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lon-exchange in surface-initiated polyelectrolyte brushes provides a versatile route to the formation of catalytically
active surfaces for electroless deposition of Cu. The advantage of this procedure is the covalent anchoring of the
catalyst support layer, eliminating delamination of the metal film, even when deposited onto PDMS substrates.
Furthermore, by tuning the concentration of PAClons in the brushes, the rate of deposition and hence the thickness
of the overall film can be controlled easily.

Introduction species in self-assembled monolay®@shotografted polymers,

Metallization is of major importance in the fabrication of chip  dendrimers?or polyelectrolyte multilayef$have been employed
interconnects, magnetic storage devices, printed circuit boards@S anchoring layersin a variety of electroless deposition processes.
and arange of other applications in the microelectronics industry. When choosing organic thin films as anchoring layers there is
Moreover, in the relatively new area of “flexible” or “polymer” tradt_aoff betwegn the efficiency of catalyst immobilization and
electronics, metallization of polymer substrates is required, and SPatial resolution of the patterning process. Although SAM
the mechanical cohesion between the deposited film and thePatterning is straightforward using soft lithographic tech-
substrate (adhesion) is a significant challehgE€opper metal- niques??23the catalyst uptake is rather poor due to the limited
lization can be accomplished by physical vapor deposition, Number of surface binding moieties. On the other hand,
chemical vapor deposition, and chemical or electrochemical macromolecular architectures such as dendrimers or polyelec-
plating3-8 Electroless or chemical plating has emerged as a low trolyte multilayers are capable of significant catalyst uptake, but
cost tool enabling the production of high quality samples atroom t0 achieve high spatial resolution by simple lithographic
temperature, especially suitable for polymeric substrates, whichtechniques is more difficuft2>
would not withstand the high temperature required for vapor In this work, we report on the application of polyelectrolyte
deposition strategies. Electroless deposition is an autocatalyticbrushes as efficient adhesion layers for site-selective electroless
redox reaction in which metal cations in solution are reduced on deposition. We exploited the versatility of microcontact printing
a substrate forming a metal lay&Fhe plating processis carried ~ for the patterned chemisorption of initiator self-assembled
outinthe presence of a catalyst, commonly surface-immobilized monolayers. Subsequently, we grew polyelectrolyte brushes
Pd, to initiate the reaction. The spatial resolution of the electroless containing quaternary ammonium groups (QAwith strong
process is governed by the quality of the site-selective im- affinity to PdCL2~ species via surface-initiated polymerization,
mobilization of the catalys Different strategies to site-selective  |eading to a large number of catalyst binding sites on the substrate.
anchoring the electroless catalyst were developed. These include
chemi- and physisorption of reactive species in solvent-imprinted (11 (a) Dressick, W. J.; Dulcey, C. S.; Georger, J. H., Jr.; Calabrese, G. S.;
nanocavitied} selective irradiation of SAM&-13inkjet printing Calvert, J. M.J. ElectrochemSoc.1997, 144, 3425-3434. (b) Brandow, S. L.;
of patterned domains of atalysté®and microcontact prining G M-S 99l By € =/ Caert 3 M Dieseck o
of Pd colloids and complexé§.*° Furthermore, organic thin b B.; Dressick, W. JAdv. Funct. Mater 2005 15, 1364-1375.

films bearing N-containing groups with strong affinity to PgfCl (12) Chen, M.-S; Dulcey, C. S.; Chrisey, L. A.; Dressick, WAdv. Func.
Mater. 2006 16, 774-783.
(13) Hozumi, A.; Asakura, S.; Fuwa, A.; Shirahata, N.; Kameyamiaaigmuir
2005 21, 8234-8242.

*To whom correspondence should be addressed. E-mail:

