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data revealed surface enrichment of Br to be around 8.9 %.
We attr ibute the remaining bromine to surface carbon-Br2
complexes, which are formed by the charge transfer to the
bromine molecule acting as an electron acceptor. l ' t l  Aguin.
no evidence of Br- intercalat ion compound was found: how-
ever, we cannot discount the possibi l i ty that the interca-
lated compounds may have been de-intercalated before the
characterizations were made.

In conclusion. we have demonstrated a small  scale meth-
od for the purif icat ion of nanotubes from other nanopart i-
cles by a combined process of bromination fol lowed bv se-
iect ive combustion with oxygen. I t  appears that the bromr-
nation causes a lesser degree of damage and fragmentation
of the nanotubes, so thev are slower to combust.

Experimental

Cathoc l i c  soo t -cc ln ta in ing  nanotubes  (deno led  ( -S)  
"verc  

svn thcs izcc l  us inS
the  dc  arc  evapora t ion  mcthod as  repor ted  prev ious lv  [131.  Tuo c lcc t ro l r t i c -
g rade graph i te  e lcc t rodcs  rv i th  10  and l l  mnt  ins ic le  d iamctc rs  \ \ ' c rc  en t -
ploved ancl the arc wris struck at a voltage and current of 30 V ancl 1(r0 ,. \ .  re -

spec t ivc l r ' .  The e lec t r i c  a rc  \ \ 'as  ma in ta ined in  a  rec lucec l  a tmosphcrc  o l  hc -
l ium (5(X)  to r r ) .  A  f resh lv  p leparcd  CS sample  (1 .0  g )  rvas  r r i xcd  u , i th  purc
bromine l iqu id  (2 t ) .0  g ) .  The mix tu rc  was then heated  a t  55  C 1or  l0  dars .
Thc  resu l t ing  brominatec l  samplc  r .vas  thcn  heated  a t  100" ( 'undcr  vacuur l
( l  x  l0 I  to r r )  lb r  a l  leas t  .5  h  to  remove excess  bromine.  The proc luc l  i s  c lc -
notecl as BS.

Ternperature prclgrammecl oxidation of the BS sample lr 'as corrcluctccl br
p lac ing  200 mg sanc lw iched bc twcen two s i l i c t r  woo l  p lues  in  a  ( lu r r r t /  1uh.
( .1  x  3 (X)  mm).  The sarnp le  * 'as  heated  undcr  a  s t rc i im o l  oxvgcn 1J ' ) i ,  O.  in
96 ' lo  l " t c l iu rn .  f lon , ra tc  20  ml - /min)  l ru rn t  room tcmpcra lL l re  t r r  7 (X)  ( ' l t

-5  K /min .  The fo rmat ion  o f  c i r rbon ox ic lc  (CO anc i  C 'O1)proc luc ts  \ \ l s  n t r )n r -
to rec l  a t  5  min  in te rva ls  bv  gas  chromator l raphr ,  l i t t cc l  \ \ ' i th  a  lnc t l t tna t ( ) r
and a  F ID c le tec tor .

Ox ida t ion  o f  thc  BS sanrp lc  \ \ ' as  conductcd  bv  heat ing  0  I  e  o l  t l i c  US
sanrp lc  in  a  3 (X)  n tn t - lons  s i l i ca  tcs t  tubc  o l  ins ide  d iameter  E  n tn t  a t  5 i ( )  ( '

for about 3 dar,s. r\  streant of . l0 rnl-tmin of di luted oxvgclt ( .1 'r , ,  O. irr  hc-
l ium)  l vas  dc l i vc rcc l  to  the  santp lc  l la  a  smal l  s i l i ca  c l ip  tubc  o l  ( .1  n tn t  ins ic lc
d iameter ) .  Thc  op t imum dura t ion  fo r  the  ox ida t ion  r .vas  rna in lv  c le tc rn t i r rc r l
bv  mon i to r ing  the  sarnp lcs  us ing  TE.M.  Thc  ox ic ia t ion  rvas  ha l l cc l  u  he  n  cont -
plete puri f icat ion rvas achieved. The procluct is clenoted as PJ'.

