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Abstract

A polysi loxane precursor to si l icon dioxide was used to
polymer to si lrca was dclne either by photol i tho-rraphr or
formation of structures with thickness as largc as I pr.nr.
thicknesses smaller than 0.1 pr.nt.  These structLlre\ cor-r ld
Elsev ier  Scrence S.A.
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genera tc  s i l i ca  pa t te rns  on  a  l l a t  sL r r l ' ace .  The  convers ion  o f  a  th in  f i lm  o l ' t h i s

h r  p r in t i ng  un  o rsan ic  uc i c l  on  thc  f i l r n .  The  t i r rmer  techn ique  a l l owed  thc
' fhc 

lat tcr  nrcth0d coLr ld gcncr i . r tc  p i . r t tenrs i l ' i th  sub-r-n icron resolut ion ancl
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1. Introduction

This paper describes a new method to generate pm-scale
patterns of sil icate glass on flat and non-planar substrates.
The precursor material is a polysiloxane polymer (spin-on
glass),  which can be crossl inked into s i l ica by exposure tcr
protons. Two diff 'erent ntethods can lead to thc lbrmation
of s i l ica structures.  The f i rst  method-w,hich has becn
descr ibed in the l i terature I l ] - involves the sensi t izat ion
of the polysiloxane by a UV acid generator and produccs
patterns by photolithography. The second. non-photolitho-
graphrc technique that we describe converts the polymer to
sil ica by bringing an elastomeric stamp bearing the desired
pattern and inked with a suitable acid into contact with it.
Th is  method-mic rocontac t  p r in t ing  (  pCP)  o [  ac ids- is  a
useful variant of 'soft l i thography' l2].

Layers of sil icon dioxide or spin-on glass are commonly
used in VLSI fabrication. They have good planarization
and dielectric properties [3]. They are also used as resists
for etching metall ic and organic layers [4]. Chemically
amplif ied glass photoresist (GP) [l] has given conventional
spin-on glass the capabil ity to accept patterning, and has
been used as a resist in multi level processing.

Microcontact printing ( pCP) has been developed to
pattem self-assembled monolayers (SAMs) on gold and
silver [5], and, with more diff iculties. on Si/SiO, and
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other substrates L6j .  These monolayers can rct  i ls  resists l i l r
wet etching and allow the fabrication of micnrstnrcturcs

[7] .  The combinat ion of  acid-sensi t ive spin-on glass and
pCP provides a useful  new capabi l i ty  to form si l ica rni-
crostructures.

Here. we present a method to fabricate a patterned glass
f i l rn.  A f  i lm o1'  acid-sensi t ive spin-on glass on a s i l icon
wat 'er  is  sturnped with a sui table acid.  The acid di l ' l 'uses
into the f i l rn and induccs the t ransformat ion of  thc polyrncr
into a precursor to s i l ica.  Af ter  removing the unreacted
polymer and cur ing.  a s i l icate glass pattern is produced.
Al though f  i lms as th ick as 2 pm (af ter  processing) havc
been patterned by UV exposure of the polysiloxane precur-
sor, the thicknesses of the fi lms that can be patterned by
stamping did not exceed 0.2 pm. reflecting. we presume.
the requirement that the protons diffuse from the surl 'acc
into the bulk of the thin fi lm. Nevertheless. f l lms patterned
by stamping were sufficiently thick to act as resists for O.
react ive ion etching (RIE) of  an under ly ing polymer f i lm.

2. Experimental

2.I . Materials

Pol ished si l icon wafers (Si l icon Sense. MA) were
cleaned before use by sonication in trichloroethylene. acc-
tone and methanol. Aluminum-coated wafers were Dre-
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pared by e-beam evaporation of - 100 nm of Al (:99.99o/r.

Alfa). Diacetoxy-di-r-butoxysilane and methyltriacetoxysi-
lane (United Chemicals) were used as received. Tetrahy-
drofuran (THF). 4-methyl-2-pentanone (MIBK). r-butyl
methyl ether, 2-propanol (lPA). and triethylamine were
used without further purif ication. Triphenylsulfonium hex-
af luoroant imonate 60q( in propylene carhonate) was used
as received. The elastomeric molds used in pCP were
prepared by casting a sil icone precursor (Sylgard 184.
Dow Corning, NY) on masters prepared by conventional
photolithography [8].

