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Rapid Prototyping of Complex Structures with
Feature Sizes Larger Than 20 ;lm*'r

By Dong Qin, Younan Xia, and George M. Whitesides*

Although the focus of most research in microfabrication

has been microelectronics, l l ]  a number of new areas of ap-
pl icat ion are now developing. These include microelectr ical

mechanical systems (MEMS),t21 microanal.vt ical systems.l '
sl  combinatorial &rrays,[6J supports for attachecl cel l  cul-

ture, lT'81 and optical systems.Ie'1"] These applications require

features with sizes in the range of 1-100 pm. rather than

those in  the 0 .1- l  pm range now requi red in  microe lcc t ro-

nics. Much of the work in fabrication of larger structures

uses photol i thography. even though the sophist icat ion of

this technique may be overki l l  for appl icat ions less

demanding than those in microelectronics. Photol i tho-

graphy is an extremely useful method for generating

patterned rel ief structures in photoresist f i lms with feature

size 0.5 pm , but i t  is not well  suited as a technique for

rapid fabrication of structures with large features (tvpi-

ca l ly  >  20 pm),  and espcc ia l lv  not  bv laborator ics  not

in t imate ly  connected to  fac i l i t ies  for  convent iona l  nr ic ro-

fabrication.

Photo l i thography is  car r ied out  by pro jcc t inq a  pat tcrn

embodied in  an opaque mater ia l  (normal ly  a  th in  chro-

mium f i lm- a "chrome-mask") supported on a transparent

support into a f i lm of photoresist.  Chrome-masks are com-

mercially available from custom fabricators. but the time

required for vendors to produce a chrome-mask from a de-

sign presented in a CAD f i le can be weeks to months, and

is expensive (-$ 300 per square inch for features larger than

20 trrm, and -$ 1500 per square inch for features between

1 pm and 20 pm). The t ime, expense, and unfamil iar ma-

nipulat ions involved in generating chrome-masks has pre-

sented a signif icant barr ier to the use of photol i thography

and microfabrication by chemists and biologists. and has

slowed the rate of use of microfabrication in these f ields.

We wished to have a system that would enable us to carrv

out microfabrication in the range of relat ively large feature

sizes (220 pm) rapidly and at low cost, in order to proto-

type MEMS and microanalyt ical systems. In this paper. we

describe such a method: the patterns are designed using a
personal computer, and printed out on transparent f i lms of
polymers using a commercial image-sett ing system. Using
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this methocl. photol i thographic masks-transparent poly-

meric f i lms pattcrned with microstructures of black. sol id

ink-can be madc in a few hours at acceptably low cost

(*$  I  per  square inch) .  These masks do not  have the dur-

ab i l i tv  and d imensional  s tab i l i ty  requi red for  use in  the

manufacturing of microelectronic devices. but they are

ideal for the rapid production of l imited numbers of proto-

type microf luidic. micro-scnsor and optical structures.

Coupled wi th  microcontact  pr in t ing ( t r rCP; , l r t  t+ t  micro-

mold ing in  cap i l la r ies  (MIMl f ; l r5  t r l  and microt ransfer

n ro l c l i n r l  (UTM) .1 ' ' i  i n  wh i ch  t he  pa t t c rned  pho t t t r es i s t  i s

used to  produce an e lastomcr ic  po lyd imethv ls i lc lxane

(PDMS) s tamp.  th is  method of  rap id  proto typ ing makcs i t

poss ib le  to  proc luce subs lant ia l  numbers (  >  103)  o f  s implc

microst ructures rap id lv  and inexpens ive ly .  In  these meth-

ods. the actual fabrication is carr icd out by the PDMS

stamp.  and the photo l i thographica l ly  pat terned s t ructures

in photoresist are uscd onlv to make these stamps.

The patterned polvmer f i lms described here also have

two other attract ive features not offered by chrome-masks:

i)  they are f lexible, i incl can be used to pattern non-planar

subst ra tes.  i i )  They are th in  and can be s tacked on top of

one anothcr  to  generate  new tvpes of  pat terns in  cer ta in

tvpcs o l '  I 'abr icat ion.

F icurc  I  out l incs the procec lurc  used to  generate  pat -

t c rncd  s t ruc tL l r c \  o l ' b l uck  i nk  on  t r anspa ren t  po l vmer  l ' i lms .

anc l  the sut rscc lucnt  Lrscs o l '  thcsc p i t t tc rnec l  f i lms as masks

in  photo l i thouraphr .  Pat tcrns scre c l rau. 'n  us ing computer

programs such as Frechand or  AutoCAD and d i rcc t lv

pr in ted onto po lymer  f i lms us ing a commerc izr l  laser-

ass is ted image-set t ing system (Herku les PRO. 3387 dp i .

