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Introduction

Electroless deposition of metals such as copper, silver,
gold, nickel, rhodium, and cobalt is a process widely used
for the production of fine metal patterns in printed
circuits.l 7 Electroless deposition occurs by an autocata-
lytic redox process, in which the cation of the metal to be
deposited is reduced by a soluble reductant at the surface
of the metal features being formed, or at the surface of
catalysts used to initiate the deposition. This redox
process generally takes place only on surfaces capable of
cataiyzing it: noncatalytic surfaces first have to be
activated with a metal catalyst such as palladium before
the metalization can occur. Selective deposition can be
achieved either by the selective deactivation of a catalytic
substrate or by the selective activation of a nonreactive
surface by a catalvst.a Several methods of producing
patterned catalysts are known, most of them based on
photolithographic techniques.5.8.e The size ofthe features
produced by electroless deposition of metals can be as
small as 0.1 rrm.r' Another route to selective metalization
is chemical vapor deposition (CVD).10 13

In this paper we report a new technique of patterning
surfaces with a catalyst by microcontact printing (4CP)
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of colloids. The process is analogous to microcontact
printing ol'alkanethiols on gold; we have described this
process previously for the formation of patterned self '-
assembled monolavers (SAN{") . r+ i i '  Patterning of  the
surface with colloids bv rrCP enables selective metalization
by electroless deposition on areas of the surface activated
by the deposited colloids. The kev step in this procedure
is the direct  t ransfer of ' the catalyst  ( in th is case a
palladium colloid) from an elastomeric stamp to the
substrate to activate the surface for selective electroless
metal  deposi t ion.

Pailadium is important as a catalyst for the electroless
metalization of dielectric substrates such as ceramics or
polymers.7 16 The most extensively used palladium cata-
lysts are based on the tin/palladium n-rixed catalysts.16
For the work reported here, we have synthesized pal-
ladium colloids stabil ized with tetraalkylammonium
bromides.lT re Palladium(II) acetate is reduced byethanol
in the presence of tetraalkylammonium bromides as
stabil izers. By varying the length of the alkyl chains of
the stabil izer, it is possible to adjust the solubil ity of the
colloid. Palladium colloids stabilized with tetrabutylam-
monium bromide are soluble in DMF, and those stabil ized
with tetraoctadecylammonium bromide arc soluble in
toluene.

Our process demonstrates a new strategy-the combi-
nation of the direct application of the catalyst on the
surface by microcontact printing and electroless metal
deposition-for producing metal features with submicron
dimensions. The procedure has broad generality. Awide
variety of patterns can be easily transferred usingzrCP of
colloids. Once a catalyst is transferred onto the substrate
by,rrCP, it is possible to generate metall ic features with
submicron dimensions and thicknesses of the film greater
than 14m. The process is applicable to flat and curved
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Microcontact Printing of Palladium Colloids: Micron-Scale
Patterning by Electroless Deposition of Copper
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This paper describes a new method for forming micron- and submicron-scale patterns of copper on
surfaces. This method uses microcontact print ingQCPl to deposit col loids that sen'e as catalysts for the
selective electroless deposit ion of copper. A patterned elastomeric stamp fabricated from poly-
{dimethylsiloxane)was used to deliver the catalyst-pailadium colloids stabilized with tetraalkylammonium
bromides-to the substrate surface. The electroless deposition of the copper on the sanrple occurred onl.y
where palladium colloid was transferred to the substrate. Electroless deposition catalvzed bv the colloids
resulted in the formation of metal structures with features having submicron dimensions, with an edge
resolut ion in the range of 100 nm. This technique of act ivat ing substrates for electroless metal izat ion was
successfully used to pattern glass, (SilSiOz), and polymers; both flat and curved substrates were used.
Microcontact printing of colloids was also used to fabricate metal structures whose thicknesses were varied
in diff'erent regions of the sample (multilevel metal structures). Free-standing metal structures were
produced by dissolving the substrate after the metal film had reached the desired thickness.
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Figure 1. Transmission electron micrograph and (insetr
electron diffraction pattern of palladium colloids stabil ized bv
tetraoctadecylammonium bromide. The colloids are deposited
on a carbon film. The average diameter of the palladium
particles is approximately 7 nm.

substrates of glass, to sil icon with a native sil icon dioxide
layer (Si/SiO2), and to a variety of polymers, without
requiring advanced photolithographic techniques. Al-
though we have demonstrated it only for the electroless
deposition of copper, it should be appiicable to a number
of other metals.

