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Arrays of single-mode optical waveguides, couplers, and interferometers were fabricated from a UV

curable prepolymer using microtransfer molding. The coupling between the waveguides was

reproducible and consistent across the array and was controlled after fabrication by additional UV
exposure. @ 1997 American Institute of Phvsic:s. [50003-6951(97)01334-X]

This letter demonstrates that microtransfer molding
(rrTM)l can be used to fabricate arrays of polymeric optical
waveguides, and the coupling between the waveguides can
be adjusted after fabrication.

In ,rl,TM, the unclad polymeric waveguides are formed
by filling the relief structure in the surface of a transparent,
elastomeric mold with a liquid organic prepolymer. and then
placing the fi l led mold in contact with a solid substrate (typi-

cally SiO2). The liquid prepolymer can be crosslinked in .sirrr
by inadiating the system through the mold with a UV lamp.
After crosslinking, the elastomeric mold is peeled away.
leaving an array of quasi-rectangular polymeric structures on
the substrate. These structures form the cores of the clad
waveguides. The cladding layer is formed by covering the
structures with the same liquid prepolymer. This cladding is
crosslinked using a second exposure to the UV light. The
index of refraction of the polymer increases with exposure
time. Thus, the cores have a higher index of refraction than
the cladding, since their integrated exposure to UV light is
greater. The difference in index between the core and clad-
ding can be controlled by the duration of the first and second
exposures to the crosslinking UV light.

Waveguides are important components of sensors and
switches. Waveguides have been fabricated from organic
polymers using reactive ion etching,2 UV laser3 and e -beama

writing, induced dopant diffusion during polymerization
(photolockings and selective polymerization),6 selective pol-
ing of electro-optically active molecules induced by an elec-
tric lield,T polymerization of self-assembled prepolymers.8
micromolding in capil laries (MIMIC),e and pcTM.r We be-
lieve that /rTM has a number of characteristics that might
make it especially useful for the fabrication of optical
waveguides, relative to methods previously used. First, it is
exceptionally simple experimentally, and can readily be used
to produce multiple copies of complex microstructures. Sec-
ond, it is highly parallel, and is capable of forming
waveguides over a large area. We have, for example, dem-
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onstrated the fabrication of an afiay of - 1000, 3-cm long,
-2-pm wide, and -- l-/rm high waveguides over a 0.8
x 3 cm2 area in a single step taking only 5 min.' The par-

allelism of this procedure makes it a candidate for the fabri-
cation of complex but low-cost integrated optical devices.
Third, pTM can be used with a variety of materials: poly-
urethanes, epoxies, dye-doped polymers, and sol-gel silica.
Fourth. /rTM can be used to fabricate waveguides on virtu-
ally any optically smooth surface, including Si/SiO2, glass,

and reflective surfaces (e.g.. Au and Ag) with which photo-
lithography cannot be used. pTM can make waveguides on
non-planar surfaces.' /rTM can also make waveguides on
flexible surfaces [..g., poly(vinyl chloride) fi lms], which can
subsequently be deformed while guiding light. Fifth, since

/rTM can fabricate 3D structures, it can fabricate structures
that incorporate gratings and other optical structures in a
single fabrication step. Independent control over the compo-
sition and morphology of the waveguide, cladding, and sub-
strate allows the performance of the waveguide to be tailored
for a ran-ee of wavelengths and applications.

The optrcal properties of the materials for the waveguide
core and the cladding made using /rTM can be modified by
selective UV exposure even after fabrication. In this letter,
we demonstrate that the index difference between the core
and the cladding can be gradually decreased with additional
UV exposure time after fabrication. Chirped waveguides and
waveguides covered with periodic structures may be fabri-
cated using either 3D stamp morphology or patterned UV
exposure.