J 'he  nar ro lube samples  (CS.  BS.  PT)  were  charac ter ized  br  po lc lc l  X- r ' r r r
d i f f rac t ion .  TEM.  XPS.  e lemcnta l  ana lvs is .  anc l  BET sur face  arc r r  n rc i tsure  -

mcnts .
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Microcontact Printing with a Cylindrical Rolling
Stamp: A Practical Step Toward Automatic
Manufacturing of Patterns with Submicrometer-
Sized Features'k*

By Younan Xia, Dong Qin. and Gectrge M. Whitesirles*'

This paper clescribes microcontact print ing (UCP)lr l  using

a ro l l ing e lastomer ic  s tamp to  generate  pat terned se l f -

assembled monolayers  (SAMs) l r l  w i th  a  min imum feature

size of .-300 nm over areas of -50 cmr. This procedure is re-

nrarkable  for  i ts  s impl ic i tv  and speed.

Microcontact print ing uses an elastomeric stamp (usuallv

made f rom polvd imethv ls i loxane (PDMS))  hav ing re l ic f

structures on i ts surfacc to transfer molecules of the " ink"

(for example. an alkanethiol or alkylsi loxane precursor) to

selected regions of the surface of a substrate. l t  is a very

convenient  technique for  senerat ing pat terned SAMs of  a l -

kaneth io la tcs  on evaporated f i lms of  Au. [ l ]  Ag. l ' r l  and Cu; [a ]

i t  has bccn cxtcnded to  form pat terned SAMs of  a lky ls i lox-

anes l 's  7 l  and of  co l lo ida l  par t ic les  o f  Pd and other  meta ls ls l

on S i /S iOr .  When combined r .v i th  se lect ive wet  e tch ing.  th is

technique is  rout ine lv  capable  o f  generat ing the featurcs o f

co inage meta ls  wi th  d imensions down to  -500 nmt  and.
rv i th  sreater  d i f f icu l t l - .  down to  -100 nm. [ ' )  r r r l  The technique

has found a numbcr  o f  app l icat ions in  microfabr icat ion. l l l l

mater ia ls  sc ience. [ r ] l  anc i  ce l l  b io logv. l l r l

Microcontact print ing using self-assembled monolayers

is  a  new st ra tegv for  forming smal l .  h igh-qual i ty  s t ructures

that  rcqu i rcs  rcmarkably  l i t t l c  cap i ta l  investment .  I t  is  im-

mediatc lv  appl icab lc  to  s implc  and larger  s t ructures ( that

is .  s t ructurcs that  do not  rcqu i rc  mul t ip le  super imposed

pat terns wi th  accurate  reg is t ra t ion between them):  sen-

sors . l l - r l  microe lect rode ar ravs. l l5 l  consumer e lect ron ic  svs-

tems.  and suppor ts  for  ce l l  cu l turcs [ l t l  a rc  cxamples.  For

thcse types of svstcms. i t  is important to be able to forn-r

largc areas of micropatterns rapidly.

The capabil i tv l 'or large-area patterning by pCP is . just
hcg inn ing  t o  hc  cxp lo r cd .  I n  t hc  pas t .  m i c rocon tac t  p r i n t i nu

has heen carr ied out  wi th  a  f la t  PDMS stamp wi th  a  sur facc
pat terned wi th  re l ie f  s t ructures.  Dur ing pr in t ing.  a i r  bub-

b les t rapped between the s tamp and the subst ra te  l imi ted

its use in forming pattcrns over areas larger than several

square ccntimeters. This paper reports on a new proce-

dure-rol l ing a cvl indrical PDMS stamp across the sur-
face-that has al lowed us to rapidly form patterned SAMs
over the entire surface of a 3 in wafer (that is. an art:  a of

Prof .  G.  M.  Whi tes ides .  Dr .  Y .  X ia .  Dr .  D .  Q in
Depar tmen l  o f  Chern is ln '  anc l  Chemica l  B io loq ,
Harvard  I  In ive  rs i tv
12  Oxford  St ree t .  ( ianrbr ic lge .  MA 02 l i f l  (L . lSA)