Results and Discussion

Preparation of the Palladium Colloid Suspension.
Palladium colloids stabil ized with tetraoctadecvlammo-
nium bromide (Pd/[C18H:zl+N*Br ) were synthesized from
a suspension of palladium(II) acetate and tetraoctade-
cylammonium bromide in a 5:1 (v/v) mixture of toluene
and THF. After addition of absolute ethanol, the mixture
was refluxed overnight. The precipitation of the colloids
was initiated at room temperature by slow addition of an
excess of absolute ethanol with vigorous shaking. The
lightly colored supernatant solution was decanted, and
the precipitate was dried under reduced pressure. A gra_v-
black powder containing -79 wt c/c of palladium was
isolated. Figure 1 shows a transmission electron micro-
scopy (TEM) image of a palladium colloid stabil ized by
tetraoctadecylammonium bromide (inset) and the corre-
sponding electron diffraction intensities of these particles.
The well-separated palladium particles are about 7 nm in
diameter. The solution of colloidal palladium was pre-
pared by dissolution of the palladium colloid powder in
toluene. These suspensions were stable and active for
months while in solution.20 They could be handled in air.

Pretreatment of the Substrates. A pretreatment of
the substrates was necessary to ensure a strong interaction
between the catalyst (and subsequently a good adhesion
ofthe deposited metal layer) and the underlying substrate.
We used sil icon wafers with a native oxide layer (Si/SiO2),
glass, and different polymers as substrates for the
electroless metalization process. The pretreatment of the
substrates included (i) cleaningof the surface, (ii) oxidation
of the surface in order to form surface hydroxyl groups
(for the polymer surfaces), and (i i i) si lanization of the
surface by immersion of the substrates in a solution of
organosilanes in ethanol or heptane. For the silani zation,
w_e used organosilanes with different terminal groups
(CH;r, CN, SH, NHz, and NHCH2CH2NH2). The silaniza-
tion step gave a high degree of control over the surface
chemistry of the samples and enabled us to use the same
procedure for the patterning of all the different substrate
materials.2l 2:)

(20 ) we used the same solution of palladium colloids for over 3 months
without detecting any significant loss in its catalytic activitv.
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Figure 2. Schematic outline of the procedure for microcontact
printing of colloids. After the stamp was inked rvith the solution
of palladium colloid, the stamp u'as placed on the substrate
that had been silanized with functionalized orsanosilanes. The
catalyst was transferred from the relief regons of the stamp
to the surface of the substrate. After the stamp u'as removed.
the substrate was immersed in the platrng solut ion.  \ letal izat ion
occurred onl l  where the substrat t ,  u 'as act ivated r , r ' i th the
palladium colloid.

Microcontact Printing of Colloids Transfers Col-
loids from an Elastomeric Stamp to the Substrate
Surface by Contact. In a typical experimental procedure
(Figure 2). rve "inked" a poly(dimethylsiloxane) (PDMS)
stampr:'by dipping the stamp into a solution of palladium
colloids stabil ized by tetraoctadecylammonium bromide
in toluene. This palladium colloid was hydrophobic and
"wetted" the surface of the PDMS stamp readily. After
the stamp was dried under a stream of nitrogen, it was
placed on the substrate by hand. If necessary, l ight
pressure was applied to the stamp to ensure contact. The
contact between stamp and substrate allorn.ed the transfer
of the colloid. After separation of the stamp from the
substrate, the substrate was immersed in the plating
solution. The electroless deposition of the metal on the
sample occurred only where palladium colloid was trans-
ferred to the substrate. Attempts to use palladium colloids
that were stabil ized with tetrabutylammonium bromide,
tetraoctylammonium bromide, or tetradodecylammonium
bromide failed, probabll '  because the;z did not wet the
PDMS stamp.