Given the new capabilities that pTM appears to offer in
the fabrication of polymeric waveguides, we wished to dem-
onstrate the optical characteristics of these guides experi-
mentally, and to establish simple optical functions such as
coupling of parallel guides. Figure I outlines the fabrication
of clad waveguides using frTM; this procedure is based on
one used to fabricate unclad waveguides, and is described in
detail elsewhere.l The whole process, except the crosslinking
of the polymer, was conducted in a class-100 clean room. A
poly(dimethylsiloxane) (PDMS) elastomeric moldl0 was cast
from a photoresist pattern made in a standard photolitho-
graphic process.ll'12 The waveguide cores were formed by
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the  f  ubr icu t ion  o f  an  ar rav  o f  i , r ,uvegu ic lcs

f i l l ing the re l ic l '  s t r l rc tLr re  in  the e lastoruer ic  nro ld  \ \ i t l t  u

l icpr ic l  prepolvnrer '  (u  po lvureth i l te .  NOA-7.1.  \or l l rnc l  [ ) r 'o t l

L l c t s .  New B runsn i ck .  NJ ) .  anc l  t hcn  p luc i l t g  t l t c  t i l l cd  rno l t l

on  a  S i (  l (X ) )  wa f ' c r  s l r l l po r t i ng  u  l - p . l n  t h i ck  l u r c r  o l 'S iO . .

The prepolyn ier  \ \ r rs  cross l inkcd in  .s i tu  by i r rad ia t ing thc

systenr for I  h at a distance of I  cnt f l 'om a 4-50 W mediurl-

pressure Hg vapor  larnp (Type 7t t25-321,  Ace Glass.  V ine-

land.  NJ) .  At ier  UV exposLl re .  the e lastomer ic  rno ld  was

peeled away. leaving i tn arrav of polyrncric structures on the
s r rbs t ra te  IF ig .  2 t r r ) 1 .  The  pa t t e rn  uscd  i n  t hc : c  cxpc r i n ) cn r \
generated waveguides w i th  a  var ie tv  o t '  u  ic l ths

r r ' : 2 .0 .  2 .6 .  3 .0 .  and  . 1 .0  p .n r .  anc l  spuc ings  . r : , 1 .0 .  1 .0 .

and 8.0 pm. Al l  the w,ave-rruides rr iade usin.9 the sante rrold

have the same height  / r .  The length L  is  deter rn ined by the

points at which the wat'er is fractured.

To rnake the c ladding.  a  th ick  layer  o f  the same l iqu ic l
prepolymer  (NOA-73)  was appl ied to  the wa 'n ,cgu ides [F ig .
l ( e ) ] . t he  su r faces  o f  wh i ch  had  been  s l i - uh t l y  ( 10  rn i n )  ox i -

d ized in  a  UV-ozone c leaner  (Models  135500 and 135-500-2.

Boekel  Indust r ies)  to  render  them hydrophi l ic  and in tprove

adhesion. The systeln was heated to 85 oC on a hot plate to

decrease the viscosity of the prepolymer, and the excess pre-
polymer was al lowed to drain to one edge. The thin layer of
prepolymer lef i  on the surface was loosely crossl inked by a
br ie f  ( l  min)  exposure to  UV l ight  (365 nm) f rom a 4 W

hand-held  lamp (B lak-Ray UV lamp.  Model  UVL-21.  UVP.

San Gabriel.  CA). The ends of the clad waveguides were
squared by cleavin,{ the substrate. After cleaving. the clad-
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F I C ; .  l .  S L , \ 1 s  o t ' t h c  c n r l s  o f  u n c l a d  ( a )  u n d  c l a c l  t b t  r r a r c g L r i r l c s . ' i l r c

t h i c k n c s s  |  |  p r r r )  o f ' t h c  e  l u c l c l i n c  l a v e r  s h o ' " 1 . ' r r  i n  ( b )  i s  l r p p r o r i n l r t c l v  t h c

s lunc  l r \  t l t c  l t c rgh t  o l  thc  r i l r rcgL t idcs .  Thc  po lv tner ic  s t f l rc tL l fe \  r . le re  eo l r tc r l

r i i t h  l 0  r r r r r  o l  S o l r l  h c l i r r c  t h c r  u e r e  e x a r n i n e d  u s i n g  s c a n n i n g  c l c ' e t f ( ) l )