Th is  u . 'o rk  was supp( ) r tcd  in  par t  hv  ONR anc l  ARPA and nrade usc  o f
MRSEC Sharec l  Fac i l i t ies  suppor tec l  b1 ' thc  Nat iona l  Sc icnce f i runda-
t ion unde r An'arcl Number DMR-9;100396. We thi ink Y. I-u ancl S. She -

parc l  l i r r  hc lp ing  w i th  SEM and photo l i thoeraph ic  fac i l i t i cs .
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--50 cm-). The surfacc area that we have explored has been
limited simplv bv the avai labi l i tv of appropriate elasto-
meric stamps. and we bel ieve that this procedure wil l  be ap-
p l icab le  to  much larser  areas.  Th is  work  estab l ishes that
ptCP with a rol l ins PDMS stzrmp can form submicromcter-
sized features over large areas. ancl suggests that i t  wi l l  bc
poss ib lc  to  car rv  out  cont inuous pr in t ing a t  th is  feature s ize
over very largc arezrs on appropriate substratcs (for exam-
ple .  cont inuous l 'o i ls .  p las t ic  f i lms.  sheet  g lass and re la ted

wafers) .

F igure I  schemat ica l lv  shows the procedure.  A th in
( -1  mm) PDMS s lurmp (prepared as descr ibcd pre-

------------>

PDMS Stamp
(-  1  mm)

c16H33sH

Ag or Au

Ti on SiO2

Microcontact print ing

Selective wet etching

ryyv lw tH w w +2 w
i S r  I

Fie .  l .  Schcr ra t i c  p rocec lu re  fo r  conduct ine  FCP rv i th  a  ro l l ing  PDMS s tamp
( n o t  t o  s c a l e ) .

v ious lv) l i  5 l  was appl ied wi th  thc  ink  so lu t ion.  dr ied under  a
stream of nitrosen ior -15 s. wrappcd around a cyl indrical
rod (-4 cm in diameter, scc Fig. 2a) with a thin layer of so-
l id adhesive on i ts surface (Magic Lint Remover. E,mson.
NY). and then rol led across the surface of a substrate to
generate patterncd SAMs. The rol l ing speed was -2 cm/s.
Submicrometer-sized featurcs can be produced over the en-
t ire surface of a 3 in wafer (zin arca of -,50 cml, see Fig. 2b)
in a single print ing. The wholc print ing process was com-
pleted in -20 s. With a singlc inking. the stamp could be
used to make 4-5 print ings (without any measurable reduc-

t ion in qual i ty) bcfore requir ing more ink. In principle. a
conventional rotarv print ing apparatus would apply ink tcr
one region of the surface of the stamp while print ing occurs
on another. At present. we have only demonstrated a singlc
impression from the patterned stamp. rather than continu-
ous  ro ta r y  p r i n t i ng .

3 inches

F i g .  2 .  P h o t o u n r I l t r , , l  . r  l l r .  r , , l l r r r s  I ' l ) \ l S  s t a n t p  w r a p p c c l  l t r o L r n . l  . '  . ' .
r i c a l  r o d  l r n t l  l r t 1 l r .  L . r r r . . i  l r l , e  ( \ 1  \ \ i r l c l ' ( . l i n  c l i a n t e t e r ' )  t h i l l  \ \ .  1 r . ' . -  : '
t c r n e d  i i  i t h  s u l . r r r i e r  r r n r .  l .  l ' r / . ( l  l e i r l u r . c s  ( s c e  F i u .  i )  u s i n g  t h i r  l , r , , .  - .  . .

F igu rc  3  shou :  SL \ l  i n l r gcs  o f  t es t  pa t t e rn :  r r l  \ r
( 50  nm th i ck ) t h r r t  ue  re  l u l - r r i cu ted  b -V  p tCP  o f  hc \ l t l c ' r ' r , : r i

t h i o l  w i t h  i l  r o l l i ns  \ 1 rn rp .  l o l l oued  b i r  se lec t i ve  ue l  r l r l r r n : '

i n  an  aqueous  l c r r i e i un i c l c  so lu t i on l t l t ' l  The  sn l r l l r ' ' t  r . . '

t u re  s i ze  i s  - 3 (X )  n r r r  
' l - h i s  

PDMS s tamp  was  cas l  I ' r on r  . r  u . r -

fer  whosc sur l 'ucc hr r '  [ - rccn pat terned wi th  nunrc l ' ( )L l r  i ' , . r

t ron ic  dev iccs:  the conrp lcx i tv  o f  these pat tcrns rc | ' r r i : i ' r r t :

those that  arc  ur r , r l r l l r  e  ncountcrcd in  rea l  c i rcu i t  p l r l tc ' l 'n .

