
Quantifying distortions in soft lithography

I .  INTRODUCTION

The demand for lou cost processes for manufacturing
structures with nanonteter to micrometer feature sizes has
stimulated the developntent of new strategies for micro- and
nanofabrication. One nen set of techniques, which u c refer
to as "soft l i thographr." rel ies on elastomeric elenteltr\  to
print patterns of "rnks" (nt icrocontact print ing. or trrCPrr. t tr
mold po lymers (n t ic ronto ld ing in  cap i l la r ies ,  or  MINI IC.T nr i -
c ro t rans fe r  mo ld ing .  r r r '  4TM. r  o r  r ep l i ca  mo ld i , , r t ' ,  ( ) r '  l ( )
perform photol i thographr in the near optical f ield." .{ l thtrugh
these rnethods are s inrp le .  in t r ins ica l ly  inexpensrrc .  app l i -
cable to large arei l \  in a single process step. and ahlc to
pat tern non-p lanar  :ubr t ra tes.  i t  has not  been der lonst ra ted
that thel '  r 'neet thc rr.quirr 'ntents for registrat ion and t irr  lou
defects for f 'abricuti trn ot '  complex microelectronie antl  nt i-
c roe lec t ron rechan rcu l  : \ : t e  n tS  (MEMS) .  Wh i l e  t he  dcn r i t r es
of  defect :  in  p l t tc rn .  r r t ' inks o f  a lkaneth io ls  f i r r r lec l  br  4CP
have been cra luatcd.  thc  er rors  in  reg is t ra t ion o t '  p l r rern :
produced bl ,rCP h;rrc'  not been determined. Therc crr()r\
and those produe cd u i th  o ther  sof t  l i thographre n te thods.
such as prT l \1  and \11\1IC.  have three sources:  ( i r  i11;1 ! ' ! '11r ,1-
c ies in  pos i t ionrnu the c ' las tomer ic  e lement  rc la t i rc  to  the
subs t ra te .  t r i t  i n t r i n . i e  d i s to r t i ons  o f  t he  e lemen t  i n t r oduced
dur ing i ts  fabr ic l r ion.  and ( i i i )  d is tor t ions caused hr  c lus t ic
deformat ion ot '  the e lement  when i t  is  brought  in to  cont i lc t
w i th  the sub\ t ra te .  Thc-  t i rs t  o f  these cont r ibut ions i :  pre :ent
in  convent ic tna l  l i th r l r : raph ic  schemes,  and we do not  c \pect
i t  to be &r\ ntorc'  or le :s signif icant in soft l i thograph). W'e
bel iere  that  d is tor t ion o f  the e lastomer ,  which is  analogous
to opt ica l  aberra t i t rn  in  pro ject ion mode photo l i thographv.
represents a larcer uncertainty for achieving accurate regis-
t ra t ion in  sof t  l i thoeraphr .  Two k inds of  d is tor t ions are o f
par t icu lar  in terest :  t i t  ubso ln fe  d is tor t ions o f  pat terns com-
pared to their desired geometries and ( i i )  relt t t iy 'c drstort ions
of patterns contpared to one another.

In this art icle r i 'e describe a convenient means for quanti-
fying both tr pes of distt-rrt ions. The technique uses moire
patterns _eenerated r.r'ith test grids on the surfaces of. or pro-
duced by. elastomeric elements used fbr soft l i thography,
and ref-erence grids on rigid substrates. This approach en-
ables routine measurement of distortions as small as - 500
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nm over macroscopic areas without the need for high reso-
lution microscopy. The article begins with a brief description
of moir6 patterns and of how they can be used for determin-
ing distortions in soft lithography. The basic principles are
illustrated by determining known distortions in opaque mac-
roscopic patterns on transparent f i lm. We then use this tech-
nique to determine (i) absolute distortions of elastomeric el-
ements used for soft l i thography (i.e.. distortions associated
with the elements themselves), (i i) absolute distortions of
these elements after they are brought into conformal contact
with rigid substrates (i.e., distortions associated with pattern
transfer), and (i i i) relative distortions of pairs of patterns
generated with these elements using p.CP (i.e.. distortions
important for fabricating multi level structures u'ith sofi l i-
thography).  The resul ts indicate that  th in (-0.1 mrn) ele-
ments cast against rigid supports have the smallest absolute
distortions both before and afier contacting a substrate. For
this system. we find absolute maximum distclrt ions - -500 nm
over square areas - I cm2. Other results show that relative
distortions of pairs of patterns produced with prCP by hand
can be -500 nm over square areas -0.25 cm- when thick
( - 8 mm) elements with high modulus are used. Finally.
using the typical magnitudes of the measured distortions. we
offer a plausible argument for an approach for actively con-
troll ing and eliminating the distortions: we demonstrate in a
simple way the f 'easibil i ty of this approach.

I I .  THEORY

A. Qualitative description

Overlay of two periodic or quasiperiodic structures whose
periodicit ies and alignment are similar produces a new
coarse structure, known as a moir6 pattern. For many years.
these patterns have been used as powerful tools in scientific
and engineering metrology. To evaluate distortions in soft
l i thography. we applied moir6 patterns produced by overlay
of square grid patterns with micron feature sizes. We begin
by describing those formed with arrays of parallel lines. Re-
sults obtained from this special case can be applied in a
straightforward way to analysis of moire patterns formed
from grids with micron dimensions.