L inotype-Hel l  Company.  Hauppauge.  NY) . l re l  These pat -

terned f i lms were then used as photo l i thographic  masks in

three d i f ferent  conf igurat ions:  1)  s ing ly ,  in  convent iona l  1 : l

project ion photol i thographv to form rel ief structures in

photores is t  f i lms (Micropos i t  1813.  Ship ley,  MA) suppor ted

on p lanar  subst ra tes (S i /S iOr .  g lass and meta ls) ;  2)  in  s tacks

of two f i lms in planar l i thographv. to generate patterns that

could  not  be made us ing a s ing le  mask:  and 3)  bent  around

curved substrates. to fabricate rel ief structures in non-rr la-

nar photoresist f i lms.

Figure 2 givcs several typical examples of rel ief patterns

and structures formed in photoresist f i lms using this proce-

dure. The t ime required to start with the CAD f i le. carry

out the high-resolut ion print ing. and use the printed trans-

parency to produce a rel ief structure in photoresist was
-5 h. Formation of a PDMS stamp from this master rel ief

structure and init ial  stamping or repl icat ion required an-

other -2 h. Figure 2A and 28 show SEM images of pat-

terns interesting as possible negative Poisson rat io materi-

als.[2"i  Figure 2C shows an SEM image of a pattern pro-

duced by stacking two polymer masks. with each mask hav-

ing a pattern of paral lel  l ines on i ts surface (patterns with

dif ferent shapes could be easi ly fabricated by changing the

relat ive orientat ion between the l ines on these two masks).

Figure 2D shows an optical micrograph of paral lel l incs
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F ig .  l .  A  schcmut ic  ou t l inc  o l  thc  p roccc lu rc  fo r  qencra t inq  pa l l c rns  o l  l l
b lack .  so l i c l  ink  on  l ransparcn t  f i l n ts  o f  po l r  n rc rs .  anc l  thc  suhscqucnt  uscs  o l
thcse  l i lms  as  nrasks  in  photo l i lhographr .  [3o lh  pos i t i ve  anc l  negat ivc  rn i tsks
can be  gcncr l tc t l  l l ' onr  a  ( 'AD l i l c .

F ig .2 .  A .B)  SEN{  i r rages  o l ' re l i c f  pa t te rns  senera tcd  in  phot r t rcs is t  f i lms
us ing  a  s ing lc  lavcr  o f  p r in tcd  po l l ' n re r  f  i lm as  n task :  C)  SEM i r rage o l  a  rc -
l ie f  pa t te rn  fo rnrcd  in  a  pho lo res is t  f i lm us ing  tuo  s tackec l  lavcrs  o l 'p r in tec l
po lvmer  f  i l r r :  i tnd  D)opt ica l  m ic roqraph o l  para l le l  l i nes  fo rn tcd  in  photorc - -
s is t  l ' i lm coated  on  a  cap i l la rv  ( -5 (X)  p r rn  rad ius  o l  curva ture : the  pa t te rns  co \ ' -
e rs '10 ' /o  o l  thc  c i rcunr fe rencc  o f  thc  cap i l lan) .  In  A  ( ' .  thc  c la rk  rcq ions  are
photores is t :  thc  h r igh t  req ions  are  S i /S iO1.  cxposec l  a f tc r  remol ' i r rg  cxposcd
nhoto tores is t .

formed in photoresist f i lm coated on a glass capi l lary hav-

ing a racl ius of curvature of -5(X) pm.

Elastomer ic  PDMS stamps cast  f rom these re l ie f  s t ruc-

turcs in  photorcs is t  f i lms could  be used in  pCP to  fabr icate

pat tcrncd micnrs t ructurcs o l 'co inage meta ls . [ "  ' ' l  F igr r .  3
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F i g . . l .  A ) T h c  p l l l c r n  u s c c l  1 o  q e n c r a t c  a  5  n r - l o n g  u i r c  f o r  c o n t i n u i t v  t c s l -

ing :  B)  un  op t ica l  n r ic ro [ raph o f  a  por t ion  o f  thc  p r in tec l  po lvmer  f i ln r  tha l
servcc l  i rs  thc  pho lo l r thoqraph ic  nask :  ( - )an  SEM imagc o f  a  por t ion  o l  thc
c o n t i n u o u s  s i l r c r . r r ' . .  1 - - . i 0  g r n  i n  u ' i r l e  a n c l  1 0 0  n n t  t h i c k ) g c n c r a t c d  u s i n g
t h i s  p a t t c r n  ( s c c  l c \ t ) :  l r n c l  D 1  t h c  c l c p e  n c l c n c c  o l  r n c a s u r c c l  r c s i s l a n c c  ( t u o -

prohc  rne  thod )  on  , \g  u  i rc  l cng th .