I I I i !  l  ( ) \ !  ( ) l r \

d ing  r i as  cu red  co r r t p l e te l ) ' ( 30  s )  w i t h  t he  -1 -50  W rned ium-

p rc \ \ r r r c  H r :  r  upo r '  l un rp  IF igs .  l ( t ' )  l t g  t l .  Th i :  r r r od i f i ca t i o r r

from the procedLlre described previousl l ,"  al lows the ends of

wave-uu idcs to  be c leaved when the c ladding layer  is  s t i l l  in

the l iqu id  phase.  prevent ine the c ladding f rom de-adher ing

f rom the gu ides.  F igLrre  2(b)  shows a scanning e lect r t ln  rn i -

c rograph (SENI  )  o f  t r  p ica l  c lad war  eguides wi th

r r  '  l . ( r  #n l .  \  ' .  1 .0  4 .nr .  i tnd / r  -  1 .0  p . l -n .

l ' i sLr rc  . l (u  )  :hou s  a  schcn-ra t ic  d iagrar l  c l f  the apparatus

r r sc r l  t o  eo r rp l c  l i gh t  i n to  u r t d  ou t  o l ' t he  wa r , c -uu ides .  L i - ch t

l l ' on r  u  Hc  \ c  l u : c r ' ( ( r i 3  r r n r )uas  l i r s t  c r l up led  i n to  a  s i n -u le -

r.r.rorlc optical f iber and then the optical f iber was butt cor.rplcd

to  the er tc l  o f  the waveguides us ing a prec is ion three-

d imensional  t rans la t ion s tage.  Us ing th is  apparat l rs .  l ight

cou ld  be se lect ive ly  coupled in to  ind iv idua l  waveguides in

the ar r i iv .  or  in to  the c ladding betweer t  or  above the

wavcguic les.  The output  l ight  f rom the waveguidcs ra ,us inr -

luged u i th a rrr icroscope ob.iect ive and recorded on a CCD

cunrcrur .  Thc shapcs unc l  thc  in tens i t ies  o f  the or - r tputs  o f  in -

c l i r  idLr l l  n  ur  cgu ic lcs  cou lc l  cas i ly  be observed.  ' ' '  In  F i -9 .  3(b) .

the trapezoicls indicate the posit ions of the 3-;, l r l  rvicle

waveguides wi th  ne i -shbor ing waveguides separated by 8  pr rn
( r r ' - l  # . m . . r - t l  p m .  l t - 1  p f i t . a n d  L - 8  m m ) .  T h e

shaded c i rc le  ind icates the pos i t ion o f  the opt ica l  f lber  used

to cc lup le  l i -sht  in to  on ly  one waveguide.  F igLrre  3(c)  shows

an irrtage ot ' the single-mode or,rtput from this array where no

evanescent  coupl ing between ad jacent  waveguides r , l 'as  ob-

serv'ed.

F i .uure 3(e)  shows the output  when l ight  was coupled

in to  a  s ing le  waveguide of  the same s ize (  n '  :  I  # . ln .
I t - 1  p t rn .  and  L -8  mm)  as  i n  F ig .  3 (b ) .  bu t  w i t h  a  s rna l l e r