Figure I i l lustrates two situations that wil l be relevant
here. The moir6 patterns in the left frames are produced by
arrays of lines with equal periodicities superimposed at a
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Ftc. l. I l lustration of the relationship benreen distortions of a moir6 pattern
and those of a test anay. For srmplicrty. moirci patterns lbrmed by two arrays
of parallel l ines (one reference arrar and ()nL' tc\t arral') are shown. Two
cases are il lustrated: (i) Lefi frames: The pc'riodicitics of the reference and
test arrays are the same and the angle bctrrcen thcrn is small and (ii) right
frames: the periodicities of the refbrence and test arravs are slightly different
and the angle between them is zero. In the frr.t ease. the moire fringes are
approximately perpendicular to l ines of thc arrar:. distortions of the fringes
are determined by the angle betu'een the lincs. their penodicity, and the
distortion of the test array. In the second casc. lhc nttrire fringes are parallel
to the lines of the arrays; distortions ol' thc t 'ringes rn this case are deter-
mined by the periodicities of the referencc and the test arrays and by dis-
tortions of the test array. In both cases. a translation of part of one of the
anays by -112 of the period of the anar produces a translation of part of
the morre fringes by ^'1/2 of the period of thc ntoire pattern.

small angle. Translation. or drstortion. of part of one of the
arrays by a fraction of its period in a direction perpendicular
to the l ines causes a translation. or distortion. of the moir6
pattern by a similar fraction of its period in a direction per-
pendicular to its f i inges. The patterns i l lustrated in the right
frames of Fig. I are associated w'ith arrays of l ines with
slightly different periodicities superimposed at zero angle.
Translations, or distortions. of part of one of these arrays by
a fraction of its period in a direction perpendicular to its lines
causes translations or distortions of the moire pattern by a
similar fraction of its period in the same direction. An im-
portant point for our purposes is that in both cases the moire
patterns amplify distortions of the arrays; amplification fac-
tors of - 100 can be achieved easilv.

B. Quantitative analysis

Quantitative determination of distortions of the arrays
from distortions of the moir6 patterns requires a description
of the patterns and their relation to the geometry of the un-
derlying arrays. For simplicity, consider moirti patterns pro-
duced with a reference array of lines with periodicity d and a
test array of lines with periodicity ad, where a is a constant.
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Frc .  2 .  Mo i r r i  l ru r r . ' .  l r rnned b \  two l inear  a r rays  o f  l ines  and spaces .  d  i s

the  re fe rence. r r r . l \  l ( r i , , r l re r l \ .  and  ad  is  the  tes t  a r ray  per iod ic i ty ,  where  rz

is  a  cons tan t .  H  r . :h .  . rn : l c  hcn leen the  two a lTays .  u 'h rch  g ives  d ,  the

per iod ic i ty  o1 ' thc  r r ' ,  r . J  l i . l l t ' n r  and g .  i t s  angu lar  o r ien ta t ion . - fhe  svmbols

are  de f ined in  th . ' t . ' r '

Figure 2  i l lu ' t r . r lc .  thc  ceometry .  The per iod ic i ty  o f  the

moirt i  pattern. , /y1 . .rnt l  i t :  angular orientat ion. g. depend on

the angle .  6 .  hetuecn thc t \ \o  ar rays o f  l ines.  and the va lue.

o f  a  and  r /  i n  t hc  l l r l l l r r i i ng  f ash ion8

r i

du:m/

and

s in  g :
(  I  - .  r i  

- l r r  e  t ) S  d )
r l l

The constont trl pr()portionality relatrng dM to d deter-
mines the sensi t r \ l t r  of ' the posi t ions of  the moire f r inges to
distortions of'thc te \l i .rrra\'. Small values of 0 maximize thr:
constant and. thcre 1t,rc. the sensitivity. For moire pattern: rn
this article. d url l bc e lo.e to zero anda wil l be close to ot.tc,
In part icular.  t r io l i rnr ts u, ' i l l  be important:  ( i )  l l  

-a]( f i ' :  I
and  ( i i )  ld l<  l -a  ' '  l  In  the  f i rs t  l im i t ,  Eq . (1 )  reduces  t t r

d
d ^ r -  ^

| 0 l

and

s i n  g -  1 .  t i r r  I  ( /  i <  |  0 l <  1 . r l )

In this case . the anglc between the reference and te\t ar-
rays determines thc spacing of the fringes in the moire prt-

tern and their sensitir itv to distortions of the test arrar . In
particular, distortions of the test array along x with ntasni-
tude Ad cause distortions of the moire fringes along r u rth
magnitude ̂d10. when 0>0, distortions of the morrd pat-
tern and distortions of the array have opposite signs. For
0<0, they have the same sign. 0 is typically set expertnren-
tally.

In the second limit. Eq. (l ) reduces to

reference array
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and negative angles on test grids with the same average pe-
riodicity that contained well-defined distorrions and (i i)
square ref-erence grids overlayed at zero angle on test grids
with slightly larger and smaller average periodicities that
contained well-defined distortions. Figures 4 and 5 summa-
rize these cases and their analysis using Eqs. (2) and (3).
Although distortions of the moire patterns vary widely, the
calculated distortions of the test grids are the same. Further-
more, they agree with the actual distortions; see Fig. 6. We
also note that the a parameter determined from data iilus-
trated in Fig. 5 agrees with the known value.

I I I .  EXPERIMENT

Wc- now describe the use of the moire technique to deter-
nrine distortions encountered in sofi l i thography. The test
and ref-erence grids were produced from square grid patterns
rn photoresist that were generated using photolithography.
l: lastomeric elements with surf-ace relief in the same geom-
ctrv as the resist were formed by casting ancl curing poly-
dimethyls i loxane (PDMS) against  rhe parrerned resist .  The
sLrrface relief cln these elements, or grids produced with them
Lrsins pCP.were used as test  gr ids.  For evaluat ing relat ive
di:tortrons. gnds fabricated with pcP also servecl as ref-er-
cnec gr ids.  Gr ids formed on glass and si l icon substrates wi th
lif ' t-ot' l '  using the patterned photoresist sencd as ref-erence
gr ids l i r r  determining absolute c l is tort ions.  Fisurc 7 i l lustrates
thc procedures fbr fabricating the r anous tcst and ref'erence
gr ic l . .

A.  Absolute distort ions of  e lastomeric elements used
for sof t  l i thography

\&'c used the approach described abo'u'e to stlrclv absolute
intr insic distort ions of  the elements.  absolute disturt ions in-
duced bv contacting a substrate. and the depenclence of these
distort ions on the construct ion of  the elastomeric elements.
All measurements were collected with ref-erencc grids
firrmed by l if i-off and using the apparatus shoi.l 'n in Fig. 8.
We used this apparatus to set the angle between the test and
ref-erence grids to within -0.01 degrees, ancl to contror the
separation of the elastomeric elements and thc ref'erence
gr ids.