Microcontact Printing of Colloids Produces Fea-
tures in the Submicron Range. Figure 3A-D shows
SEM pictures of representative microstructure of copper
generated on (SilSiO2), polyimide, and glass substrates.
Panels A-C il lustrate the complexity of features that we

(21) SiLanes ond Other Ooupl ing Agents;Mit ta l .  K.  L. ,  Ed. ;VSP BV
Publ isher:  Ul t recht .  The'  Nether lands.  1992.
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5829.

(23t  Freeman. R. G.;  Clrabar,  K.  C. :  Al l ison,  K.  J. :  Br ight ,  R.  N1.;
Davis,  J.  A. ;  Guthr ie,  A.  P. :  Hommer,  N{.  B. ;Jackson, N{.  A. ;  Smith.  p.
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Figure 3. TJpical microstructures that can be produced bv the combination of microcontact printing of colloids and electroless
metalization. (A D) SEM images of microstructures fabdcated $'ith nricrocontact printing of palladium colloids on (Si/SiOrl lA.
D), polyimide (B), and glass (C ) followed by electroless deposition of copper r bright regions r. Prior to the stamping of the colloids.
the substrates were silanized with H2NCH:CHrCHrSi(OEt)x. There are imperli'ctions and defects in the structures {indicated u'ith
white arrows in panel At. Panel C suggests the minimum size ofthe features that can be produced h! r('I'ol colloids. The copper
lines with width between 1.5 and -0.5 llm are clearly resolved. lD) SENI image showing a lracture profile of a copper line. After
metalization. this structure was annealed with a propane flame for -3 s. The edge resolution is about l0{) nm

could produce routinely using pCP of colloids and elec-
troless plating. Typically, the thickness of these metal
features was between 0.5 and 1 rrm. Close inspection of
these structures (and the others in this paper) revealed
small defects in the copper structures (indicated with
arrows in Figure 3A). There are several possible sources
of these defects. First, the patterning of the substrates
and the metal deposition was done under ambient
laboratory conditions, where dust and other atmospheric
contaminants can lead to defects in the structure. Second,
the stamps may have contained defects. Third, contami-
nants from the plating solution could have deposited onto
the substrate during the plating process.2l Figure 3C
suggests the minimum size of the features that can be
reproduced: the 500 nm wide l ines are clearly resolved.
Figure 3D shows the fracture profiie of a 400 nm thick
copper line. The edge resolution of the structures formed
bv aCP of colloids is about 100 nm and seems to be
determined by the size of the copper grains (Figure 3D).
Thus, the resolution of the colloid stamping technique is
comparable to that achieved in the case of the much
thinner metall ic structures (100 nm or less) formed by
etching of patterned SAMs that were fornred by micro-
contact printing of aikanethiols on gold substrates.r5 We
have used the PDMS stamps for4CP of colloids up to 100
times without performance loss.

The average resistivity of the copper l ines25 measured
with the two-point method was -2.2 rQ cm. This value

(24t Although we cannot assign each defect directly to one of these
three sources,  we have c lear indicat ions that  a l l  three are important :
First, carrying out the microcontact printing process in the clean room.
thereby eliminating the influence of particulates, resulted in a decrease
in the number of  defects (Zhao, X.-NI. ;Xia,  Y. ;Kim, E. :Whitesides,  G.
M. Chem. Mater., submitted); second, w'e could identify defects in our
stamps under the microscope; third. particles formed bv decomposition
of the plating solution during the metalization process could easily be
deposited on the sample surface since we did not filter the plating solution
before or durins the melal deoosition.

is close to the resistivity reported for electroless deposited
copper ol '  2 rrS2 rrn. l i i