2.2. Formation of the n-alxv\l.sulfonic ctc:ids

The commercially available (Aldrich) sodium salt of the
respective sulfonic acid ( | g) was suspended in anhydrous
Et. ,O (SO mt).  and HCI was bubbled in under cool ing.
After l5 min, the volati les were removed in vacuo. and the
residue was resuspended in anhydrous Et..,O and fi l tered.
The clear organic phase was evaporated to dryness. yield-
ing the corresponding sulfonic acids as colorless oils or
solids. Yields were senerallv above 90%.

2.3. Svnthesis o.f glass photoresi.st

Synthesis of the glass photoresist followed the l iterature

I t ] .  gr ieRy, a solut ion of  46.2 g of  d iacetoxy-di-r-buto-
xysi lane in 1.5 I  of  MIBK was cooled to -  lO'C under
nitrogen atmosphere. and 68 ml of triethylamine was slowly
added to it. A solution of deionized water in 80 ml of THF
was added dropwise. and the mixture was heated to 70'C
for 4 h. The silane polymerized by hydrolysis and condcn-
sation of the acetoxyl groups. the r-butoxyl groups rernain-
ing intact .  We used a 3: l  molar rat io o1'  water:s i lane.
which corresponds to six equivalents in the polyrneriz.ation
reaction. After cooling and rinsing the solution with w'ater.
the product was purif ied through a short sil ica column.

The methyl-doped GP (GP:Me) was prepared wrth the
same procedure as the undoped polysiloxane. except that 4
g of methyltriacetoxysilane was added as a l0%. solution
in MIBK at the end of the polymerization reaction and lefi
to react at 70'C for another hour. This corresponded to a
107o molar ratio of methyl to silicon.

2.4. Priming

The sil icon wafers were primed before spin-coating of
the GP fi lms. Priming increased the adhesion between the
exposed GP and the wafer and prevented the fi lm from
cracking. A freshly prepared l : l  :10 mixture of  d iacetoxy-
di-r-butoxysilane, triethylamine, and MIBK was spin-
coated on the wafers at 3000 RPM. The waf'ers were then
rinsed with IPA and deionized water. The contact angle of
water with the primed surface was ca. 40' at this stage.
showing that the wafer was partly covered with r-butoxyl
groups.

2.5. UV exposLtre

For UV exposure. the glass photoresist CP:Me was
sensitized with 2c/c molar of triphenylsulfonium hexafluo-
roantimonatc Il]. Rfier exposure of the fi lms through a
chromc mask with a mercury lamp (main wavelengths:
36-5 nm and 1105 nm). the wafers were baked at 100'C lor
2 min. They werc then developed in anisole for 30 s with
strong agitation and blown dry with nitrogen.

2 .6 .  M i t ' n  t t ' t  t t r t t l t . t  l t r i n t  i  t t  g

The procedure used in patterning of GP fi lms by pCP
is depicted on Fig.  l .  An elastomeric stamp was inked by
soakin-e for I s in a lO-mM solution of hexadecanesulfonic
acid in a l : l  mixture of  t -buty l  methyl  ether and IPA. The
stamp was blown dry for I min. It was then put in contact
with the GP-coated waf-er lor I min" and the wafer was
baked on a hot plate- at  130'C for 20 min.  Development
was carr ied out in anisolc tc l r  20 s.

2.7.  Reuct i rc i r t r t  t ' t r ' l t i r tg

A l . - t -pnr  th ick  t ' i lm o f  po ly imide  (Pyra l in  P I  2556.  du
Pont) \\ 'as spun onto a waf'er and cured at 350'C for 30
min. The surface of thc fl lm was then oxidized in an O.
plasma for 20 s. and GP was spin-coated at 2500 RPM
fr i rm a l }c/(  MIBK solut ion.  Microcontact  pr int ing and
development of GP rvcrc- perforrned as described above.
Fo l low in- r r  c lc rc lopmcnt .  thc  ua l ' c r  uas  e tched in  an  O.
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Fig.  I  .  Schemat ic out l ine of  the method used to f 'abr icate pat terns on a
glass photoresist  f  i lm by microcontact  pr int ing.  The s i l icone stamp is
br ief ly  soaked in a I0 mM solut ion of 'hexadecanesul lbnic acid in l -buty l
rncthyl  c thcr .  I t  is  then blown dry fbr  I  min and put  in contact  wi th i r
waf'er coated with 0.6-prn thick GP filrn for 30 s. The waf-er is haked for

l0 min at  130'C on a hot  p late and developed lbr  20 s in anisole,
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3. Results