F igurc  - l  corn l - t r res  tcs t  pat terns o f  Ag that  uc l 'e  l r r l . r ' r -

ca ted  bv  p tCP  s r t l r  u  t ' l i r t  PDMS s tamp  and  l v i t h  r r  r o l l r nL

s tamp  mov ing  u long  d r f l ' c r cn t  d i r ec t i ons .  Thc  t l r r t . r r r r l

curvcd s tamps \ \c re  c i r \ t  l ' rom the same master .  The r l in r . r r

s iona l  changc cr rLr :e  c l  l r r  cur r  ing the e lastomer- ic  s t iurp  \ \  i r \

less than 1(X)  nnr  ( l r  rnorc  cxact  va lue cannot  bc o l ' r t , r i r r . ' , . i

due  t o  t hc  cc l cc  roughncss  o f  t he  s i l ve r  l i nes ) .  An r  t l i n r . r r -

s iona l  change cuuscc l  br  d is tor t ing the pat tern on the : t . rnrp

bv wrappinq i t  r r r ( )Lrnr l  l r  cv l indr ica l  rod can be rcc luee t l  l . r

increas ing the c l ianrc tcr  o f  the roc l .

In  cc lnc lus ion.  uc harc  c lcmonst ra ted a ne\ \ '  p l ' ( )ee r lu l ' ! '

f o r  l a rge  a rea  I ' ub r i cu t i on  us ing  m ic rocon tac t  p r i n t i ns .  I he

smal les t  featurcs that  uc havc fabr icated so far  ucre : i l re  r

s t ructures rv i th  c l imcns ions of  -300 nm.  The larqcst  r r re  r r  ( r rs

l im i t ec l  by  t hc  a ra i l ab i l i t v  o1 ' s tamps )  t ha t  wc  ha rc  p r i n t cd

in  a  s ing le  impress ion ( in  less than 20 s)  rvas - - . r { )er r r - .  We

bcl icvc that  th is  nc\ \ '  p roccdurc  ind icates a  potcnt ia l  routc

to  automatcd pr in t ing nachincs that  can bc uscc l  l 'o r  la rgc

arca pat tcrn inq of  submicromctcr  features.
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Fig .  -1 .  SEM imases o1 ' tes1  pa t te rns  ( in  four  d i f fe rcn t  maqn i f i ca t ions)  scncr -
l tec l  in  Ag f i lms  us ing  FCP u ' i th  a  ro l l ing  s ta r rp .  fo l lowcd bv  se iec t ivc  uc t
c tch ing  in  an  aqueous le r r i cvan ide  so lu t ion  l i r r  - l f i  s . ' l ' he  b r igh t  reg ions  arc
\ { :  thc  dark  reg ions  urc  S i /S i ( )1 .  u 'herc  thc  unpro tcc tec l  Ag h ls  c l i sso lved.

F ig .  I  AF\ l  i r ruscs  o l  : \g  l i r rcs  (50  nr r  th ick )  genera tcc l  u , i th  thc  PDNlS
s t l l n r p  l r )  i n  t h c  p l i r n i u ' c o n l i g u r a l i o n :  a n c l  q c n e r a t e c l  b v  r o l l i n g  t h c  P D M S
s t r r n r p  l r ) u l o n q  o r  c ) p c r p c n t l i c u l l r  t o  t h e  d i r c c t i o n  o f  t h e  l i n e s . ' l ' h e  c l i m e n -
srona l  chungc c lL rscr . l  b r  cun i r rg  thc  PDMS s lamp \ \ ' l i s  l css  l l ran  1(X)  nm.
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