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This letter describes the fabrication of functional GaAs/AlGaAs field effect transistors using
micromolding in capillaries-a representative soft lithographic technique. The fabrication process
involved three soft lithographic steps and two registration steps. Room temperature characteristics
of these transistors resemble those of field effect transistors fabricated by photolithography. The
fabrication of functional microelectronic devices using multilayer soft lithography establishes the
compatibility of these techniques with the processing methods used in device fabrication, and opens
the door for their development as a technique in this area. O 1997 American Institute of Physics.
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Soft lithography-a set of techniques for nonphotolitho-
graphic pattern transfer based on contact printing and poly-
mer molding-is now established as an alternative to photo-
lithography in microfabrication.r*a While it has been
demonstrated that soft lithography has obvious applications
in optical5-7 and microanalytical systems,s its potential for
application to microelectronic devices remains to be estab-
lished. Fabrication of such devices requires hrgh reproduc-
ibil i ty in pattern transfer, accurate registration between lar'-
ers, low distortion of the elastomeric molds. and litt le surfacc
contamination or damage during processing. Thc oh.jectirc
of the work reported here is to begin to address these issues
by using soft l i thographic processes to fabricate simple. elec-
trically functional devices, and by establishing the character-
istics of these processes.

In this letter we describe the fabrication of field effect
transistors (FETs) on a GaAs/AlGaAs heterostructure using a
representative soft lithographic technique: micromolding rn
capil laries (MIMIC).' The fabrication process required three
molding steps and two registration steps. The FETs har,'e an
overal l  s ize of  I  mmx0.55 mm with gate length ( / - )  and
gate width (Z) both ranging from about 20 to -50 ptm. Their
characteristics are similar to those of FETs fabricated using
conventional photolithographic techniques. These dimen-
sions are not lower l imits; we have made simple test struc-
tures with dimensions down to 30 nm by soft l i thography.e'10
Rather, these FETs establish that soft lithography is compat-
ible with multilayer fabrication of functional microelectronic
devices, and set a benchmark against which to measure fur-
ther development in this area.

Figure I shows the schematic FET structure. The FET
was made on a molecular beam epitaxially (MBE)-grown

GaAs/AlGaAs heterostructure. Figure l(a) is a cross sec-
tional view of the wafer, composed of GaAs, Alg.-jGqr u As,
and a Si  Edoped layer n:3.8x l0r2 cm-2 400 A from rhe
interface. The two-dimensional electron gas (2DEG) is lo-
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cated 1500 A below the surtace. At room temperature, the
measured 2DEG densi ty and mobi l i ty  were 3.9x l0 l r  cm-2

and 4.0x 103 cm2/Vs. In Fig. l(b) the source and drain are

AuNiGe ohmic contacts, the channel is defined by a mesa

etch, and the gate is a CrlAu Schottky contact.

Figure 2 illustrates the process used to fabricate the FET.
We used MIMIC in al l  three fabr icat ion steps. In MIMIC, an
elastomeric rnold with interconnected recessed regions is put

in conf i r rmal contact  u i th the substrate.  Cont inuous channels

are tirrrled br thc reccsscd regions on the mold and the sub-
strate.  A l rquid prepolr  rner is appl ied to the open ends of  the

channels and t i l ls  the channels automat ical ly by capi l lar i ty.

The prepolymer is cured either thermally or by long wave-

length ultraviolet (UV; l ight, and the mold is then removed.
The elastomeric molds (or stamps) were made by casting
polydimethyls i loxane (PDMS. Sylgard 184, Dow-Corning.

