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This letter demonstrates the patterning of thin films of metallic palladium by microcontact printing
(uCP) of octadecanethiol, and the use of the patterned films in the fabrication of a functional sensor.
This technique was also used to prepare templates of palladium for the electroless deposition of
copper. The resistivity of the palladium and copper microstructures was 13.8 and(Zcé,
respectively; these values are approximately 40% larger than the values for the pure bulk metals.
Palladium patterned into serpentine wires usipGP functioned as a hydrogen sensor with
sensitivity of 0.03 vol% H in N,, and a response time ef 10 s(at room temperatuje © 2002
American Institute of Physic$DOI: 10.1063/1.1463719

Microcontact printing(«CP) of long-chain alkanethiols Palladium shares three desirable properties with gold for
on gold films forms self-assembled monolayé8AMs) of  use inuCP. First, it is resistant to spontaneous formation of
alkanethiolates. Selective removal of the unprotected regionsurface oxidegup to 400 °Q.°> Second, it can be evaporated
of the films by etching provides a useful, nonphotolitho-onto surfaces using standard techniguéghird, it reacts
graphic method for the fabrication of conducting gold readily with alkanethiols to form well-ordered monolayers.
microstructures. The structures generated by this procedureThese SAMs are analogous to those formed on gold and
have pinhole defects, and their edges have a roughness sifver? The resulting Pd/SR surface is a resist for wet-
~100-150 nm. The defects in the etched microstructureshemical etchants; etching yields structures with smaller etch
are probably due to defects in the SAMs; the roughness ofits than are observed with SAMs on gdldPalladium in
the edges seems to correlate with the size of the grains préiims prepared by e-beam evaporation has a typical grain
duced by e-beam deposition of gdlGold has the additional size (~15-20nm that is smaller than that of gold
disadvantage as a substrate that it is not compatible witli~40—75 nm:® this characteristic leads to etched patterns of
many technologies for fabrication of semiconductor-basegalladium with smaller roughness than etched patterns of
microelectronic device$These characteristics limit the ap- gold. Palladium is also catalytically active, and the ability to
plications of uCP on gold in the microfabrication of elec- pattern it may be useful in catalyst$? Although the resis-
tronic and optical devices. tivity of palladium is a factor of 5 greater than that of gold,

To fabricate electronically functional devices usiaGP,  palladium is used commonly in microelectronic devices such
we needed a system that could generate microstructures witly capacitors, resistors, and contacts. Patterned films and col-
fewer functionally significant defects and smaller grain sizegoids of palladium serve as seed layers for the electroless
than those produced using alkanethiolates on gold, and th@eposition of copper to form electrical interconnetts*?
was compatible with complementary metal—oxide semicontany alloys of palladium are used routinely in microelec-
ductor (CMOSY) technologies. Here, we describe the resultsyonic devices—e.g., in resistot&gPd and finishegNiPd
of a study of uCP of alkanethiolates on palladiLmeur and CoPu®
initial evidence indicates that this SyStem does, in fact, allow We prepared the substrates by e-beam evapora’[ion of
production of microstructures with substantially higher qual-titanium (2 nm, 1 A/s, as an adhesion layend then palla-
ity than those generated using gold. We believe that this fabgijym (25 nm, 8 A/3 onto a 3 in. Si/SiQ (100 wafer (Sili-
rication process will be directly CMOS compatible. con Sense, NH' We used rapid prototyping techniqdes

Soft lithography is a suite of techniques, includipn@P,  generate the stamps fCP made of PDMSSylgard 184,
whose members are useful for patterning of SAMs of thiol-pgyy Corning; Midland, M). The stamp was coated with
containing organic moleculesRSH onto surfacg%. For  c18SH by wiping a cotton swab wet with an ethanolic solu-
uCP, an elastomeric stamp made of gdiymethylsiloxang  tion of octadecanethidb mM) across the surface. After wet-
(PDMYS) with bas-relief features is coated with an alkanethiolting with C18SH, the stamp was then dried under a stream of
and placed in contact with a metal surface. This Procesy, for 1 min. The stamp was placed in contact with the
leaves SAMs where the stamp contacted the metal. If thggjiadium surface, allowed to wet the surface without addi-
group R has an appropriate structure, the patterned SAMSs agha| pressure for 3-7 s, and then removed manually. The
as a r_esist and protect the underlying metal films from Wet‘unprotected palladium was removed by etching in a commer-
chemical etchants. cially available FeG-based etchan(TFP, Transene, Inc.;
Danvers, MA that had been diluted to a ratio of
¥Electronic mail: gwhitesides@gmwgroup.harvard.edu H,O:etchant of 5:14
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FIG. 1. (a) Design of the wire and contact pad system. Each contact pad ig g 2. Resistance measured as a function of time of the palladium wire
connected to the wire at different locations along its length. The individualg,q Fig. 1(b) when exposed to a HN, mixture at 25 °C.(a) Response of
sections of wire are all connected to each otkigr.Scanning electron mi- palladium wires that were prepared P and by lift-off to exposure to 0.5
croscope(SEM) image of a section of the palladium witd2.5 um wide vol % H, in N,. The H,/N, mixture was turned on at 60, 1800, and 3600 s.
and 25 nm thick generated using the pattern (a). (c) SEM image of a The pure N was turned on at 1000, 2800, and 4601s. Response of a

section of the copper wire45 um wide and 170 nm thickdeposited elec-  hajiadium wire prepared by.CP and subsequent removal of the SAM to
trolessly onto the patterned, thin film of palladiu(d) Resistance measured decreasing concentrations by volume ofiH N,. The inset is a plot oAR
as a function of length on both the palladium and copper wire. as a function of H concentration.