-l.l . UV e.rposure

A maximr-rm thickncss o1'ca.  I  prn before exposure and
0.3 pm after exposure was reached for convent ional  g lass
photoresist .  as reported in the l i terature I l ] .  Thicker f i lms
cracked ei ther dur ing spin-coat ing or dur ing post-exposure
baking. Dopin-u s i l ica precursors wi th methyl  groups is
known to increasc thc compliance and decrease the ten-
dency of  the s i l ica structures to break dur ing anneal ing [9] .
Commercial  spin-on glass contain rnethyl  groups fbr th is
purpose. The nrethyl-doped glass photoresist that we used
al lowed us to reach thicknesses o1-6 p,rn by spin-coat ing a

Fig.  2.  SEMs of  pat tcrncd s i l ica structures.  (a)  These structurcs werc
generated hy photol i thographv on a 6-9.r .n th ick GP:Mc I ' i lm usins a
chronre rnask pat ter-ned into 2-pm l incs scparatcd br '  2 prn.  Af tcr
development. the wat-er u'as anncalcd at -l(X)"C fbr I h in air. Thc
resul t ing l incs wcrc 2 pn high and l . -5 g.rn wide.  (b)  These structures
were seneratecl  by prCP on a 0.6-g.rn th ick GP f i lm wi th a s i l icone starnp
bearing 2-g.rn lincs scparatcd by 2 pr.m. Thc lines wcre anncalcd at .l(X)"C

f b r l h i n a i r .

C .  Mt r r : t t l i r r  e t  u l .  /T l t i r t  So l i d  I " i l t r t . s . l l 5  (1998)9  l2

ifryrr

'fffi
. : .  

: : l  :

I
I

I

I
f

ry.

F i g .  3 .  S E M s  o l ' s i l i c u  p a t t c r n s  l a h r i c i r t c r l  h r  s t a n t p i n u  a  0 . 6 - i - r . r n  t h i c k  C i P

f  i l r n  o n  a n  A l - c o a t e d  w a l c r .  T h c  i t t k  r i i t s  a  l 0  r r t N ' I  s o l u t i o n  < l l ' h e x a d c -

cuucsu l l i rn ic  uc ic l  in  t -hu t r ' l  rne thr  I  c thcr .  Thc  u  a lc r  n  as  bakcd t i l r  |  0

r n i n  u t  l . l 0 ' ( ' o n  a  h o t  n l a t e  i t t t c l  r l c r c l o l . l c d  l i r r  l 0  s  i n  a t t i s t l l c .

-+ .5 t i  MIBK so lu t ion o1 'GP:Mc at  2-500 RPM. The pat terns

gcncratcd uf  tc r  cxposure d id  not  brcak and had a th ickncss

o l ' 2  p r . n r .  Thc  cc lnve rs i on  o l 'GP  i n t c l  dense  s i l i ca  g i ves

r ise.  in  theorv .  to  a  shr inkagc of '  a  thc tor  o1-  7  in  vo lume
( thc ra t io  o f  thc  molar  vo lumcs o1 '  these mater ia ls ) .  In

pract ice.  th is  shr inkage takes p lacc main ly  in  the d i rcc t ion

perpendicu lar  to  the subst ra te  for  th in- f i lm s t ructures.  Thus.

the th ickncss of  the pat tern is  much smal ler  than that  o f  the

non-exposed { ' i lm.