A:B--  l :15) on masters generated by a rapid prototyping

technique based on patterns printed using a high resolution

- Undooed GaAs

Gate width
Z = 20pm-50pm

FIG. I. (a) Schematic cross sectional view of the field effect transistor
(FET) to show the growth profile of the GaAs/AlGaAs material. (b) Sche-
matic diasram of GaAs/AlGaAs heterostructure FET.
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F I G .  l .  S c h e r r t a t i c  i l l t r s t r a t i o n  o f  t h c  p n r c c r l u r c  t i r r  F E J ' l ' a h r i c u t i o n .  ( u )  F i r s t
\ ' l l N 4 l C  t t s i t t u  p o l r t t r c t h l u t c  ( P I r i t o  t l c f i n c  t h c  o l r n t i e  e ( ) n t i t ( ' t \  l r n t l  u l i r n n t e r r t
r n a r k s .  ( h )  C ' u r c ' l ) L ' .  p c e l  o l l  t h c  l i r ' : t  I ) [ ) \ l S  n t o l t l .  r u t t l  r e n t r , r f  t i t r ' l ) [
L t t t t L ' r l i t r c |  u s i n g  o -  R I I r .  r g 1 [ 1 1 1 1 1 . 1 1 r 1 ; s [ c  \ i r \ i ( i e .  l i l t  r , l l  I ) [ . . r n t i  r t n n e l r ]  1 , ,
t i t r r t t  t h c  o l t t t t i e  e  o n t l r e  t \  l i r l  t h c  \ ( ) u r ' ! c  l r n t l  t l r l i i l r .  r r l  r  [ l t L r s t c r . .  s c r ' t r r ] r l
N { l N ' l  I C  t o  c l c t j n c  c t e h  l r . c n c l t c s .  ( c )  ( ' r r r c  P L .  p e c l  o i l  t l t c  , c t . r r l t r l  I r l ) \ l S
r t t o l t i .  a n t l  r c l l l ( ) \ L '  t h c  L r r t c l c r l l r r L ' r  u \ i n !  O .  R I I r .  t l ' )  I - t c l t  i n  u i t r i c  u e  i t l  l r n t l
h v c h ' o g c n  p c r o r i r l c  s o l L r t i o n  t ( )  r c n r ( ) \ c  t h c  I D H C i  i n  t h c  c t c h  t r c n e h c s .  ( g )

R c g i s l c r ' .  t l r i r d  l \ l I \ l l ( ' t o  c l c f i n e  r h c  g u r t - ' .  ( h )  c u r c  P L ' .  p c c l  o l ' l ' t h c  t h i l c l
PD\4S t t to lc l .  l t t t c l  rc r t t ( ) \ ' c  the  Lrnr lc r l l r l c r  r rs ing  O.  RIE.  ( i )  F . ru l to t r tc  ( ' r lALr

a n t l  l i t t  o l ' l ' P L r  t o  t i r r n t  t h c  s u t e .  { j )  C l c u r c  t \ \ ( )  c l l ( l \  t ( )  r e l l ( ) \ c  t h c  l I ) L , ( i  i n
t l te 'se  reg ions .

i n ra .ge -se t t i ng  svs ten t . "  The  t h i ckness  o f ' t he  PDMS l l o l ds
Lrscd in  FET l i rbr icut io l . l  \ \ 'as  tvp icu l l \ ,  - . ,  1  n tn t  u 'h i lc  thc
re l i e f  s t r uc tu r cs  huc l  l 0  p rn t  s t cps .  As  s l r ou r r  i n  F igs .  2 (a ) .
2 (d ) .  and  2 (g ) .  t he  r cccsscd  reg i ( ) ns  ( ) l l  t l ' ) c  r no l r l s  \ \ c r c  i n t c r . -
conncctec l  unc l  had open ends.  PDI \ {S is  i t  gooc l  eho icc  f i r r  thc
nro lc l  nra ter ia l  because i t  u 'c ts  thc  sanrp le  sLu ' l : rcc  anr l  hc-
caLrse i t  is  t ranspare l t t  to  thc  UV l ight  Lrscd to  cur -c  t l i c  pr -c-
po lvnrer .  The t ransr .n iss ion coef l ic ient  o f  a  l -nr rn- t l r ick
PDMS b lock was 9 l% at  \ :365 nr l .  Sarnp les \ \ 'e rc  c leanec l
in  t r ichkr r 'oethv lcne.  i rcetonc.  and nrethunol  bc f i r rc  cach i r l l -
p l i ca t i on  o l ' t he  PDMS n ro l c l .

F i gL r res  l ( a ) - l ( c )  c l csc r i bc  t he  f i r s t  l no ld i ng  s tep :  t he
f 'abr icat ion o l '  o l rnr ic  contacts .  The ohrn ic  cont i lc ts .  soLrrce
ancl clr i l in. werc 2(X) pntX2(X) 4.rn sqLlures scpar-atecl bi '  l -50