We es tab l i shed our  l im i t  o f  sens i t i v i t v  b1 '  cxar l in ing
moire patterns lbrrned with gr ic ls of  gold (-4(X) A) on glass
and on si l icon. [Jquat ion (2) was used for analyzing rhe pat-
terns. Figure 9 i l lustrates typical results. The measurements
indicate that the rnoire technique enables determination of
absolute distortions with amplitudes as small as a f-ew hun-
dred nanometers over square areas of - I cml.

Distortions in elastomeric elements with surface rerief
(depth - I pm) in the geometry of grids were examined
before and after coming into contact with silicon waf-ers that
supported ref-erence grids of gold or silver. In spite of the fact
that the elastomeric elements were optically transparent, we
observed moirtj patterns when these elements were brought
close (<0.5 mm) to the reference grids. We believe that
contrast necessary to produce the patterns was provided by
diffraction induced by surface relief on these elements. In
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( 3 )

In this case. the dif ference in periodicit ies of the reference
and the test arrays determines the spacing of the fringes in
the moir6 pattern and their sensitivity to distortions of the
test array. In particular. distortions of the test array along .r
with magnitude l . /  produce distort ions of the moire fr inges
along -r with ma-unitude Jd l l l  -  a |  .  For a) |  ,  distort ions of
the moire pattern are opposite in sign to distort ions ot ' the test
ar ray.  when a(  l .  ther  have the same s ign.  For  s i tuat ions
encountered in  th is  ar t ic le .  z r  is  c lose to  one.  but  i ts  c \aet
value is unknow'n. For crarnple, i f  the reference arra\ is pr..-
duced us ing the sanrc  tc lnp la te  as a  tes t  ar ray on an e lusro-
mer ic  e lement .  thcn ( t  nreasures the (unknown)  is t r t r .op ie
shr inkage or  expan\ ion o f  the e lement  dur ing ur  a t ic r  i t :
fabr icat ion,  Thc c lu lnr i t r  |  -  n l  can be determinec l  f rorn  thc
periodicit ies o1-thc. rntr ir ,- i  pattern and the referencc arnr_r .  

' f  
hc

sign of r/  can bc t lcterrr i ined by rotat ing the ret 'crenec i .rrnr\
and obserr inc  the \cn\c  o f  ro ta t ion o f  the mcl i r6  f ' r ingc. , .  I t '
the f i in-ces rotate in thc \ lrnre direct ion as the ref 'erenec i . l rr i .r- \ .
a )>  l .  i f  t he  f r i nse .  r . r ; 11g  i n  t he  oppos i t e  d i r ec t i on .  r r . .  L

C.  Ver i f ica t ion o f  the method

T o  r e r i t ' r  E q : .  r l , a n d  ( . 1 )  a n d  c o n c l u s i o n s  d n r * n  l r ( ) n r
them. \ \c  c \ lnunct i  nr t r i rc i  pat terns produced $. i th  snt l .  \ \ r th
knonn gc( )nret r ic r  . rnd d i : tor t ions.  We uscc l  cor .nnrcrcnr l l r
ava i lab lc  :o l ' tsurc  . rp t i  . r  h i : rh  reso lu t ion pr in ter  tp  rg , . , . r , , , .
opaque  und i : t o r t c . l  snJ .  r l - 5 t )  p rm  l i nes  un , l  2 -50  gn t  \ p i l ec \ )
and those u i th  knt , r i  n  dr r tpr t ions (ampl i tudes . .  lg t )  pr  1r  r  ( )p
t ransp l t t 'Cn t  l i l r r r  \ 1 , ' i r r '  I r ; l t t c rn \  p rOduCed  h - r  t , r  c r . l l t r  n . t !  t \ r  r r
p i eces  o1 'h l r n  \ \ c r c  r ce ( ) rded  w i t h  a  cha rge  coup r l c r l  c l c r i ec
(ccD)  canrcnr  . rn t i  Ihcn . rna lyzed;  F igure 3  sur r rn t r r . izcr  thc-
s teps.  Thc \ - t " ' r r  Sr r r - : !x lg  in tages were f i rs t  c l ig i ta l l - r  lnu_
n ipu la ted  t o  r cp lu .e  a l l  b l ack  p i r e l s  ( i . e . .  a l l  p i r e l s  * i r h  c ra - r -
s c a l e  r a l u c \  ( ) r  o r  \ \ r t h  r r a v  p i x e l s  ( i . e . ,  p i x c l s  u i t h  g r l _ r -
sca le  r  a lL ler  t r l  . l  r .  \ \ 'e  then used commerc ia l l r  ur  a i lab lc '
sof i 'u rare to  in . r r t  hr  hund b lack p ixe ls  a t  the cross ins pornt :
o f  nro i rc l  t ' r ' r r . rsc . .  spcer l l l r  des igned sof i rvare loeuter l  thc
b lack p i rc ls .  r 'c 'gore lcd ther r  pos i t ion,  and deternr inec l  rhe ar  -
era-se penodie  r t r  r r l  thc '  lno i re  pat tern f rom the a\eragc sepa-
ra t ion o f  ad l lecnr  b lae k  p i re ls .  The sof iware then -gencratcd a
square gr id  * i rh  rh i \  a \erase per iod ic i ty  and f i t te<J the gr id  to
the mea:ured rnoircj pattern b-r '  translat ing (ancl in sorne cases
by s l ight l r  ro t i r r rng r  the er ic l  to  min imize the sum of  squared
di f ' fe rences bct*cen po: i t rons o f  in tersect ions o f  the l ines o f
the gr id  and po. i t i ( )n \  ( ) f  in tersect ions o f  moi re  f i inges ( i .e . .
the black pi.rc' l :  r  in the nreasured pattern. The mismatch be-
tween the f i t tc 'd :QUiire srid and the measured moir6 pattern
defines the distort ion of the pattern; expressions given in
Sec. I I  B relate the rnagnitudes of these distort ions to distor-
t ions of the test -sr id.

To verif'v this approach, we studied patterns produced
with: ( i)  square ref-erence grids overlayed at small  posit ive

J. Vac. Sci.  Technol. B, Vol. 16, No. 1, Jan/Feb 199g



Rogers, Paul, and Whitesides: Quanti fying distort ions in soft l i thography

2 1 6 8
Distance Along X (cm)

o1(n-

: ^
- l

( ) 1

; 6 1
i5 l

(a)

)
O

()
O

; o
i5

^ 2

9

2 t
o

?