Microcontact Printing of Colloids Can Be Carried
Out on a Range of Different Substrates (Glass, (Si/
Sif)2). and Polymers). The patterning of catall 'sts bv
ruCP ,r f  t 'o l lo ids is an extremely general  method of
actir,atir ig di{i 'erent substrates for the electroless deposi-
t ion of  nrertals.  We have used rrCP of  col lo ids to pattern
a number of substrates27 (Figure 3 i. The kev step in this
process is the transfer of the palladium colloids from the
stamp onto the substrate. Our process takes advantage
of ther affinitv of the palladium colloids for certain organic
functional groups. The formation of a thin fi lm of
functionalized organosilanes on the substrate surface as
a part of the pretreatment ofthe substrate not only enabled
the transfer of the colloid to proceed efficiently indepen-
dently of the underl.ving material but also improved the
adhesion of the deposited metal f i lm to the substrate. The
strength of adhesion ofthe copper structure to the different
organosilane fi lms decreased in the following order: NH2
t NHCHTCH2NH: ̂ , SH >' CN >> CI[;r.

For a test of adhesion of the copper fi im as a function
of the substrate, the different substrates were pretreated
with (3-aminopropvl ttr iethoxysilane, patterned and met-
alized with electroless copper to produce a 500 nm thick
metal f i lm. On all substrates, peel tests with Scotch tape
indicated "complete adhesion" 2' of the metal f i lm to the
surface. Similar peel tests on thicker metal structures
shorved that the adhesion on the polymers was higher

t25 t  The dimension of  the '  copper l ines f 'or  the conduct iv i ty  measure-
ment rvere length.  -0. ,1 cm: width,  -  15.  -40.  and -80,r im; and th ickness,
-  0 .6  u rm.

(26) l , i .  T. :  Serdel .  T.  E. :  Ma-r ,er ,  J .  \V.  LIRS 8u\ \ .1994, August ,  15
1 8 .

t27 t  The rnater ia ls u 'e have used as substrates include glass,  s i l icon
with a natrve sil icon dioxide iaver. pol; 'sh'r'ene. polvethl' lene, polyimide,
and  oo lvv inv l i den t ' .
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Figure 4. rrCP of colloids can be used to pattern curved
substrates. Photograph of a glass bottle (r: L.25 cm)that lvas
patterned with palladium colloids using microcontact printing
and metalized with copper by electroless deposition. The inset
shows an optical micrograph of the pattern on the curved
substrate taken with transmitted light. The resolution of the
features on the cun ed substrate is similar to the the resolution
achieved on planar substrates.

than on the glass or (Si/SiO2) substrate.2e The greater
roughness of the polymer surfaces may be an important
contributor to this stronger adhesion. urCP of colloids
worked equally well on all of the substrates that we haver
used. Provided that the appropriate surface modification
had been carried out. the resolution of the feattit"es rr' i ts
independent of the underlying material,

Microcontact Printing of Colloids Can Be Used
To Pattern Curved Substrates. Most microlitho-
graphic technologies are restricterd to planar surfaces. It
is especially diff icult to extend the current photolitho-
graphic and e-beam lithographic techniques to cun'erd
substrates, because the focal plane is vert'thin. We have
previously demonstrated microcontact printing of al-
kanethiols to generate a pattern on cttrved gold surfaces
and have generated patterns on substrates rn'ith radii o{'
curvature f rom 5 cm to 25,um.t \"  We could use' th€'s i tm( '
process to pattern curved substrates rvith palladrum
colloids (Figure 4 ). The curved substrate lvas rolled across
the "inked", patterned stamp. The colloid was transferred
from the raised regions of the stamp to the surf'ace of the'
substrate. Figure 4 shows a photograph of a copper fi lm
deposi ted on a glass bott le \ r :1.25 cm ).  As demon-strated
by the inset in Figure 4, the resolution of the features on
the curved substrate is similar to that on planar substrates.

Microcontact Printing of Colloids Allows the
Fabrication of Free-Standing Metal Structures. We
have used trvo procedures tcl fabricate free-standing metal
structures nith micron-scale features usingzrCP of colloids.
One takes advantage of the higli internal stress of the'
electroless copper la.yer:this stress leads to delamination
once the total stress ofthe electroless copper layer exceeds
the adhesion strength.' '  When the fi lm delaminates, it
can be floated away and redeposited on another substrate.
This sequence is shown in Figure 5A-D. With increasing
plating time (from A to D), the copper structure became
thicker and thicker. As soon as the internal stress
exceeded the adhesion. the copper fi lm started to delami-

(28 i  "Complete adhesion" means that  no copper residues were v is ib le
on the Scotch tape after the tape was peeled off the -*ample.