shorvs an cxamplc-a cont inuous s i lvcr  rv i re  -5  m lons on Si /

S iOr  (2  Fnr  thcrmal  ox idc) .  F ieurc  3A.  is  thc  pat tern uscd

to f i ib r icatc  th is  wi rc : l l l l  F igurc  3B is  an opt ica l  micrograph

of a port ion of the printecl polvrner f i lm produced usins this

pat tern:  i inc l  F igure 3( -  shows an SEM image of  a  por t ion

of  thc  s i lver  wi re .  Th is  wi re  was fabr icatec l  us ing pCP wi th

i i  PDMS stamp cast  f rom the photorcs is t  pat tern qenerated

us ing th is  pr in tcc l  po lvmer  f i lm.  fo lk r rved by se lect ivc  rc-

moval  o f  Ag unprotcc tcd by hcxadccaneth io la te  SAMs by

etch ing in  an aqueous fcr r icvanide so lu t ion. l l l l  Exposed T i

was d isso lvcc l  subsequent lv  in  an aqueous HF so lu t ion
( -29 " ) . { t t l  Th i r  s i l ve r  r v i r c  was  con t i nuous :  i t s  r es i s tance  de -

penc led l inear lv  on length (F igure 3D) .  w i th  a  res is t iv i tv
-2  VA cm ( the va lue for  bu lk  s i lver  is  1 .6  p0 cmlr i l ) .

Wc have demonst ra ted the f lex ib i l i tv  o f  th is  proccdure

bv fabr icat ing s t ructures representat ive o f  those uscd in

microanalv t ica l  svstems:  for  cxample.  a  min ia ture cap i l la rv

9 1 8 . .g ;VCI IVer lugsgasL, l | sc l tu f ' tn tb [ [ ,D-6916qWci l t l ta in t . l9 t )6 ( ) t ) .15-9618/96 i l | l | - ( )a l8
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electrophoresis (CE) channell2al
wave (SAW) device.[2s] Figure 4,{

and a surface acoustic

shows a schematic design

sett ing system. however. we were able to generate micro-

meter-sizcd features by using some of the techniques for

size reduction reported previoutlo.[27'281

The procedure described here combines high-resolut ion,

CAD-based pr in t ing.  1 :1  pro ject ion photo l i thography.  and

sof t  micro l i thographic  techniques (UCP,  MIMIC,  pTM)

into a convcnie nt and economical system for rapid proto-

typing of complcx pattcrns and structures with modest fea-

ture sizes (220 prm). We bcl icve that this combination paves

the wav for much expandcd use of microfabrication in la-

boratories of chemistn'.  biologl,  and other areas that do not

have routine access to sophist icated microfabrication faci l-

i t ies .  or  ex tens ivc  fami l ia r i tv  wi th  the ooerat ion o f  these fa-

c i l i t ies .

Rece ived:  Mav 29 .
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Fig . ,1 .  A)  The des igned pa l tcnr  uscc l  in  mic roC 'E:  and B.C)  op t ica l  mrcro-
graphs  c l l  t l vo  se lec ted  arcas  o l  thc  pa t tc rn  tha t  * ,as  c tchcd in to  a  g lass  s l ide .
D)  The des igncc l  pa t tc rn  use  d  in  a  SA\ \  c le r ice :  anc l  E)  an  SEM image o f  a
por t ion  o f  the  pa t te rn  genera ted  in  s i l rc r  on  S i /S iO1.  ln  E .  thc  b r ich t  rc -
g ions  are  Ag:  the  dark  reg ions  are  S i iS iO l  uhere  exposed Ag has  bccn rc '
moved us ing  nqucous fc r r i cvan ic le  c tch i rn t .  For  bo th  samplcs .  thc  photorc -
s is t  masks  we re  s t r ipe  d-o f f  a f te r  e tch ing  o l  g lass  or  s i l r , ' c r .

of the pattern used in the microCE svstcm. Figures 48 and
4C show optical micrographs of two areas of the pattern

that  had been etched in to  a  g lass s l ide ( -10 s  in  an aqueous
*2% HF so lu t ion) ,  us ing the pat terned photores is t  f i lm as
mask: the depth of the channel in the glass was - l  pm. Fig-

urc 4D i l lustrates the pattern used for the SAW device. and
Figure 4E shows the SEM image of a port ion of this device
(made of si lver on Si/SiO2) that was fabricated by selective

elching in an aqueous ferr icyanide solut ion with the pat-

terned photoresist f i lm as mask.l l '11

At present. the smallest features that can be generated

direct ly using this procedure are ̂ -20 ;.rm, a size that is l im-
ited by the resolut ion (33t37 dpi) of the image-sett ing sys-
tem. It  wi l l  be possible to generate features with smaller
sizes by using image-sett ing systems with higher
resolut ion.l tul Euen with masks made bv the current imase-
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