; o
5

r0

l*Top.]

^ 2

;
9 ^

?
o

; o
i5

I
' l

I

l
l

Flc. 3. Steps for interpreting morr6 panems. (r) A moir6 pattern is formed using square rclerenc. iu,i rJ-r !rJ. iin lhe example shown here.250 /,lm lin..
and 250 /cm spaces). The patlem i\ digitized using a microscope with low magnilication and r(( l)frnrfr.l h In(ersections of fringes ofthe moird palr.m
a r e l o c a t e d b y e y e a n d m a r k e d \ r i I h b I a c k p i x e | s ' T h e p o s i t i o n s o f t h e s e b l a c k p i x e l s a r e e v a l u a l . d i l ] r J l J . ' ' l . l t d ' ( c ) T h e a v e r a
pattem defines the dimensions of a square grid. (d) The square grid ;s translated (and in somc rr'.. .lLlhrl\ f,nared) until the sum of squared differcn.r.
between the positions of interseclions of lines of the square grid and positions of intersecljon\ ol iflnS., rn rhf rnoir6 patrern is minimized. (e) The difcr.n..
belween the positions of intersections of lines in the liated grid and intersections of fringes ol thr nxnr. frfn] ile,ines the distonion of rhe moird paltcrn Ir
The periodicity and distortion of the moir6 pattem and the periodicity of the underlying rcicrcncc gnd J.l.n rne &e dis(ortions of the test grid.
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Distance Along X (cm)

order to verify that the moire patterns generated in this man-
ner are the same as those generated with soft lithography, we
performed pCP and compared the moire patterns produced
with the stamp in contact with the substrate (i.e., during the
pattern transfer step and in the configuration used for the
measurements described below) to those produced after etch-
ing the stamped substrate (i.e., after the pattern transfer step).
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In all cases. wc tirLrncl the geometries of the moire Dattcrn\ to
be the same.

Our study ol' ahsolutc' distortions included recordin!' and
analyzing moirci patterns for elastomeric elements (r r * ith
thicknesses - 3 cm supported by bringing them into contact'
with rigid glass supports, (i i) with thicknesses - 3 cnr cast
against rigid glass supports, and (i i i) with thicknesses
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' t r

I
- -{-

:  ' : r 1 . c  A l o n g  X  ( c m )

FtC.  -1 .  In te rpre ta t t , rn  ( ,1  : l ' , , , ! rc  pa t te rns  produced w i th  t lpaquc  r .1 r r . r l .  L '

g r i d s  a n d  t c : t  c r i d . , 1 5 ,  , , . r l l  , r n c .  a n d  2 , 5 0  p m  s p a c e s )  u r t h  k r t o i i n . i r ' l r r r -

t i o n s  g e n e r a t e d  t r n  t r . r , r . l . : : i : r l  : r l n t  u . i n g  a  p r i n t e r  w i t h  h i g h  r f : 1 r 1 1 1 1 1 1 , 1 r  I ' h c

per iod ic i t ie .  t , f  thc  re  l c : l : . i '  . rnJ  tc ' : t  g r ids  a re  the  same ( i . c . .  r i  I  '  . rn . i  thc

ang lc  bcnrc r 'n  thcnr  t .  . i : . : i .  \h r r \ \ r l  a re  resu l ts  ob ta ined \ \ ' i th  ' l ] ta l l  p ( ) \ l t1 \c
( l e f |  a n d  n c g r t r \ r ' r r r h i  . : : t ! 1 . .  b e t i ' " e e n  t h e  g r i d s .  T h e  u p p e r  l n r l n t ' . . h 1 , *

the  dr : t r r r teJ  n r r r l r . '  i r , : r : . : : ' . \  . , ' l r t . i  l i nes)  and the  f i t ted  sqr - ra re  r r r t i .  JLr t tCr i

l ines  t .  
' l -hc '  

n r r t l t l l c  l r ' .1 : r .J .  . f r ,  " , r  r  ee  to r  d iagrams i l lus t ra t ing  thc  J l \ t r ) r t l r \n r

o f  t h r '  l l l ( ) i r c  f l t t . r : l '  J  1 . '  n , , ; 1 , r 1 1 1  t r a m e s  s h O w  d i s t o r t i o n s  i r t  t h c  t c ' t  r l r t l .

de ternr rn r ' r l  u r ln :  [ - . ]  :

- 0 .1  n rn r  ca \ t  r s r l n . l  nc i d  g l ass  suppo r t s .  Fo r  each  ca \e .  \ \ c

eva luated d i . , t t r f l r t rn :  l ( ) r  e  lements  made wi th  the PD\ lS c ' las-

tomer  tbrnred \ \ l th  I \ \ t r  d i f terent  amounts  o f  cur ing i . rgent . r ' )

Althoueh \\e drd n() l  nteasure the dif ference. the cla.tol ler
made w'i th nrorc. e unng J_sent was st i f fer than the clastonrer

made $t th  lc ' : .  cunng J tent  amount .

B. Relative distortions of patterns produced with
pCP by hand

Al thouch thc '  ab:o lu te  d is tor t ions descr ibed above are lm-
por tant .  re la t l \c  d i : tor t rons between mul t ip le  impr in ts  o f  the
same pattern dctcrrninc' the f-easibi l i ty of using sofi  l i thogra-
phy fbr generatlnrt nrLrl t i l i iver structures that have f 'eatures in

dif ferent laver'  al iened relat ive to one another. For this rea-

son. and becau:e r i  e rr ished to evaluate distort ions when soft
lithography' is pcrft)rmed without the use of the apparatus
i l lustrated in Fig. 8. ue generated moire patterns by ( i)  using
prCP to print grid patterns twice (with a sl ight displacement
and rotat ion bet 'ureen them) by hand on si lver f i lms on si l icon
wafers and then ( i i )  rernoving the unprotected si lver with a
wet chemical etch. Figure 7 illustrates the procedure. In these
patterns. both the reference and test grids (that is, the two
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1  - -  s  m-  r ; -  i ; 1 -
D r s l a n . e  A l o n g  X  ( c m )