spac ing ( . r -z l  p tm)  between ne ighbor ing gu ides [as shown

in F ig .  3(d) ]  The UV exposure t ime for  F ig .  3(e)  was the

same as for  F ig .3(c) .  The 1-pm spac ing was smal l  enough to

a l low evanescent  coupl ing between gu ides,  and l ight  was

observed in f ive adjacent waveguides. In addit ion. as the
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l " l G . . 1 .  ( u )  S c h e n l r t i c  d i u g r a n r  o l  t l r c  o p t i c a l  c o u p l i n u  \ r - t u p .  1 b )  S c h c r n a t i c
c l ia - tn r rn  o l '  thc  cn t l  r  ie  r r  o l  u  u  u r  csu ic lc  a r ru r  (  r r '  - i  7 . r  ln .  r  ' . ' f l  p  rn .
I t  " "  I  p l l l  )  \ \  i th  thc  pos i t i t r t  o1 '  th r '  inpu t  op t rcu l  l ihc r  shor i  n  l s  l l  sh l r r l c r l
c i r c l e .  ( e  )  P h o t o q l . l t l t h  r t l  t h c  r i t r r c g L r i r l e  ( ) g t p L l t  g l t c p  i i ! h t  l l ' p r 1  l r  t l c  \ c
l a s c r  r i l r s  e o l l P l g l  i n t o  a : i n g l c  n l r r c S u i t l c  t r : : h o r r l l  i n  l l r r .  r t l  r s e h c n t t r t i t .

t l i a s l r i . u n  o t  l r r r o l l t c r  r i l r r c g u i t l c  i . r r - l i r \  ( 1 1  - l  # n t .  r  - 1  g n t .  / r  I  4 n t ,
( c ) - ( 1 1 P h t l t o u t ' a p l t :  o l  t h c : i t t c l c ' - n t o r l c  ( ) L l t p L l t \  o l  t l t c  r i u r c ! t r i t l c r . h t , n n  i n
( d )  u h e n  l i g h t  r r a s  u g u i r . r  e o r r p l c c l  r n t o  u  s r n g l c  u a r c g u i c l e .  T h c  t  \  r \ l ) ( ) \ u f c
t i rnc  l i l r  thc  r , r 'avegu ic lcs  uscr l  in  {c )  uas  the  sanre  as  l i r r  thosc  rn  le  t .  pho

touraph ( i ' )  shous  u  lu r lc  inercasc  i r r  thc  coup l ing  be tween the  uavcgu ic lcs
a f t c r  a n  u r k l i t i o r r u l  l 0  :  o 1 ' L r V  c r p o s u r e  o 1 ' t h c  s a n r c  a r r a v  r - r s e d  i n  { e ) .  ( g )

S c h c r t t u t i e  r l i u c t r n r  o t  u  i , u a r . e g L r i c l e  a r r A \ ' ( r r , - 3  F t r l . . i - . - b  p r r r .  t r

" '  |  #nr )  \ \ i th  i r rpu t  op t ica l  l iber  pos i t ioned be tv ' t ' t , t t  uavegLr idcs .  l tnc l  (h )

photoqraph o l ' the  ( )u tp t . l t  o f  th is  uave-gu ide  ar ra \ , .

input  opt ica l  f ibcr  uas lnoved to  ad jacent  \ \avesLr ic lcs .  th is
output  pat tenr  nro\  ed in  reg is ter .  The reproc lLrc ib i l i t r  anc l
symnret ry  o f  th is  pat tcnt  es tab l ishcd thc un i t i r rn t i t_r  o l '  the
coupl ing betw 'een the waveguides in  the ar ray.  The lon '  le rc l
o f  l ight  a t  thc  ex i t  o f  the cent ra l  war , 'ecu ide w,as caused b) ,
e f f ic ient  coL lp l ing o f  l ight  f rom the cent ra l  wave_quide in to
the adjacent w ave-guides.

F igure 3( f )  demonst ra tes the ab i l i ty  to  modi fy  the cou-
p l in-u  betw 'een ad jacent  waveguides by cont ro l l ing the index
diff 'erence between the guides and their cladding by nranipu-
la t in-c  UV exposure t imes.  F igure 3( f )  shows the output  o f
the same wavecuide array as in Fig. 3(e) af ier an acldit ional
20 s exposure of the array (wavegLrides plus cladcl ing) Llncler
the 4-50 W rnediunt-pressure Hg vapor larnp. This exposure
reduced the index dif fbrence between the core and cladcl ing,
and increased the coupling between the wave-quides. i ls
shown in  F ig .  3( f ) .  where l ight  f iom a s ing le  waveguide was
evanescently coupled into nine wavegLlides and many
closed-path interferometers were formed.