We printed octadecanethiol on palladium, and etched to, _ _ L
fabricate a long wiré~2 m; width of 42.5um:; thickness of tivity was 2.8 u{) cm; the literature values for the resistivity

25 nm with contact pads spaced along the length of the wiré Pulk and elllectrolessly plated copper are 1.7 apd2cm,

to facilitate the measurement of the resistance as a functiorr?SPECt'Vellﬁ' .

of length[Figs. Xa) and Xb)]. The underlying substrate was Palladium can be used to detect trace amounts of H

a thermally grown Si@ layer (200 nm). The resistance was because palladium reacts reversibly with hydrogen gas to
measured by a two-probe technique. The resistance valuédm PdH, at room temperature or abo¥this reaction re-
depended linearly on lengflFig. 1(d)]. The average resistiv- sults in changes in its physical properties—resistivity and
ity was calculated to be 13,80 cm: the literature value for 'eflectivity—that can be measured easily” Hydrogen-

the resistivity of bulk palladium is 10.8Qcm® We also  based fuel cellsamong other applicationsiave spurred in-
deposited copper electrolessly on this palladium Wirhe  terest in the development of inexpensive sensors ofirH
palladium wire from Fig. (b) was immersed in aqueous HF both the research and commercial sectbre.Mainstream

(1 vol%) for 10 min to remove the exposed Ti and then adoption of H-based fuel cell technology requires devices
cleaned in an oxygen plasma for 30 s to remove the althat can detect small jtoncentration$<4 vol %) rapidly>?
kanethiolates from the surface. The cleaned wire was im- The palladium wirgFigs. 1@ and Xb)] was placed in a
mersed in an electroless-plating solufibfor 30-240 st flow chamber and electrical leads were connected to the con-
Figure 1c) indicates that the copper structures produced byact pads. The wire was exposed to a stream of(giiser a

the technique are restricted to the template made of palldd,/N, mixture or pure N), and the resistance was moni-
dium; they do not possess visible defects, and they havtored. Figure ga) shows that the magnitude of the change in
electrical characteristics consistent with those expected frorresistance~3.5% AR) and the response time-10 9 as a
bulk metal. Figure (d) plots the resistance of the copper function of exposure to Hfor palladium wires prepared by

wire measured as a function of its length. The average resig:CP [either with or without a SAM(Ref. 23 on their sur-
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face] is similar to those of a palladium wire prepared by thanks the NSF for a graduate fellowship. One of the authors
photolithography and lift-off* All three samples had a slow (J.C.L) thanks the DoD for a graduate fellowship. One of
initial response timg~120 9 for the first exposure to the authors(M.L.C.) thanks the NIH for a postdoctoral
subsequent exposures all had response timesidf s. The fellowship.

sensor prepared byCP detected K concentrations as low

as 0.03 vol % in N [Fig. 2(b)] with sensitivity equivalent to

that of other palladium-based devices for _sensing.??—| "1y, Xia and G. M. Whitesides, Angew, Chem. Int, Ed. Engl, 550
These data show that the thin film of palladium retains its (1998: Y. Xia and G. M. Whitesides, Annu. Rev. Mater. S@8, 153
bulk ability to adsorb H after patterning byuCP of (1998.

alkanethiolates with no increase in response time or decrease:-M- Zhao, J. L. Wilbur, and G. M. Whitesides, Langmuig, 3257
in Sensitivity (1996; M. D. Porter, T. B. Bright, D. L. Allara, and C. E. D. Chidsey, J.

! _ ) o Am. Chem. Soc109, 3559(1987.

Sulfur is known to poison the catalytic activity of palla- 3s. wolf, Silicon Processing for the VLSI Eré attice, Sunset Beach,
dium and affect the response time of palladium-based H  1990. . .
sensors, and it seemed possible that exposureztmight J. C. Love, D. B. Wolfe, M. L. Chabinyc, K. E. Paul, and G. M. White-

infl he i f b Ikvithiol d lladi sides, J. Am. Chem. So&24, 1576(2002.
Influence the Intertace between alkylthiolates and palla: umsg 3, Moniz,Metallurgy, 2nd ed.(American Technical, Homewood, 1994

and thus the SAM/ Infrared spectra of a SAM of octade- ©See technical data sheets from Kurt J. Lesker, (novw.lesker.com

canethiol on palladium show no change in freque(vighin "See EPAPS Document No. E-APPLAB-80-032212 for experiments that