(29) The strength of adhesion w.as qualitativelv deterrnined by the
amount of metal removed b1' the Scotch tape test.

t30 )Jackman.  R .  J . ;  W i lbu r .  J .  L . :  Wh i te -s ides ,  G  \ ' { .  Soer rc ' t ' 1995 .
269 .664  666 .

(31tvan der Put ten.  A.  M. T.  ,1.  El .er : tocherr i .  Sor ' .  1993. 110.2:176
2:]7 i  .
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subs t ra te .  
' l i t e  

s t t l r . r r l l l  r '  t r  ; t s  i n i t r t t ' t ' : t ' r l  i t r  i  f  r r '  p la t rng  l l a th  l o r
i nc reas ing  t i n r r '  ,A  l )  $  t l i r  t t t t ' r e i t s ing  p la t i ng  t ime ' ,  t he  l l l n l
t h i c k n e s s  l r e t ' a r t r q  t l r i l k l . t t r r l  t h t ' i n t e r n a l  s t r e s s  i n  t h e  i r l m
i n c r e a s e c l  .  r \ s , . l , i l r  ; r >  i i i t '  t t r i t ' t  r t i : l  s t t ' e s s  e x c e e d e d t h e  a d h e s r o n
fo rces ,  th t ,  i ' r , pp . t '  r I r i ( ' r ' os r t ' i t t ' t t t t ' e  r l e ' l am in i r te t l  r  B .  C  t .  F ina l l v
t h e  e t n t r r t '  s t t ' i l ( ' 1 u 1 ' ( '  ( ' i i l l t ( ' , t f f '  t  l )  t .

M -
F' igure 6 .  \F l \ l  r i i ) i ror .  '  ' {  ; r  f ' r '1 '1 ' -< t  lu r t l i t r l  ( ' r } ! lp ( ' t '  s t ruc ture
t i r h r i c i r t c r i  i r r  , r ( ' l '  , ' i  t ' o i i , i i ( l s  ( ) l r  g l i r . s  f i r l l o r v t ' e l  l l v  e l e ' c t r o l ess
r l t ' pos i t l ( ' r r  i , i  : ' ( r l ) l ) r , i  ! ' l r c  t ' oppe t ' f i l r r r  t l t e t l  , . r ' r t s  de tached  f r om
t l t t , s r r l r < 1  r ' l i t r .  l r i  , 1 r . < o l r r t i o n  o f  t h e  g l a s - s  r r r  a  d i l u t e  a q u e o u s
so l ' . r t i , r r r  i , l  l l i "  i l t , ,  l l l t r r  r r ' ; r s  f ' l o l r t t ' r l  l r \ \ i i \  l i r r r l  depos i t ed  on
i i r r o l l t t , r '  r r r l r . i i l  l r t r ,  . \ i 1 i r , , i 1 g i r  i i ) r ,  l i ' l i l  i n g  , , f  l l r e  s a n t p l e  w a s
a c c i d , , n t l r l .  i t  i l l r r s l r ' ; i 1 ( ' -  1 1 1 , ' i ' l " r i l r r l i l r  , , i  1 l r t ' s 1 1 ' 1 1 c ' 1 v a t ' .

na te ,  f i r s t  t i n l . r  i i t  1 i r t , , , i i i t ' ( ' r  o f ' t h t . ' f i : l r t u res  (8 ,  C ) .  t hen
or ,er  l : r rger  ar { ' i rs  r r r r l  i i  t  l r t '  ent . i re  , r t r t tc ture came c l f f  (D) .

