lary. for any value of 0 and 0' between 0 and 90 ;
the l iqu id  wicks through the capi l la rv  when the l iqu id  wets  or
part ial l l ,  wets thc inside of the capi l lary" ' .  The capi l lary fbrce is
ncgat ive fbr  l iqLr ids  r . r ' i th  h igh va lucs o f  l , t ,  and 7. ,1  (0>90
and  0 '>  90  ) :  t hcsc  l i qu ids  do  no t  h l l  t he  cap i l l a r y .  I f  0  >  9 t )
and 0 '<90.  thc  ba lancc ot '  fbrccs bccomcs ambrguor- rs .  An
cranrp lc  o f  th is  las t  casc is  watcr  whcn thc master  is  PDMS.
arrd  the suppor t  is  a  par t ia l ly  hydrophi l ic  SAM ( -COOCH-.
t e r m i n a t e d )  o n  g o l d  ( 0 : 1 0 , 5  ; 0 ' : 6 0  ) : w e  n e e d  t o  a d d  s u r f a c -
tant  or  an organic  so lvcnt  such as e thanol  ( -5 ' l l ,  i s  suf f ic ient )  to
thc watcr  to  ach icvc f low through thc cap i l la ry .  Thc sur facc o f
PDMS mal'  also be modif ied to increasc thc intcrfacial frcc
energy and to  cnsure wct t ing by a  l iqu id ' - .  We usual ly  a l low the
capil lar i ty to f i l l  thc channcls whilc thcy arc oriented perpendicu-
lar to the fbrce of gravit .v-.  I f  the channels were f l l led against (or
u, i th)  the force of  grav i ty ' .  the lorce act ing to  t i l l  thc  cap i l la ry
wr l f  be rcduccd (or  au-umented)  by f "  - . r 'hp,q .  where f t  is  thc
height  o f  thc  l iqu id  in  thc  cap i l la ry .  1r  thc  dcns i ty  o f  thc  l iqu id .
and g the grav i ta t iona l  constant .

The surface tension and viscosity ol the l iquid. the sizc of thc
capi l la ry .  and thc lcngth o f  thc  channel  determine the ra te  o f
l i qu id  f l ow  i n  t hc  cap i l l a r y  (equa t i on  (5 ) ) ' ' ;

d : _  R 7 ;  1  c o s  0 _ R ( / s t  -  
/ s r  )

d r  4 q : 4 n -

whcrc R is  thc  hydrau l ic  rad ius ( thc  ra t io  between the vo lume
of  the l iqu id  in  the cap i l la ry  sect ion and thc arca of  the so l id
and l iqu id  in tcr face) .  17 thc v iscos i ty  o f  the l iqu id .  and :  thc
lcngth o f  thc  co lumn of  l iqu id .  Our  exper imenta l  resu l ts  arc
qual i ta t ivc ly  cons is tent  wi th  th is  rc la t ionsh ip .  Equat ion (5)  ind i -
catcs  that  thc  f i l l ing o f  vcry  smal l  cap i l la r ics  wi l l  be s low becausc
R wi l l  decrease as the d imensions of  the cap i l la ry  dccrcasc.  We
have observed the f i l l ing of sections of capi l lary that werc
approximately 1.0 x 0. I  prm in cross-section. but for a short
d is tance on ly ' .

Capil lary micromoulding has several useful dif ferenccs f iom
convent iona l  photo l i thography as a  mcthod of  forming po ly-
mer ic  microst ructures.  Photo l i thography rcqu i res two s tcps:
forming (usual ly  by sp in  coat ing)  and pat tcrn ing photores is t
f i lms.  MIMIC requi res one:  fbrming and pat tern ing the po lym-
er ic  f i lms occur  s imul tancous ly .  Photo l i thography requi rcs  onc
exposure per  s t ructure: the mastcr  in  MIMIC can be r - rsed manv
t imes.  and photo l i thography is  uscd on ly  oncc ( i f  a t  a l l )  to  makc
the master .  Photo l i thography is  l imi ted to  spcc ia l  c lasses of  po ly-
mers and photoscns i t izcrs :  MIMIC is  appl icab le  to  most  po ly-
mcrs  wi th  low v iscos i ty .  Photo l i thography is  a  two-d imcns ioner l

( 5 )
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process: patterning layers with dif ferent thicknesses is impossible
in a single step.

Micromoulding driven by capi l lar i ty is remarkable for i ts
simplici ty. for the f idel i ty with which the patterns present in the
mould are preserved in the polymer, and for the effect iveness
with which capi l lar i ty f i l ls the channels. I
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