_ —1 ; ; 100, examine the defects in the Pd/SR system. This document may be retrieved
+/—1 an . ) or IntenSIty.(+/ 10%) after equsure t0.5| via the EPAPS homepagéhttp://www.aip.org/pubservs/epaps.htmdr
(0.5 vol % in Nz) for 10 min(see supplemental informatipn from ftp.aip.org in the directory/epaps/. See the EPAPS homepage for

We infer that exposure of the SAM to,Hloes not change it more information.

significantly. Thus, the RS/Pd interface seems to be transpar:We measured the rms roughness by tapping-mode ABMital Instru-
entto H ments, D3100 Multimode SPM

. . . . 9K. Kordas, K. Bali, S. Leppavuori, A. Uusimaki, and Nanai. L., Appl.
The ability to pattern palladium films directly byCP Surf. Sci. 152 149 (1999; S. L. Brandow, M. Chen, T. Wang, C. S.
extends the utility of the soft-lithographic technique in gen- Duicey, J. M. Calver, J. F. Bohland, G. S. Calabrese, and W. J. Dressick,
erating functional micro- and nanostructures. We believe thaltOJH- E&?ﬁéfoﬂ“egieizﬁ“vif‘%iﬁ’%?)é Vichel. K. Kern. and E. Dela

pal!adlum is superior 'Fo gold for use withCP in the fabri- marche, Langmuii.6, 6367 (2000.

cation of devices for five reason@) The features produced iip. c. Hidber, W. Helbig, E. Kim, and G. M. Whitesides, Langmig;
by uCP on palladium have a relatively low density 1375(1996.

(~70 defects/mrﬁ of small pits(<1 Mmz) and have rela- ET J. Hirsch, R. F. Miracky, and C. Lin, A_ppl. Phy§._ Lz, 1357(1990. _

. . . . The substrates were stored under ambient conditions but away from thiol-
tlvely smooth edgeé30—50 nm. (ii) Pa”adlur_n_ 1S Commonly containing compounds until use. We found that the best results #Gm
used as a substrate for electroless deposition of copper andesulted if the substrates were used within 48 h of their preparation.
other metals(iii) Many alloys of palladium are already used The dilution slows the rate of etching to a controllable r@&, 10-30 &
as finishes to connectors and as precision resistors in micrcl)ﬁPalladium-based substrates for electroless deposition of copper were pat-

. . . . terned previously by techniques that required lasers and positioning stages
electronic devicesliv) The chemical etchant used for paIIa- (see Refs. 9, 10, and 12Ne, and others, have demonstrated the pattern-
dium is less toxic than the Fe(Cg\?)+ etch used for gold ing of palladium colloid and palladiurtil) catalytic precursorg.CP (see
(which can generate HCN if treated incorregtlyv) Palla- Refs. 9 and 11 The direct patterning of palladium metal jpyCP does not

- . - - r _require special equipment or synthesis of precursors.
dium is catalytically active, and the ability to pattern palla 6The electroless-plating solution for copper consisted of Cu@Qy), so-

dium by uCP may be useful in generating substrates for use g, potassium tartratél4 g, and NaOH(@ g) in water (100 mb). An
in catalysis?® The disadvantage of using palladium is that it aqueous solution of formaldehyd87.2 wt%, 10 ml was added just
is ~5 times more resistive than gold0.8 .{) cm for palla- l7bef0re use. . _
dium and 2.]/.LQ cm for 90@-5 We believe that fabrication Egg\ Lewis, The Palladium Hydrogen SystefAcademic, New York,
of micro/nanostructures in palladium by soft lithography canispy can adsorb up to 900 times its own volume of ldee Ref. 19.
be incorporated into the fabrication of Si-based microelecie;, c. Barton, F. A. Lewis, and I. Woodward, Trans. Faraday 58c1201
tronic devices because palladium is CMOS compatible. (1963.

Note added in proofCarvalhoet al. at IBM in Zurich 20F, Favier, E. C. Walter, M. P. Zach, T. Benter, and R. M. Penner, Science

. .. . 293 2227 (2001); D. Dwivedi, R. Dwivedi, and S. K. Srivastava, Sens.

have carried out a similar study of the patterning of palla- 5 ators BB71, 161 (2000.
dium by microcontact printing of alkanethiols. Although our 2:m. Tabib-Azar, B. Sutapun, R. Petrick, and A. Kazemi, Sens. Actuators B
inferences concerning the mechanism by which alkanethi- 56, 158(1999; P. Tobiska, O. Hugon, A. Trouillet, and H. Gagnaiiteid.
olate SAMs confer protection against etching differ from ,,/ 168(2002.

. e - 22The mixture of air and Klis explosive at a concentration of 4 vol %, H
theirs, we agree on the characteristics and utility of the ; o P 2

. . n air.
method. See: A. Carvalho, M. Geissler, H. Schmid, B.2The SAM of alkanethiolates was removed by exposing the Pd wires to an
Michel, and E. Delamarche. Langmuir, 200t press oxygen plasma for 30 s.
(availalbe on ASAP, http://pubs.acs.hrg 24M. J. Madou,Fundamentals of MicrofabricatiofCRC, Boca Raton, FL,
’ ' R 1997.

: #Recent research describes the use of gold for heterogeneous catalysis. See
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