r \  second poss i l r l l  r 'oute  to  f i 'e ' t ' -s tanding s tnrc tures is
the d isso l l r t ion r i l ' the sr rbst ra te  a f ier r  the f i ln t  has reached
the des i red th ickness.  \Vc demonst ra ted the pr inc ip le
us ing a g lass as a  suhst ra l  ( '  J 'he ' t 'o l lper  f l lm was detached
f rom the subst ra te .  hv  d isso l r r t ion o f ' the s t r r face la-ver  on
the subst ra te  w ' i1h a  c l i lu te  aqt teous HF so lu t ion.  F igure
6 shou 's  a  l re 'e-s tandi r rg  copper  f i l rn  o f '  a l rout  500 nm
th ickness.  A l ter  t  i r t ,  f l  lm separatcd f i 'om the g lass
-qubst ra te .  i t  rvas p ickcr l  r rp  care ' f i r l l r .  * ' i th  t rveezers  and
placed on another  g l i tss  s l ide. ' .

Microcontact Print ing of Colloids Al lows the
Fabrication of '  Mult i level Microstruetures. N{ost
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Figure 8. SFI\T images of 'a copper rnicrostnrcture fabricated
b1'rr( 'P of crr l lords using a PDI{S stamp that had rel ief structure's
of dif ferent ht ' ights. The height inf orn. i :r t ion in the PDNIS stamp
was transf t  rred to the copper f i l rn result ing in a microstructure
with dif f 'erent t  hickness€rs.

Conclusion

This work demonstrates a new method of patterning
surfaces with a catalyst for the selective deposit ion of
metals. N{icrocontact print ing (rrCP t of 'a col loidal catalyst
uses a patterned elastomeric stamp to del iver the catalvsts
to  the pre ' t reated subst ra te  sur face.  r rCP of  co l lo ids  is
exper imenta l lv  s imple and can be carr ied out  in  the open
laburaton l t  is  capable  o f ' rout ine lv  generat ing meta l
structrrres rvith features having submicron dimensions.
The technique is  f lex ib le :  i t  a l lo rvs  pat tern ing on var ious
subst ra le ,s .  inc iud ingglass.  (S i /S i ( )2  ) ,  and po lymers.  F la t
and cur \ "ed s t r r face subst ra tes can be used wi thout  loss
of  reso lu t ion.  rCP of  co l lo ids  can a lso be used to  produce
free-standing rnetal structures and metal f i lms u' i th
d i f ferent  t  h  icknesses.

Experimental Section

All  solr, ' t ,nts \ \rere o1'reagent quai i t . t 'and used without further
pur i l i ca t ion.  A l l  urgurros i lanes used in  th is  s tudy t (3-aminopro-
pv i  r t  r ie thoxvs i lant '  i  IJ r r t ' l s  ) .  r  lJ -n tercaptopropy l ) t r ie thoxys i lane
t F{uels ).  t3-r,"u'anopropvl rtr iethoxvsi lane ( Huel-s ),  octadec-vltr ichlo-
ros i lane rA ldr ich i ,  anr l  r i l - ( (2-aminoeth l ' l  ramino tpropv l  ) t r imeth-
oxvs i lane tF luk i r )  werc  used u ' r thout  fur ther  pur i f ica t ion.

Substrate Pretreatment. Glass substrates (cover glass No.
2. Corning) \ \ 'ere cleane'd immediatelv before use by soaking in
f resh lv  pr t ,pared "p i r rn l - ,a"  so lu t ion 17: i l  (v i r ' )  mix ture o f  con-
cent rated l{rsOr and i i0( ' l  H2O" r fbr at least l l0 min. TCAUTION:
"Piranha" solutron rc,acts violentlv vu,i th man-v organic materials
and should  l r t '  handled wi th  c 'x t rem€'  care l t  The c leaned
subst ra tes rvere r ins t 'd  thor r iugh lv  wi th  de ion ized I {2O and dr ied
under  a  s t ream of  n i t r , ' rgen.

Si l icon substrates rvere n-tvpe semiconductor grade si l icon
(100)  wafers  i2  in .  d ianreter t f rom Si l icon Sernse Inc.  Thev werer
immersed inrmediatelv be'fore use in a freshl.y prepared "piranha"
solutron for l l0 min. The substr:rte's then were r insed thoroughlv
*' i th deionized [I , 'O and dried under a stream of 'nitrogen.