[ ' rr ,  5 Interpretat ion of moirt i  patterns produced r" i th opaque reference

r r r t l :  a n c l  t e s t  g r i d s  ( 2 - 5 0  p m  l i n e s  a n d  2 5 0  p n r  s p a c e s ) u i t h  k n o w n  d i s t o r -

t t ( )n \  senera ted  on  t ransparent  f i lm us ing  a  p r in te r  u i th  h igh  reso lu t lon .  The

fcn t r t l rc r t ies  o f  the  re fe rence and tes t  g r ids  in  th is  cusL 'a rc  s l igh t l l ' d i i fe ren t

. i l t ( i  thc  ang le  be tween the  two gr ids  i s  zero .  Shown are  resu l ts  fo r  mo i re

f r . r t rc rn \  p roduced w i th  tes t  g r ids  w i th  averase pcr iod ic i t ies  5 '7 .  smal le r  ( le f t )

. rn t l  l r l r i  la rger  ( r igh t )  than the  re fe rence gr rds .  The upper  f ra r les  show the

. l r r r r r r tc t l  mo i r i  pa t tems (so l id  l ines)  and the  l i t ted  square  gr ids  (do t ted

l1pg.  r .  
' l ' hc  

n r rdd le  l ' rames show vec tor  d iagrams i l lus t ra t ing  d is to r t ions  o f

thc nrorrci pattcrns. The bottom f iames shou' distort ions ot the test grid

. l e t e r n r r n c t l  u . r n g  E q .  ( 3 ) .

printed patterns) are distorted. Our analysis assi-sns all dis-
tortions to one of these grids; it therefore provides a measure
of the relative distortions of the two grids. We examined
moire patterns formed with thick ( - 8 mm ) and thin
(-4 mm) elements formed with the PDMS elastomer having
two different amounts of curing agent.

IV.  RESULTS AND DISCUSSION

A. Absolute distortions

Figure l0 i l lustrates results of measurements of absolute
distortions. For elastomeric elements brought into contact
with rigid supports. we measured moir6 fringe spacings at
zero angle to be -0.9 mm and -1.2 mm for elements made
with PDMS with more and less curing agent respectively.
Rotation of the reference grid showed that the fringes in both
cases rotated in the opposite direction. These two facts indi-
cated 1.07c-1.37o and 0.1Vc-0.9% isotropic shrinkage for
the systems with more and less curing agent. respectively.
Figures 10(a) and l0(b) i l lustrate typical distortions before
and after bringing these elements into contact with sub-
strates. Measurements were performed at zero angle, and dis-
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Flc.6. Distortions of a test grid determined from anal!srs of a moire pattern
(top frame), and distortions measured directll tiom this grid (bottom frame).
These data verify the method for anall 'zing the moir6 pattems.

tortions were analyzed using Eq. (3). We observed some
(<l5%o) variation in the maximum amplitude of the distor-
tions from measurement to measurement, Differences ob-
served with the elastomer with different stiffnesses were
within these variations. Distortions were. however. sensitive
to how carefully the element was brought into contact with
its support; allowing the stamp to come into contact with the
support without using applied force minimized the distor-
tions.

In an attempt to eliminate distortions introduced by plac-
ing the elements against their supports. we examined ele-
ments cast and cured directly against the supports. With
thick elements fabricated in this way, we observed isotropic
shrinkages similar to those observed when the elements were
not cast against rigid supports; non-uniform distortions were
much greater, however. We believe that the distortions were
predominately caused by stresses generated upon cooling the
thermally cured PDMS while it was bound to the glass sub-
strates. Figure 11 illustrates finite element modeling of the
effect of these stresses on the shape of the elastomer. The
curvature of the surface induces severe distortions in the fea-
tures; these distortions tend to increase when the elastomer is
forced into contact for pattern transfer. Figure 10(c) illus-
trates typical distortions measured with the surface of the
elastomer in contact with the substrate.

To avoid the curvature and to minimize shnnkage, we
examined thin ( - 0.1 mm) elements cast against rigid sup-
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protected Ag

unprotected Ag

etch unprotected Ag to produce moir€
pattem to measure relative distortions

, r -  i r"[  .rnd ret 'erence grids ibr deterntining disttrr-

.  \ \  y  r , ,11y .1gd e las tomer ic  e lements  bv  cas t ing  lnd

:  , r r ' r r r t  pa t te rned us ing  photo l i thography .  Thc  c l -

r :  h :  , :1 rh t  aga ins t  o r  cured  aga ins t  r ig id  suppor ts  t  o r: ' l ' : r : :  h :  ' :1 f  n t  aga lnS l  Or  CureO aga lns l  r lS lo  Suppor ts  |  ( ) l

^ .  ' i r :  :r  .rrr 96l as test grids. Reference grids for dc-tcr-

: : r  .  . i r r r 'produced using pat terned photoresist  and

. i r : r  - ' : ' - r  ' r '  L r J  1 f i g  g r i d s  w e r e  - 2  c m  X  2  c m .

i r l ' Ihc'  moire patterns formed with thc:e

. lr ' .c '  to zero indicated that the frtncc

,r_ffi*m
-  

r i r \ l n m r  
5

W^,{oonm, ffi,,*rr;,

ffi^,
W\ro rg , l ass

?#i::::1"#:fi""

I t i n - u , i  p h o t o r e s i . t

|  
*  i t h  a c e t o n e

Y

ports.
elements at
spaclng was the size of observation (- 1 srn;. \ i.c

conc luded that  thc  l r r r t rop ic  shr inkage or  expans ion for  the:c

e lements  ua :  t t I ' i  Because the  a  parameter  was ver \
smal l ,  measurcnrcnlr  l r r r  these systems were conducted in thc
regime wherc F-q ,1,  . rPpl ies.  Figures l0(d) and l0(e) sht , r i
typical results th;.rt t lcnrtrn\trate distortions on the order o1'thc
uncertainty ot'the nrei.r\urement both before and after brinc-
ing the elemc'nt: lntrr r-r)11tact with the substrate; this confiSu-
ration represcrlt: thc he:t case that we examined.