#.nr .  Two a l ignr lent  lnarks o f 's ize l -50 prntX 150 g.n t  \ \ 'e re
a lso def inec l  in  thc  f i rs t  s tep for  a l i - rn ing the etch t renches anc l
thc  -uatc .  The prepolvr ler .  po lyurerhane (PU) NOA 73 (Nor-

land Proc lLrc ts) .  had a low y iscos i ty  ( r7 :110 cps) .  PU re-
qu i red aboLr t  20 rn in  ro  f i l l  a  6- rnrn- lon-s  channel  [F i -u .  2(a) ]
and wlrs cl lred bv exposr-rre to a ,150 W UV lantp (Canrad-
Hanovia  Immcrs ion Larnp.  Model  7825-3;1)  l i i r  I  h .  The
PDMS mold was then removed [F ig .  2(b)J .  Ot ien a  rh in  layer
of  PU (<0.1 prn)  d i f fused in to  the recessed reg ions on the
sample: this layer was removed using &fl  Or reactive ion etch
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I  l ( ;  r  \ l r . r ' , , s l r P l t '  o l  [ ; [ : ' f s  r i i t h  r a r i o t r s  g u t c  l c n g t h s  1 _  u t r r l  c a t c  u i d t h s  Z

l r t b r . i t r t t c r l  h r  : o l l  I r t h o s r l r p l t , ' .  { u )  1 - - 1 6  t r r r n  a n t l  1 . -  l 6  g . p r :  ( h )  1 - - 3 - l  4 n r
I t r r r l  .Z  .30  p i r l :  (c )  1 - - - l - l  p rn  'an t l  Z :  - l l  f rn t :  (d )  1 - -52  pr1  u ; rd  1 , -1J
u n l .

(RIE).r  AuNiGe contacts were then deposired by therrnal
evaporat ion.  the PU was l i f ied of f  in rncthvlene chlor ide.  and
the contacts were therrnal lv annealed to ntakc ohrnic contact
to  the  2DEG.

F igLr res  l ( r l )  l t l ' t  ou t l ine  thc  sccond n to lc l inc  s tep :  n tak-
ing  c te  h  l rcne  l t c :  to  l i r rn t  thc  e lu rnnc l .  Rc- r i s t ra t ion  o f  thc
l l l c \ i . t  c t t l t  l l r rc l ' to  l l tc  ro i t t 'ec  tu t t l  d r i t in  cont i tc ts  \ \ ' i l s  i l cco ln-
p l i : hc t l  u . i ns  l t  Ku r l  Suss . \ l i gnc r ' .  T I t e  n to l d  \ \ ' i l s  n toun ted  on
thc u l igncr  br  p lac inc i ts  f la t  sur facc on a c luar tz  s l ide [F i -u .
2(c l ) l  l i 'h ich.  in  turn .  w i , ts  n to l ln ted on the rnask ho lc lc r  o f  the
Kar l  Suss.  F ine reg is t ra t ion was ach icvec l  by  a l ign ing i r  c ross
on thc seconc l  r lo lc l  u  i th  t l te  le f i  sqLrare on the santp le .  Once
thc rno ld  and thc sarnp le  \ \ 'e re  wc l l  a l ignec l .  they werc carc-
fu l ly '  brought  i r r to  cor r tLrc t .  The PDMS stayec l  in  contact  w i th
the sarnp lc  as i " r  resu l t  o f  Van der  Waals  in teract ions.  We then
nroved the rno lc l  and the sarnp le  fnrn t  the n task ho lc lc r  and
used the sante MIMIC procedure as that  used t i r r  the f i tb r i -
c l r t ion o t 'ohrn ic  contacts  to  obta in  thc  PU st ructure shown in
F ig .  2 (e ) .  Chcn r i ca l  c t ch i r r g  i n  l 0 : l  so lu r i on  o f  - 50% c i r r i c
rucicl ancl .10(r l  hvdroselt pcroricle e tched uw,ay, l8(X) A GaAs/
. \ l ( i lAs  t o  r l c l i nc  t hc  channe l  IF i g .  2 ( f ) ]

F i gu rcs  l t g t - 2 t i )  desc r i bc  t he  t h i r d  r l o l d i ng  s tep :  f ah r i -
ca t i nc  t hc  ! u t c .  J -hc  r cc i s t r u r t i on  u ,as  ach ie rec l  bv  a l i gn ing  t hc
cross on thc th i rc l  nro l r l  w i th  thc  r i -ght  sc l rare on the sanrp lc .
Due to  thc  c lus torner ic  natLr rc  o l '  t l re  nro ld .  i t  coLr ld  re l iab ly
transf 'er thc pit t tern cvcn o\ cl '  r . tonplanar surfaces. We dcpos-
i tec l  l (x )  A o l 'Cr  anc l  3(xx)  A o l '  Au b1,  ther r ra l  evaporat ion
an r l  l i l i e c l  o l ' l ' t he  PU to  f i r r n t  t hc  ga t c .  F i na l l v .  as  sho r rn  i n
F ig .  l ( - i ) .  the tw 'o  ends of  the sanrp le  were c learec l  to  renro\c
thc  l l )E ( i  i r t  l l r e : c  r cg rons .