Polvstvrt 'ne I 2 rnnt t  hick sheets, cr l 'stal l ine ),  poivethvlene ( 0.5
mrn th ick  sheets t .  and po lv imide t0 .125 nrnr  th ick  f i lms)  f rom
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F igure 7 .  uCP of  co l lo ids  a l l t , r rs  th t , f i rhr rcar i ( )n  o f 'mul t i leve l
microstructures b1' using r lori i r l t :  stanrpir ig of '  ther sutrstrate.
The AFM picture shows a grid of 10 rr nr l ines that was produced
by the double-stamping technique. The height dif ference
between the two levels is about 400 nnr. Areas on the metal
f i lm that were not covered with pal ladium col loid during the
second stamping are sl ightly thicker and broader than are the
treated regions.

electroless deposit ion processes produce a f i lm of ap-
proximatelv uniform thickness. We have developed two
different ways of fabricating metal structures whose
thicknesses are varied in dif ferent r€)gions rmult i level
metal structures ).  The f irst rnelhod is based crn the f 'act
that the thickness of '  t .he metal f i lnt depends on the
duration of plat ing. After slanrping and depositrng copper,
the process of  r rCP of  c t t l l r i ids  and rneta l izat ion can be
repeated with the sanle substrate and can generater a
copper microstructure wlth dif f 'erent thickrlesses. l ' igure
7 shows the AFNI irnage of 'a copper rnicrostruct,ure that
was fabr icated b._v t i r  s tamping one set  o f  l ines.  ( i i r
meta l izat ion.  t i i i  r  s tamping another  set  o f  l ines perpen-
d icu lar  to  the f i rs t  one,  and t iv r  repeat ing mer ta l izat ion.
Ttre areas on the rnetal f i lnt that rvere not cr ivererd rvith
pa l lad ium co l lo id  d t r r ing the second s tanrp i r - rg  are s l ight ly
th icker  and broac i t , r  than the unt reate.d  reg ions.  because
copper  cata l .yzes the ox idat ion o f  formaldehl 'de more
ef fect ive l l '  than t r ra l lad ium. ;  F l lec t ro l t ,ss  p la t ing is  an
isot rop ic  process:  dur ing the '  nre ta l izat i r ln  process.  the
l ines grow both t i i i t ' ker  and broader .  T l re  depos i t ion o f  a
th in  laver  o f  pa i iad ium co l lo ids  dur ing the sec-ond zrCP
resul ted in  a  s l ight  re tardat ion o f ' the copper  depos i t ion
in  these areas in  a l l  d i rec t i< ins .

Another wa.v to obtain rnicrostnrctrrres lvrth dif l 'erent
la . } 'e r  th icknesses was to  use a PDMS stanrp that  i tse l f
had re l ie f  s t ructures o f  d i f ferent  he ights .  As F igure 8
suggests ,  the mul t i leve l  rn fbr rnat ion in  the PDMS stamp
could be transf 'erred in ther copper f i lm. S<t lar we have
been unable either to control the dif ference in height
between the dif t 'erent levels or to fabricate reoroduciblv
s t ruc tu res  l i ke  t he  ones  showr r  i n  F igu l t ,  t r .  hu t  t h ;
demonstrat ion that these structures can bi:  generated
const i tu tes a  proof  o f 'p r inc ip le .
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Goodfellow were oxidized by soaking in CrOs/HzSO+ for I min.32
The oxidized substrates were rinsed thoroughly with deionized
HzO and dried under a stream of nitrogen. Polyvinylidene
chloride (Saran Wrap, Dow Chemical) was treated with a low-
power, radio frequency oxygen plasma in a Harrick plasma
cleaner (Model PDC-23G) for 5 min at an oxygen pressure of 30
mbar.

After this pretreatment, the substrates were immersed in a
solution oforganosilanes (50 mM)in heptane for t h. After rinsing
with heptane and drying under a stream of nitrogen, the
substrates were used for the stamping procedure. Only freshly
prepared substrates were used.