B. Relat ive distort ions

Figure l l  shou. t rp ical  resul ts of  d istort ions in In() i rL '
patterns generatcrl u\rns pCP to print two grids bv hand. Ftrr
the configurati()n\ that ue examined, we obsen'ed sntl l le.t
distortions for thick elernents fabricated with the PD\'IS ..1a.-
tomer having a relatrvely large amount of curing agent.
There was, nevertheless.  s igni f icant (>50%)'u 'ar iat ion in the
maximum amplitude of the distortions from pattern to pat-
tern. Figure 13 summarizes results for several trials. Distor-
tions were sensitive to how carefully the element \\ 'as
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[ ] r r , .  t ) .  Resu l ts  t iom ana lvs is  o f  mo i r i  pa l te rns  tbmed b1 'p lac ing  a  g lass

r r . i l c r  u i th  a  go ld  g r id  ( -5  p rn  l i r tes  and -5  g .n l  spaces)on i t s  sur face  near  ( t tn

l l r p  1 r l  o n c  a n o t h c r )  a  g r i d  o 1 ' s i l t e r  o n  a  s i l r c o n  * a l e r .  A c t L r a l  a n d  f i t t e d

. i lu i l l - c  g r ids  cor respond ing  to  l i i ngcs  in  the  n l t ' i l c l l ) l l t t c r t l  a rc  shown on the

lc l t .  . \ c tuu l  d is to r t ions  in t 'e r red  f rom ana lys is  t l f  d is to r t ions  t l f  the  tno i re

I i r t t cn t  u rc  shoun in  the  bo t tom f iamc.  D is to r t ions  i l l us t ra ted  here  de termine

rhr  l r ru i t  o l  scns i t i v i t y  o f  our  apprc lach .  and are  l i ke ly  duc  tc t  ( i )  d is tc l r t ions

nt t r ( ) r lu ! r r l  b1  the  op t ics  used fb r  rec t l rd ing  the  n lo i re  pa t t t - rn \ .  { i i )  d is to r -

t ronr  r ' r r r . r : c t l  h r  s l igh t  curva ture  o f  thc  s i l i con  and g lass  wat t rs .  ( i i i )  d is to r -

t lonr  i i : :ou i l t t - t l  u i th  the  photo l i thography ,  and ( i v )  d is to r t ions  ar is ing  f iom

ul teer t .un t t . \  in  de termin ing  the  pos i t ions  o f  in te rsec t ions  o f  the  1 ' r lnges  in

t l t c  n ror r t i  I ta t tcn l .

l i thography over significant surface relief. While it may be
possible to design elements that yield small distortions but

do not have these disadvantages, it is possible that it wil l be

necessary to control actively and intell igently distortions in

thick elements in order to design a robust l i thographic sys-

tem that meets the demanding requirements for registration

in microelectronics. The results summarrzed in this article

indicate that eliminating distortions that occur when soft l l-

thography is conducted in a reasonably controlled manner

will require application of strains with amplitudes in the

range of I pm per I mm, or about 0.1%. and displacements
in the range of a few microns. There are many ways to ac-

complish this control: one attractive means might use heating

induced by absorption of l ight to change local dimensions of

an element. Two properties of PDMS make it an attractive
material for this purpose: (i) its thermal expansion coefficient
is large (3x l0-a mm/mm/'C). and (i i) i ts thermal conduc-
t iv i ty is smal l  [3.Sx l0a cal / (s cm "C)] .  To demonstrate the

f'easibility of the approach, we tocused part of the output of a

200 W light bulb onto an elastomeric element of PDMS dyed
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RS: RL't.r trrrn St.rgc \1: Low Magnif icat ion Microsc<lpe
SNI: \ l rrunt l trr  Elc'nlcnt CCD: Charge Coupled Detector

F I c .  f i .  . \ | | . 1 1 . , ' 1 1 -  i  . ' i . . j  . ; . : n : . r n d  r e c o r d i n q  I n o i r c  p a t t e t r l \  t r \ r l r S  c l r t : t o -

m e r i c  e  l c n r e  i r l .  . , . . i l  - . . i i . : - - '  : r i r r t  i n  t h e  g e o m e t r y  o l ' g r i i l s .  l u r r i  r e  I e r u r ) t t '

g r i d s  o n . r  r r : r . :  - . . - . ' r . : ' - -  \ 1 , ' l r L :  p u t t e n r \  w e r e  r e c o r d e d  u r t h  t h e  c l c r t t c r t l '

c l o s c  t , ,  l l r ( i  : l  -  . :  : : ' . . .  -  r ' i l . r . t u i t h  t h c  r e f ' e r e n c e  g r i d s .

brou-eht  in t t '  i , \n t . r . l  \ \  l th  the subst ra te  dur ing thc l r r in t i r tu :
a l lowing thc . l .1 l t i11 l \ )  ! ( ) r ' t tc  in to  contact  w i th  thc  :uppc l r t

w i thout  us ing . rpp l rc . i  l t r r \ -c  min imized the d is tor t rons.

V.  CONCLUSIONS

I n  t h i :  a r t i . i e .  r r e  Jc re r i bed  t he  use  o f  mo i re  pa t t c rns  f o r

deter rn in inr  t l r \ t \ \11 l ( r l t \  that  occur  in  sof t  l i thograph)  We

demons t ra t c t l  : i r r t  * hcn  t h i n  ( - 0 .1  mm)  e las ton rc r i c  c l e -

ments  c i - r \ l  . l s . r ln . t  ns ld  :L tppor ts  are used fbr  sot i  l i thOgra-

phy and the I r th , 'Sraphr  i r  cont ro l led wi th  t rans la t ion s tages.

absc l lu te  d i . l t , r t r r rnr  . r rc '  5(X)  nrn over  square areas  ̂ -  |  c rn- .

When thc l i th , , r runh\  r \  per formed by hand.  re la t i rc  d is tor -

t ions o f 'p i .ur - r  r ' l  f l t tc rn \  can be as smal l  as  - -500 nrn over
-0 .25  c r r . r l  r l  . t r l l .  t h rek  s tan rps  a re  used .  The  d i s to r t r ons  i n

both o f  thc 'e  i i . r \ r \  i i rc  e( )n ' lparab le  to  the l imi t  o f  sens i t iv r ty

of  the mci . t \urcnrcnt \ .