Fig. 2 shows structures -generated by photopatternins

Lrsing a chrome mask bearing a patLem of 2-pm l ines and

s;paces. al icr developing with anisole and anncaling at

3-50'C fbr l  h. The result ing l ines are 2 pm high and l .-5

pm wide: these dimensions show that shrinkage occuffed

both perpendicul i i r ly to the surface and in the plane of the

sur f 'ace.  perpendicu lar ly  to  the l ine.  Assuming that  a l l  the

exposed mater ier l  is  conver ted to  s i l i ca .  th is  g ives a  vo lu-

metric shrinkagc factor of ca. ,1. This number. smaller than

the theoret ica l  shr inkagc.  suggests  that  some cross- l ink ing

was a l ready present  in  the po lymer .
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-J.2. M ic'roconta('t printing

Films with a thickness of 0.6 p,m were spin-coated at
2-500 RPM using a l07c solut ion of  GP in MIBK. These
l l lms were pr inted with acids using g,CP and an elas-
tomeric sil icone stamp. Diff-erent acids were tried. using
thc same procedure for g,CP. Oxalic acid. boric acid. and
polyacrylic and polystyrene sulfonic acids did not producc
any observable crossl inking. Stamping with pentanesul-
fonic acid. which is a l iquid at room temperature, con-
verted the entire fi lm to sil ica and did not give any patternl
we suppose that this result reflects the high mobil ity of this
acid. Hexadecanesulfbnic acid is a solid at room tempera-
ture and gave the best result. We observed that the contact
time between the stamp and the fi lm was the parameter
that l imi ted the resolut ion that could be achieved. Contact
times longer than 2 rnin resulted in blurrcd patterns. This
bluning is probably due to the di f fusion of  the acid that
might occur at  th is stage. Surpr is ingly.  the post-exposure
baking (PEB) time did not seem to have much influence
on the resolut ion:  PEB t imes l rom 20 to 60 min gave
simi lar  resul ts.  I f  the PEB was shorter than l5 min.  the
polymer did not cross- l ink al l  the way to the substrate.  and
the sil ica pattern l if ied off from the substrate during devel-
opment. We interpret these observations as su-c-gesting that
lateral  d i t fusion ot ' the hexadecanesul fonic acid takcs place
dur ing pr int ing and determines the resolut ion.  Then. dur ing
PEB. the acid di f fuses isotropical ly into the polymer and
catalyses the cross- l inking in thc bulk.  Fig.  2bFig.  3 show
different patterns obtained by stamping a 0.6-trrm thick
fl lm. The irregularity in the profi le of l ines was approxi-
mately 100 nm. The lateral  d i f fusion of  the acid led to an
increase o1- the width of the pattern by ca. 100 nm" uniforrn
on the whole area of  the sample (  I  cmr ) .

-1.3.  RrE

Si l icon wafers bear ing a 0.6-,u,m thick f i l rn of  GP on
top of  a 1.4-ptm thick layer ol '  poly imide wcrc pr inted with

Fig.  ,1.  SEM of  l ines senerated by O, /RIE on a l . - l  prn- th ick poly i rn idc
f i l rn.  The resist  was a 0.2-pr . rn th ick GP f i lm that  had becn pat tcrncd by
pCP ol '  hexadecancsul lbnic acid into 2-g.m l ines separatcd by 2-pm
spaces.

hexadeczrnesulfonic acid and developed as described above
to generate a pattern of 2-pm lines and spaces. This
pattern was transf'erred to the polyimide fi lm by O.' RIE
(F ig .  a )

4. Conclusions

A polysi loxane-based chemical ly ampl i f ied photoresist
was used to produce sil ica pattcrns on flat substrates. Two
diff-erent methods of exposure were applied. A regular UV
cxposurc gar,'c f 'eatures as thick as 2 pr.m after annealing.
wi th a quarter-micron edge resolut ion.  The exposure was
also carr ied out by stamping a photoresist  f i lm with hex-
adecanesullbnic acid. The thickness of the patterns wars
smaller than 0.2 /rm in this case. The patterns were
successfully transf-erred to an underlying polyimide fi lm by
O. RIE. Al though the maximum achievable th ickness is
smal l .  we bel ieve that pCP of a polysi loxane is a promis-
ing complement to cor.rvcnt ional  use o1- photol i thography
for product ion of  pat tcrncd -ulass f i lms. The delormabi l i ty
of  the elastorncr ic stamp obr ioLrslv rrust  bc control led tor
structurcs reqLr i r ing long-range order:  thc l i rn i ts to rcgistra-
t ion and achicr  ablc pattern resolut ion in i . r .CP havc not yet

hccn ouant i f i cd .
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