Palladium Colloids. The tetraoctadecylammonium bromide
stabilized palladium colloid (Pd/[C18H3;]+N*Br- ) was synthesized
as foi lows: Pal ladium(Il)  acetate (Fluka, 4 g, 17.8 mmol) and
tetraoctadecylammonium bromide (Fluka, 5 g,4.5 mmol) were
suspended in 200 mL of a 5:1(v/v) mixture of toluene and THF
at 30 "C. After addition of 25 mL of absolute ethanol, the mixture
was refluxed at 65'C for 12 h. The color of the solution turned
to deep brown-black. To initiate the precipitation of the colloids,
an excess (100 mL) of absolute ethanol was added slowly with
vigorous shaking. The solution was allowed to stand for 5 h at
room temperature to complete the precipitation. The slightly
colored supernatant solution was decanted, and the precipitate
was dried under reduced pressure. A gray-black powder (2.I g,
-88c,/c yield based on palladium)containing -79 wtVc of palladium
was isolated. The powder was readi ly resuspended in toluene.
The TEN{ image showed spherical, well-separated palladium
particles of 7 nm diameter. A similar procedure was used to
synthesize the palladium colloids stabilized with tetrabutylam-
monium bromide (Pd/[C+Hg]+N*Br ), tetraoctylammonium bro-
mide (Pd/[CsHiz]+N-Br ), and tetradodecylammonium bromide
(Pd/[CruHzs]+N-Br ).  The solvents were THF for the synthesis
of (Pd/tC+Hgl+N*Br ) and (Pd/[CeHr;]+lt{*Br ) and a 1:1 tv/vt
mixture of toluene and THF for the synthesis of (Pd/[Cr:H::,',1 rN- -
B r  ) .

The suspensions of col loidal pal ladium (Pd/[CrsHri]+N-Br r
were prepared by dissolut ion of 0.3 g of the powder in 200 mL
of toluene and sonication in an ultrasound bath for 5 min. (Pd/

lC+Hgl+N-Br-) was soluble in DMF, (Pd/[C8Hr7]+N'Br ) in THF,
and (Pd/[CrzHzsl+N*Br ) in toluene. The solut ions were stable
and active for months while in solution2(' and could be handled
in air.

(32) Holmes-Far ley,  S.  R. ;  Bain.  C.  D. ;  Whi tesides,  G. M. Langmtrt r
1988 .  4 .  92 r -937 .

Hidber et al.

pCP of the Catalyst. The elastomeric stamps used for the
direct stamping process of the palladium colloids were fabricated
as reported previously.15 The PDMS stamp was "inked" with
the col loid by immersion of the stamp in the col loidal suspension
for 2 s, removal of the stamp, and drying under a -qtream of
nitrogen. This procedure was repeated two to three times. The
stamp then was placed in contact with the pretreated substrate
for 15 min. When we patterned curved substrates,30 the contact
time was only a few seconds, but still long enough to allou' the
transfer of the colloid onto the substrate.

Electroless Metal Deposition. For the electroless deposition
of copper, we used the following copper plating bath:33 Solution
A contained 3 g of CuSO+, 1,4 g of sodium potassium tartrate
tRochelle salt),  and 4 g of NaOH in 100 mL of dist i l led water.
Solution B was an aqueous formaldehyde solution (37 .2 wt tc ).
The two solutions A and B were mixed in a 10:1 (v/v) ratio just

before the bath was used. To deposit copper, we immersed the
patterneci substrate in the mixture {br 30-600 s at room
temperature. The plating time to achieve a certain film thickness
depended on the aqe of ' the plat ing bath and the type of substrate.
The plating process couid be stopped by removal of the sample
and r in-s ins  rv i th  d is t i l led water .

Instrumentation. Scanning electron microscopy was carried
out using a JEOl,.ISr\-6400 instrument at an acceleration voltage
of 7 - 15 Ke\'. Scannrng probe microscopy was performed with
a Topometrix TIIX 2010 scanning probe microscope (Mountain

Vieu'. CIA). TENI was per{brmed on a Phillips EM420 microscope.
Optical microscopy was carr ied out using a Leica instrument.
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