A l thouth thc .  th in  c lements  cast  against  r ig id  suppor ts

showed snra l l  ub.o lu tc  d is tor t ions.  these e lements  have d is-

advantages. Thc pnrnar\ characterist ic that makes distort ions

smal l  in  the:c  \ )s tcnts  t i .e . .  the rest r ic ted ab i l i ty  o f  the e las-

tomer to r.norc r ihi lc bound to a r igid support) also makes

them less c . r \ \  t ( )  use:  ( r )  br ing ing these e lements  in to  con-
formal contact * i t l i  a substrate requires careful control of the

al ignment of the elentent and the substrate and ( i i )  these

elements. unl ike thick ones. cannot be used for performing
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| rnoirdp"ttr '"r l ld'rL-t1"";l Before Curing After Curing

F r c ; .  l l .  R c s u l l r  , , i  l r l . i .  -  t ' n r f l l t  e a l c u l a t i o n s  o f  s h r i n k u g c  , ' i  . u l  L ' r . ! - l " r r r ! r

( P o i s s o n ' s  r u t r , ,  - i  : i , : l r 1 i r  b o t t n c l  t o  a  r i g i d  s u p p o r t . ' l - h c  r c . L t l t .  \ t l - l ! r ' ' l

tha t  e laSt11nrCr ' t r  c ' l r ' t l t r ' t t l .  , .1 . :  . r ! i ; l t \ t  r ig id  SUppor ts  111 '1 .  f r l r \ \ c t l  . i l  l i t i '  . r . l

f a c e .  T h e  h o u  i n r  , r  . . r l ) i ' i . , r .  . r .  t i t c  t h i c k n e s s  a p p r t t a c h c .  z c r o .

(Calco Oi l  Rct l  / \1( . ) ,  l r \  i . rbsorb green and b luc l rcht .  lhc

moi r t j  pat tent  1 t r ' , ' t lu . r ' r l  h r  .111fxgg re l ie f  on th is  e lemel l t  l t t l ( l

an undis tor tc t l  rc le  rcn!c  gr id  a l lowed rea l - t in te  l l teasL l rc ' l t t t ' l t1

o f  t he  t he r t l l r l l r  n t t i r t t r ' t l  t l e l o rma t i ons .  F igu re  l J  i l l t t . t t ' u t c .

the exper imcl t t . r l  ' c tu i r  I  rcLr rc  l5  shc lws n lo i t ' r i  p l t t te  r t l :  r r t ' r -

served befbr t - ' .  i  . . ' . , ,n t l  l t t ie r .  and -3  minutc 's  a t j r . r  he . t t '

i ng  w i t h  t he  l r gh r  l . L r l t .  I  hc  resu l t s  i nd i ca te  re \  e r s i b l c  \ t r i un -

a n d  d i s p l a c e n r c n t .  I  { )  l ' r  u n d  l 0  p m .  r e s p e c t l \ c l r  I  t n  i ' r

cess o f  thosc ncc{ . ie  \ l  t , ,  e  i r r t . t i t . t i t te  d is tor t ions in  sot ' t  l i thosr ' . ,
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Ftc. 10. Results from analysis of rnoire pattcrns formed using surlhce relief
on elastomeric elements for test srids and patterns o1'gold on sil icon wafers
for reference grids. Frames on the lefi shou, actual and fitted square grids
corresponding to fringes in the nroire pattern. Frames on the right show
distortions of the elastomeric elements inl'erred fiom analysis of distortions
of the moirtj pattern. (a), (b) summarize results obtained with thick elasto-
meric elements supported but not cured against glass supports bcfore and
after coming into contact with the reference grids. respectively. The distor-
tions il lustrated here are slightly smaller than typical: variations from pattern
to pattern were on the order of l}c/c-20c/o. (c) shows typical results obtained
with thick (-3 cm) elastomeric elements cast against rigid glass wal-ers and
brought into contact with reference grids on sil icon wat'ers. (d)and (e) show
typical  resul ts obtained wi th th in ( -0.  I  mm) elastomeric c lements cast
against glass substrates befbre and afier coming into contact with the refer-
ence grids, respectively. These patterns reveal distortions <700 nm over an
area of  -10 mm X6 mm. With in our measurement uncerta int ies (see Fig.
9), these distortions are neghgible. With elements constructed in this fash-
ion, we observed very litt le variation in the amplitude of the distortions from
pattern to pattern.
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FIc. 13. Summan \\i nr!\::r:unr rclative distortions observed rn piitt('rn\ fftrduced over a square area -o.25 crnr with FCP u\ing slamps with different
t h i c k n e s s e . . r n J . n i l n . ' . . . , r n d r b ) s h o w m a x i m u m - r a n d r r f i . t , , r t r o n . i n p r ( e r n s p r o d u c e d w i t h t h i c k ( - 8 m m ) a n d t h i n ( - 4 m m l  s t a m p s  f o r m e d  w i t h
the PDMS el.r't.'nrer srrh...l!rr\elv small amount of curing agcnr Lr rn,l rJ I rhow maximum -r and l distortions in pattems produced with thick ( -- 8 mm)
a n d t h i n I - J m n r r n l m r . :  J c f . o m t h e P D M S e l a s t o m e r \ L l r h r r . l ! r | t c l l l r r g e a m o u n t o f c u r i n g a g e n t . T h e h o r i z o n t a l b a r s i n d i c a t e a v e r a g e s . T h e r e s u l t s
indicate r i ,  rhe Jrn( \nr , ,n.  i .nJ tohe isotropic;  the magni tudes ol  rhc nr . r \ rn lum dr\ lonions along r  are s imi lar  to those along J.  ( i i )  For-+mm lh ick s lamps,
the modulus .f the .rJma hJ. lrrrle effect on the magnitude of rhe mu\imun di\()rlion. (iii) For 8 mm thick stamps. pattems produced using stamps made of
thePDMSch!( jm( ' r , \ : ih i r . l . r i \e lv larSeamounlofcur inglsrnr . \hrbI \mal lerdistor t ionslhanthosemadeusingstampsmadewiththePDMSelastomer
with a reiari!el! 'nJ:l !ni,L,ni ,r\ rThere is sisnificant varialron rr rhe drsroflions fiom Dattem to Dattem.
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Ftc. 14. Apparatu. tor rnducrng and observing deformations in elastomeric
elements caused hr hearinc associated with absorption of l ight. Part of the
output of a lrght hulb rr focused onto an elastomeric element containing dye
that absorbs green and blue lrght. Heat deposited tn the element leads to
thermal expansion. .{ CCD cantera records the geometry of a moire pattern
produced by surface relief on the element and a reference grid on glass.
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Ftc. 15. Results front analvsis of moire patterns formed with a relief grid on
the surface of an elastomeric element (- I cm X I cm, thickness -5 mm)
and a gold rel'erence grid on a glass wafer, measured immediately ( - I s)