wtsh2@cam.ac.uk. _ (14) Shah, P.; Kevrekidis, Y.: BenzingerLAngmuirl999 15, 1584-1687.
" Department of Chemistry. (15) Cheng, K.; Yang, M.-H.; Chiu, W. W. W.; Huang, C.-Y.; Chang, J.; Ying,
* The Nanoscience Centre. T.-F.; Yang, Y.Macromol. Rapid Commur2005 26, 247—264.
(1) Vargo, T. G.; Gardella, J. A., Jr.; Calvert, J. M.; Chen, MS&iencel 993 (16) Hidber, P. C.; Helbig, W.; Kim, E.; Whitesides, G. Mangmuir1996
262 1711-1712. 12, 1375-1380.
(2) Dugasz, J.; Szasz, Aurf. Coat. Technoll993 58, 57—62. (17) Kind, H.; Geissler, M.; Schmid, H.; Michel, B.; Kern, K.; Delamarche,
(3) Zouhou, A.; Vergnes, H.; Duverneil. Ricroelectron. Eng 2001, 56, E. Langmuir200Q 16, 63676373.
177-180. (18) Wu, X. C.; Bittner, A. M.; Kern, K.Langmuir2002 18, 4984-4988.
(4) Sacham-Diamand, Y.; Dubin, V. MMicroelectron. Eng1997, 33, 47— (19) Bittner, A. M.; Wu, X. C.; Kern, KAdv. Funct. Mater.2002 12, 432~
58. 436.
(5) Pan, C. TMicroelectron. Eng2004 71, 242—251. (20) Kind, H.; Bittner, A. M.; Cavalleri, O.; Kern, K.; Greber, T. Phys.
(6) Wang, W. C.; Kang, E. T.; NeoK. G. Appl. Surf. Sci2002 199 52—66. Chem B 1998 102 7582-7589.
(7) Xu, L.; Liao, J.; Huang, L.; Gu, N.; Zhang, H.; Liu,Appl. Surf. Sci2003 (21) Wang, T. C.; Chen, B.; Rubner, M. F.; Cohen, RLEngmuir2001,
211, 184-188. 17, 6610-6615.
(8) Xu, L.; Liao, J.; Huang, L.; Ou, D.; Guo, Z.; Zhang, H.; Ge, C.; Gu, N; (22) Xia, Y.; Whitesides, G. MAngew. Chem., Int. Ed. Endl998 37, 550~
Liu, J. Thin Solid Films2003 434, 121-125. 575.
(9) Schlesinger, M.; Paunovic, M. Modern Electroplating4th ed.; Wiley- (23) Michel, B.; Bernard, A.; Delamarche, E.; Geissler, M.; Juncker, D.; Kind,
Interscience: New York, 2000. H.; Renault, J.-P.; Rothuizen, H.; Schmid, H.; Schimdt-Winkel, P.; Stutz, H.;
(10) (a) Dressick, W. J.; Chen, M.-S.; Brandow, SJLAm. Chem. So2000 Wolf. IBM J. Res. De. 2001, 45, 687-719.
122 982-983. (b) Dressick, W. J.; Chen, M. S.; Brandow, S. L.; Rhee, K. W.; (24) Hammond, P. TAdv. Mater. 2004 16, 1271-1293.
Shirey, L. M.; Perkins, F. KAppl. Phys. Lett2001, 78, 676-678. (25) Park, J.; Hammond, P. Adv. Mater. 2004 16, 520-525.

10.1021/1a060891+ CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/29/2006



Letters

The brushes thereby not only serve as a very effective adhesion

layer for the electroless deposited Cu film but, due to the controlled
uptake of the PdGY~ counterions, the amount of catalyst can
be varied.

Experimental Section

Sample Patterning. Patterned samples were prepared by mi-
crocontact printinggCP) using typical procedures reported in the
literature?22327We used a thiol initiatord sulfanylundecylbro-
mobutyrate) and a silane initiator (2-bromo-2-methylpropionic acid
3-trichlorosilanylpropyl ester) to grow the polyelectrolyte brushes
from Au and Si/SiQ substrates, respectively.

Polymerization Solution. For the preparation of the polymer-
ization solution, commercially available (75 wt % from Aldrich)
2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC)
(46.3 g) was dissolved in MeOH (46 épat 20°C and degassed
by passing a continuous stream of drythrough the solution while
being stirred (20 min). To this solution was added'-2ipyridyl
(2.411 g), CICI (0.611 g), and CLCI, (0.083 g). The mixture was
then further stirred and degassed with a stream of dr¢18 min).
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Initiator-modified substrates were sealed in Schlenk tubes, degassed .., I—-—-—.

(4 x high-vacuum pump/Nrefill cycles), and left at 20C under

N,. The pqumerization solgtionwasthen syringed into each Schlenk Figure 1. Scheme depicting the different steps involved on the

tube, adding enough solution to submerge each sample completelysjte-selective electroless metallization using patterned polyelectrolyte

The samples remained in the polymerization solution fe8z. brushes. Initially, the initiator molecules are microcontact printed

After polymerization the samples were removed, washed with MeOH on the substrate (a) followed by the aqueous atom transfer radical

and water and dried under a stream of N polymerization of the brush layer (b). Then, the cationic brushes are
Electroless Plating Bath.For the preparation of the electroless coordinated with the catalyst species (c) and immersed in the copper

plating bath, we used a 1:1 mixture of freshly prepared solutions A €lectroless bath (d).

and B. Solution A: NaOH 12 g/t CuSQ.5H20 13 g/L+ potassium
sodium tartrate (KNagH,06:4H,0) 29 g/L. Solution B: HCHO
9.5 mL/L.