Fi-uure 3 shor,r s l 'epl 'r \enti .r t i r  c intages of '  the FETs f irbri-
cated by MIMIC.  The sur f 'aces of  thc  so l l rcc  and dra in  wcre
rou-uh as a  resu l t  o t ' ther rna l  anncal in-u .  Both the edge rough-
r t css  ( - - 2  pn ' r )  and  t he  reso lu r t i on  ( -10  pn t )  o t ' t hese  FET
structures 'ulerc deterntined by the l l tasters. Thc values t i tr  L
and Z shown in the figr-rre caption were nteilsLlred fiont the
micro-eraphs of the FETs. A typical sample with patterned
area of 40 rnmr had about 40 FETs. The number of FETs that
could be fabricated at one t ime was l imited bv the usable
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The l ina l  y ie ld  o f  f i rnc t iona l  FETs f i rbr icated by MIMIC
was approx i r la tc lv  l0q .  In  urc ler  to  check the reproc luc ib i l -
i tv  o l ' the per l i tnnancc ot ' these FETs.  we contpared the char-
actcr is t ics  o l '  n inc  furnct iona l  FETs.  chosen randomly fn lnr
three sarnp les.  Thc i r  charactcr is t ics  sca led lv i th  the i r  c l i rnen-
s ions.  The rcs is tancc hetu,cen thc soL l rce and drur in  \ \ ' t rs
RrrsZ-0. -11 f  0 .0-5 OI t r .  The sca lcd t ransconc luctance was

,q,,,Ll/ .  -  t)  1 1 l- l  prS rneasurecl tr l  I  1r: -10 ptA. The pinch-off
voltage \\ 'Lls l ' , ,  -  I  .(r  * 0.(r V. Disfunctional FETs of ' tcn
s l iouec l  c i thcr  poor  ohrn ic  contacts  or  bxrken gates.  assoe i -
a tcc l  r i i th  incornp lc tc  renro l ' i r l  o l '  th in  po lyrner  r - rnder layers
bct r iccn the c lcpos i tec l  rnc ta l  l i l r t r  anc l  the GaAs/AlGaAs sLrb-
s tn r t c .  wc  bc l i c r c  t hu t  t hcsc  c l c t cc t s  can  he  n r i n i r n i zcc l  i n  t he
l ' r - r t u r c  b r  op t i r n i z i ng  t hc  R IE  t r cu tn ten t .

Th i s  f ' ab r i cu t i o r r  o l ' f ' unc t ronu l  FETs  L rs i ng  M IMIC  den t -
onstrates that sof ' t  l i thograph)'  can be usecl to f irbricatc rni-
croe lect ron ic  dev iccs har , inc  sat is fact r t ry  per fbr rnance.  and
that sofi  l i thography can be used f irr  fhbrication of nricro-
s tnrc tures in  reg is t ra t ion fbr  proce\ses requi r ins  nrLr l t ip le .
reg is tered le i 'c ls .  The appl icat ion o f  rnu l t i laver  sof t  l i thogra-
ph r  i s  no t  l i n r i t ed  t o  rn r cn re lec t ron i c  dev i ces .  I t  shou ld  be
luppl ic l rb lc  in  rn lur r  o t l rc r  ureas n 'herc-  s( ) l lL -  res is t ra t ion is
t l c c t l c t l .  \ uch  r t \  t h r cc - t l i  n t cns io tu r l  op t i c l r l  se l t so rs .  r l L r l t i  l ave r
\ l t r \ lS .  [ ' r i o : c r r s ( ) l ' \ .  l u t ( l  l ) u t  l l r nc l  d i sp la r  s .  The  n t rnn .nL l rn
l c u t u r c : r z c  i n  t h c  s r \ l c l n  \ \ c  h u r c  L r s c d  i s  2 0  p r n .  b L r t  t h i s
f 'eatLr rc  s izc  is  c lc tcr rn ined by the rap id  proto typ ing
tcchniquel r  usec l  to  nrake thc rnasters  lbr  the e lastonrer ic
s tarnps.  We arc  conf ic lcnt  that  MIMIC can be eas i ly  extended
to  sn ra l l e r  d i n r cns ions  w ' i t h  h i gh  reso lu t i on  mas te rs .  Con rb in -
ing th is  r i  i th  thc  rcg is tnr t ion ue havc ach icr . ,ec l  hcre (appr .ox i -