and long (-3 min) after heating the element for '-.-30 s with the focused
output of a 2(X) W light bulb. The upper leti l iame shows grids correspond-
ing to moire patterns fbrmed before (dashed lines) and rmmediately (-l s)
afier heating. (The image of the fi lament of the light bulb was located at

approximately r:7 mm and t':7 mm.) The lower left frame shows gnds
corresponding to moirtl patterns fbrmed befbre (dashed lines) and long after
(-3 min) heating. Frames on the upper and lower right show displacements
of the elastomeric element measured relative to its configuration before
heating. The data il lustrate that heating can induce r€versible distortions
with amplitudes > l0 g,m and strains >05%. These values correspond to a
temperature increase of - l0-15 'C.
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phy. We are currently investigating the use of spatial light
modulators for programmably controlling the geometry of
the heating, and a means for limiting thermal diffusion,
which tends to wash out the distributions of heat.

ACKNOWLEDGMENTS

This research was supported by ONR and DARPA, and in
part by the National Science Foundation (PHY-9312512).It
also used MRSEC Shared Facilities supported by the NSF
under Award No. DMR-9400396. One of the authors
(J.A.R.) gratefully acknowledges funding from the Harvard
University Society of Fellows.

'A. Kumar, N. A. Abbott, E. Kim, H. A. Biebuyck, and G. M. Whitesides,
Acc. Chem. Res. 28, 219 (1995).

2E. Kim, Y.  Xia,  and G. M. Whitesides.  Nature (London) 376,  581 (1995).
3X.-M. Zhao,Y. Xia,  and G. M. Whitesides.  Adv.  Marer.8,837 (1996).
aY. Xia, E. Kim, X.-M.Zhao, J. A. Rogers. M. Prentiss, and G. M. White-
s ides.  Science 273.341 (1996\.

5Y. Xia,  J.  J .  McClel land,  R.  Gupta.  D.  Qrn.  X.-M. Zhao. L.  L.  Sohn, R.  J.
Celot ta,  and G. M. Whitesides.  Adv.  Mater.  9.  141 (1997).

6J.  A.  Rogers,  K.  E, .  Paul .  R.  J.  Jackman, and G. M. Whrtesides.  . \ppl
Phys .  Le t t .70 ,26 -58  (1997) :  J .  A .  Rogers ,  K .  E .  Pau l .  R .  J .  Jackmun. . rn . :

G. M. Whitesides.  J.  Vac.  Sci .  Technol .  B,  these proceedrng:
?X.-M. Zhao. J.  L \ \ ' i lbur .  and G. M. Whitesides.  Langmurr  12.  l l5-
( l ee6)

8K. Patorski .  Hunclbottk ol the Moire Fringe Techniqut, (El\r ' \ ler. \ . ' . \

Y o r k .  1 9 9 3 t .
eE las tomer ic  e lcnrcn ts  , r t 'PDMS spontaneous ly  "wet "  c [ -an  g la : :  :u -

faces .  Th is  " \ \ c t t rnS '  causes  the  e lements  to  s t i ck  to  the  r i l : ' :  thc r  . . , : .

be  removed nondcs t ruc t i re lv  by  pee l ing  them o f f  b r  hand
lOThere are t\ \  ()  ;1ryl lprrncrl t :  for preparing the elastomer r Sr lsart i  1 r-.1. I) ,  , ' . .

C o r n i n g .  \ l r r i l l n t l .  \ l l  ) :  ( i )  o l i g o m e r i c  d u n c t h r  l - r l , ' r . , :  :

[ H , C : C t l r S r r ( ' t l  O r ,  S r ( C H r ) r C H : C H z ]  w i t h  n  l 5 r .  . : l r i

[ ( H ] C ) r S i ( O S r t i (  H , ' . o S i t C H - , ) : ) . , O S i ( C H : ) r l  a n d  a  p l a r r n u r n  r , , i r r ' . i \  . .

c r o s s  l i n k i n - g  r ! c n t '  . i n d  e  a t a l v s t s .  r e s p e c t i v e l y ,  f o r  t h e  1 " . i 1 ,  ' . 1 1 . , ; ;  ' ,

ac t ion .  The t r r . l  , ' 1  the .c  ! ( )n tponentc  i s  re fe r red  to  as  th r - '  f  : . i , , , . . r -  : . -  :  l

the  second u .  lhc .u ru . rs  agc 'n t .  To  fo rm the  e las tomer .  th r ' : ' . \  t . : r ' .  : i r

m ixed togc thcr  . r l  r \ ) , ) l r  t r 'n rpera ture .  and then he ld  a t  6 - '  (  : , ' :  -  . - .

T h e  a n t o u n t  r r l  . r i f l r !  . r g c n t  d e t e r m i n e s  t h e  e x t e n t  ( ) l  . 1 1 r ' .  , 1 p . 1  i - -  .  ' -  I

po lymer .  an t l  thc r i '1 , ' r c  , i l l e  . ' t r  the  modu lus  o f  the  nra ter r ; l  . . \ .  : r ' i : - -  - r .

expec ted .  u  c  ' ,h .c :  r  e  J  tha t  the  modu lus  inc reas . ' , . j  *  r th  . i ' . .  r : . . , .  -

amounts  o l  iu r rn l  . r iL 'n t .  \ \e  d id  no t  measure  the  t i i f l ' e r r 'n . t '  I  , : - ,  -

m e n t s  d e s c n h c , l  r r :  r i l .  . r r l r . l c  u e r e  c o n d u c t e d  w i t h  t h e  e l a ' l r , n r r :  :  : ' r  :  :

w i t h  l : 5  a n c l  I  1 r , f . r : r ' . u n n s  a - s e n t  t o  p r e p o l y m e r  b r  r . r e r c h t
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