Results and Discussion

For our studies, we used cationic brushes of 2-(methacryl-
oyloxy)ethyl-trimethylammonium chloride (METAC)which were
grown from different substrates using aqueous atom transfer
radical polymerization (ATRP), following a procedure reported
in the literature?6-28

ATRP is asimple and effective method for fast polymerization

Io.oz 1

Absorbance
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under easily controllable reaction conditiciis°Surface-initiated (a) . (b)
ATRP can be applied to grow thin films of polymer brushes on e C
different substrates. In our experiments, patterned growth of : L : .
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PDMS stamps (Figure 1). For surface-initiated polymerization pigre 2. (a) Uv—vis spectrum of a glass substrate modified with

from Au and SiQ/glass surfaces, we used thieb{mercap-

poly-METAC brushes after immersing during 30 min in 1 mM

toundecylbromobutyrate) and silane (2-bromo-2-methyl-propi- PdCl2-. (b) AES spectrum of a PMETAC-modified Si3i surface
onic acid 3-trichlorosilanyl-propyl ester) initiators, respectively. coordinated with PdG}~ anions. In the spectrum are detailed the

Typical polymerization conditions yielded well-defined-180

nm thick patterned brushes in-3 h. The patterned METAC-
modified substrates were then immersedai 1 mM PdCl?~
solution (pH ~1) for 20 min. This procedure forced the
replacement of Ct counterions in the as-synthesized PMETAC
brushes by PdGi~ specieg’ The presence of the PdEt in the
brush layer was corroborated by UVis spectroscopy (Figure
2a). PdCJ?~ species present a well-defined charge-transfer ban

(26) Moya, S. E.; Brown, A. A.; Azzaroni, O.; Huck, W. T. $lacromol.
Rapid Commun2005 26, 1117-1121.

(27) Azzaroni, O.; Moya, S. E.; Farhan, T.; Brown, A. A;; Huck, W. T. S.
Macromolecule2005 38, 10192-10199.

(28) Moya, S. E.; Azzaroni, O.; Farhan, T.; Osborne, V. L.; Huck, W. T. S.
Angew. Chem., Int. EQ005 44, 4578-4581.

(29) Pyun, J.; Kowaleski, T.; Matyjaszewski, Klacromol. Rapid. Commun.
2003 24, 1043-1059.

(30) Patten, T. E.; Xia, J.; Abermathy, T.; Matyjaszewski,S€iencel996
272, 866-868.

signals corresponding to: CI (LVV, 181 eV), C (KLL, 268 eV), Pd
(MNN, 323 eV), N (KLL, 380 eV), and O (KLL, 506 eV).

in the ultraviolet spectrum at300 nm that can be easily detected

UV—vis spectrum of PMETAC-modified glass or quartz

substrates.

It must be noted thatin most of the copper electroless deposition

d €xperiments catalyzed by palladium nuclei are obtained on the

substrate surfaces via SnGénsitization due to the low reactivity

of the substrate. The activation process requires the sequential

use of acid solutions of Sngdnd then PAGI(“two-step process”)

or a colloidal mixture of SnGland PdCl (a “one-step” process).

However, these strategies have some major drawbacks. Palladium

nuclei generated on the substrate present poor adhesion to the

substrate because of the absence of a “chemical linkage” between

palladium species and the substrateAs a consequence,

desorption of the catalysts from the substrate may cause failure
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Figure 3. SEM images showing the site-selective electroless
deposition of Cu on patterned poly-METAC brushes grown onSiO
Si substrates: (a) km lines, (b) 2um lines. Insets show a
magnification of the well-defined Cu microstructures.

to achieve uniform metal deposits with good adhesion properties. Figure 4. Optical microscope images showing the site-selective

Moreover, several precautions must be taken when using metalliceIeCtrOIess deposition of Cu dots 4 in diameter) on patterned

. . . oly-METAC brushes grown on Au. The inset shows a magnification
palladium nanoparticles as catalysts since they are unstable an(gf the well-defined Cu dots grown on the Au substrate.
easily oxidized in the air.