t t l r tc l r  I  I  pr rn  o \  c t '  i . l  10 111111i  lu 'c l r  )  s l toLr lc l  ccr ta in ly  a l low
l l tc  l t r l ' r r re  l r t iOrr  o l  tcs t  i t t ' l ' r . t - \  \  t r l '  t r l r r ts is tors  i . r t tc l  o ther  n t ic ro-
c l ce  t r on ie  e  ( ) l n l ) o l t c l t t \  \ \  i t h  r n i n i n tun r  f ' c l r t r r r c  s i zes  -<  l 0  p r . r r i .
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Shcpparc l .  anr l  I )ur ic l  f 'u r to '  l i r r  he lp t i r l  c l iscLrss ions.  Th is
'urork wus sLrpportccl in parl  by APO Grant No. DAAH0-1-95-
0102.  NSF Cl rant  No.  DMR-9- l -00396.  and AFOSR Grant
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T h e  F E l -  h a s  L - 3 0  p n t  a n d  / . : 2 l 4 r n .  ( a )  D r a i n - s o L r r c c  c h a r a c t c r i s t i c s .  ( h )

l ' r ' a t ts l 'e r  ch t rn re  t r ' r ' i s t i cs  n rcasurc r l  l r l  L ' , , .  -  -1  V .

a rea  i l t ' t he  s t r i p  hcu t c r ' (  +0  n rn r l )  usec l  l i r r  unne r r l i ng .  The
reg is t ra t ion \ \ ' r . rs  r i i th in  l l  4nr  o \cr  i l  J0  r r rnr l  ureu.  

- fhc  
nur in

f i tc tc l rs  that  a l ' f ' cc tcc l  reg is tnr t ion uc l 'c  thc  r l is tor t ion l rnr l  thc
va r i a t i on  i n  t h i ckncss  o t '  t hc  c l us to rnc r i c  n ro ld .  \ \  c  h l r i  c  l r l so
not iced that  locu l  sagginu ot '  the PDMS rno l t l  cou l t l  oce lu .
dur ing reg is t ra t ion ' '  hcn one s ide of  thc  p l )Nls  rno lc l  u 'as
s ign i t icant l ' r '  th ickcr  than the other- .  . \ /?-  l (X)  p t rn .  The sa-u-

.u ing could  houcrer  he nr in inr ized wi th  spec ia l  carc  in  br in- r r -
ing the rno ld  anc l  thc  sunrp le  in to  contact .  The f i rs t  MIMIC
step typ ica l ly  hac l  u  r ic ld  o l ' ) t )8%.  The def 'ec ts  arosc f ronr
reg ions near  thc  opcrr  cnds of '  t l i c  PDMS nro lc l .  The sLrbse-
qLrent  MIN,{ lC s tcps huc l  a  y , , ie ld  o t '  -95%. The addi t iona l
dcf -ects  canre f l 'onr  loca l  sagging of  the PDMS nro lc ls  asst rc i -
lu tec l  w i th  the r  ar ia t ion in  the th ickness < l l '  the pDMS nro lc ls .

FigLrre J shou's thc rr ieasured dc perf i l rr lance ot '  a rcp-
rescn ta t i r e  FET  w ' i t l i  L : 30  # .n r  and  Z :2 lp t rn  a t  r oo rn  t c r r . r -
peratLr rc .  F igurc  - l (a)  shows the c l ra in-soul .ce cLu-rent  11r \  r 'c r -
sus dnr in-so l r rce vo l tage v l ;q  character is t ics  o l ' th is  FET f i l r  a
ser ics  o f  gate  r  o l tagcs.  These 1, r *  l /1 ,q  characte  r is t ics  were
s i rn i lar  to  thosc of  FETs f -abr icated us in .9  convc-nt iuna l  pho-
t . l i t hog raph i c  t echn iques . ' l  The  channe l  r es i s ta r ce  a t  v r ; s
:0  rvas Rct*Lnrc t :  I7 . -5  kO.  the t ransconductance at  11;q-  80
rrA u 'as ,g , , r0 :63 prS.  anc l  the breakdown vo l tage of  thc  FET
n'as BVr , rsr i -  l (X)  V.  The t ransf 'er  charactcr is t ics  werc  rnea-
sured at  V l rq : .1  V.  and are shown in  F ig .  - l (b) .  As expectec l .

11Dq  l ' a r i es  l i nea r l y  w i t h  V1 ;s .  s i r n i l a r  t o  t ha t  o l - a  he te ro -
strLlcture FET.lt  Th. pinch-off l 'ol tage was cleternrined fronr
the t ransf -er  character is t ics .  and was V, , :2)  V.  These char-
acterist ics resemble the comesponding values for the hetero-
structure FETs of similar dimensions fabricated bv
pho to l i t hog raphy .  I I
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