Figure 3(h) shows the ourput of the array when l ight was
coupled into the cladding betw,een the waveguides shown in
F ig  3(g)  (  r , r ' -  3  p .m.  . \ ' -  8  pm,  h-  |  pm.  and L
- $ mm). No waveguide output was observed when l ight
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was coupled in to  the c ladding.  and very  l i t t le  l ight  was ob-
served fronr the output end of the cladding. This experiment
dcmonst ra tes that  thc  exc i ta t io l t  o f  rnu l t ip le  wave-gu idcs

shown in  F i - r rs .  3(e) -3( f )  is  thc  resu l t  o f  cor - rp l ing f rom propa-

-qatin-g wave-uuicle rnode to propagatin-u wave.uuide mode. not
frorl  cladding nrodes to wave.gLride rnode . This interpretut i t l t

i s  s r - rppr l r ted by nunter ica l  s in tu la t ions.

We have a lso fabr icated 2-pnt  h igh ( l t :2  pnt )  c lad
w a v e g r - r i d e s  w i t h  r r ' : 2 . 0 . 2 . 6 . 3 . 0 .  a n d ; 1 . 0  p t n t .  a n d . r :  2 . ; 1 .

anc l  t l  p t rn .  Thcsc ta l le r  waveguides havc cross sect ions ap-
prox inur tc l t ,cquul  to  thc  3 .3  , , r t1 t  mode d ianreter  o1 ' the opt i -
ca l  l ibcr .  and c i rc  a  coupl in-c  c f f ic iency of  approx i rnatc lv

35( / (  t i r r  u  6-nt rn  long u 'a l ,egu ide.  We have ntcusured the
propa.sat ion loss in  thcsc w 'ave-uLr ides to  be less than 0 6  c lB/

crn.  which is  the l t rn i t  o1 'our  t i teasu l 'cntent  L i l tccr t i . r i t ' l t \ .

Usin-g pTM. we har, 'e successfLrl ly f i rbricatecl clacl
w'ar, 'egr"r icles with the cores and the cladding rr iaclc frorn the
sanrc  prcpolvrner .  Wc have der lc tnst ra tec l  evanescent  cou-
p l i ng  hc tucen  s i ng l c -n todc  wavegu ides  i n  t he  v i s i b l c  r e_g i ( ) l ' t
( f r - l j  r t n t ) .  uhc rc  t hc  coL rp l i ns  cun  be  t L rnec l  u i t h  UV  expo -
sL l rc  t i r r rc .  g  T\ l  hus l r l lou c t l  L ts  to  fabr icate  ar ravs o f
wave-uLr ides ot 'c l i l ' l l ' rcn t  s izes und spuc ings at  the sa lnc t ime.
so that  s ing lc-nroc le  gu idcs and ware-s l r ides wi th  d i f ferent
degrees of  c ross co l lp l ing can be made s i rnu l taneous ly  wi th  a
s ing le  appl icat ion o f  a  PDMS rno ld .  The coLrp l ing betwecn
$'avccuicles in lrn arrav rs consistent fror-n w,aveguicle to
uu rcgL r i r l c .  ,A l so .  t l r c  coup l i ng  o f ' l i sh t  oL r t  o f .  and  t hcn  hack
in to  rn t l i r  i t l r r l r l  \ \ u \ c - ! l u i r l c s  i n  t l t c  a l - n r \  h l r s  been  shown  to
t t l t ' t t t  r . t  nc t r t  o t 'k  o l  r lo :cr l -p l r th  in tcr l ' c rontc tcrs .
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