In the case of microcontact-printed PMETAC brushes, we (a)
exploited ion-paring as an extremely effective mechanism for
site-selective anchoring of Pd€i species to an appropriate

substrate. To corroborate the efficiency of binding, we performed £
elemental analysis of Pdgt-coordinated brushes with Auger =|
electron spectroscopy (AES). Figure 2b depicts an AES spectrum =

of aMETAC brush grown on SigSiimmersed in PdGI~ during

20 min and copiously rinsed with Milli-Q water prior to
introducing the sample in the analysis chamber. To estimate the
efficiency of binding, that is the fraction of QAmoieties that
remains coordinated to Pa&pecies, we quantified the atomic
ratio Pd/N using the Auger signals corresponding to Pd (MNN
transition, 323 eV) and N (KLL transition, 380 eV). Results
derived from this estimation indicated that-985% of QA"
moieties are coordinated to a P@Cl species, indicating the
strong affinity of QA" to PdCl%~ ions.

After immobilizing the PACP~ catalyst in the (patterned)
brushes, we immersed the substrates in a copper electroless plating
bath. After a shorttime, 3060 s, the formation of copper patterns
on the immersed substrate could be observed with the naked eye.
Scanning electron microscopy (SEM) and optical microscopy Figure 5. AFM images (20x 20um?) corresponding to patterned
imaging confirmed the presence of well-defined copper micro- PMETAC brushes immersed during 10 min in (a) 8@ and (b)
patterns deposited on the SiSi (Figure 3) and Au substrates 5 mM PdCL?~ and then placed in contact with the Cu electroplating
(Figure 4), respectively. bath for 20 s.

One particular feature attributed to the polyelectrolyte brush
is the ability to control the amount of Pd&t in the inner s, clear differences in the patterned grown films were observed,
environment of the polymer filrdt To gain control over this  as evidenced by atomic force microscopy (Figure 5).
parameter is very important since it will directly influence the As expected, in the case of highly loaded PMETAC brushes,
efficiency of the plating process. Control over the amount of the copper films are thicker (39 nm) than in the case of scarcely
catalyst onthe substrate is generally difficult orimpossible when |oaded brushes (23 nm). This observation demonstrates the
using polyelectrolyte multilayers or self-assembled monolayers. potential of brushes to control the amount of catalyst and in

_In our case, we loaded patterned PMETAC brushes with consequence the characteristics of the electroless plating process.
.dlfferen.t amounts of catalyst by simply |mme2r§|ng the brushes Subsequently, we checked the adhesion properties of the
n two_d|fferer_1t solutions, 6QM and_5 mM PdC4 ,_for 10 min. deposited films. Peel-off testing is a qualitative method that is
After immersing both substrates in the Cu plating bath for 20 commonly used as atool to assess the strength of adhesion between

(31) Azzaroni, O.. Moya, S. E.. Brown, A. A.; Zheng, Z.. Donath, E.; Huck, deposited films and substrgt@én our case, we firmly pressed
W. T. S.Adv. Funct. Mater 2006 16, 1037-1042. Scotch tape into contact with the electrolessly deposited copper
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film and then peeled-off the adhesive tape at a nearly constantpairs with the catalyst, increasing the concentration ofimmobilized
rate. The amount of metal transferred to the tape is a measurePdClL?~ species on the substrate, and (c) the brush layer involves
of the adhesive strength of the film. We used the peel-off test a considerable number of anchoring groups per unit area.
to evaluate the effectiveness of polyelectrolyte brushes as adhesion .
layers. We observed that 305 nm thick brushes show excellent Conclusions
adhesive properties as derived from the peel-off test after repeated In conclusion, polyelectrolyte brushes offer a valuable and
experiments. This observation is based on the fact that afterunexplored tool for preconditioning substrates prior to electroless
carrying out repeated times the peel-off test in the same sampledeposition. Surface-initiated polymerization provides a most
no detectable amounts of the Cu film were transferred to the versatile route to incorporate a large population of binding sites
Scotch tape. It must be noted that in the absence of the PMETACthat can be applied on a large variety of substrates. The
brush layer the copper films were always partially removed from chemisorbed polyelectrolyte chains are obtained by using self-
the substrate after pee]ing off the tape_ Delamination is one of assembled initiator mOhOlayerS that can be microcontact printed
the main problems of thin films deposited by electroless ON diverse surfaces. Moreover, microcontact printing provides
deposition. To further demonstrate the effectiveness of polymer the tool for the accurate patterning of these macromolecular
brushes as anchoring layers, we deposited thin copper films Onarchltectures., thusleading towelll-deflned sne-selepuve dep.o:?:l.tlon
poly(dimethylsiloxane) (PDMS) surfaces modified with poly- of copper m|crostructyres. Th|s apprqach provides fle>§|bll|ty
METAC brushes. Peel-off tests revealed that the Cu film is firmly @nd control over the interfacial chemistry and the binding of
anchored to the PDMS substrate even after repeated bending of21alyst species onto the functionalized surface.
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