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ABSTRACT

Nanoparticles of Au, Pd, and Pt form spontaneously as thin, morphologically complex metallic films upon various semiconducting or metal
substrates such as Ge(100), Cu, Zn, and Sn, via galvanic displacement from aqueous metal salt solutions. Patterning of these high surface
area metal films into ordered structures utilizing photolithography, microcontact printing (#-CP), and dip-pen nanolithography (DPN) is
demonstrated on flat Ge(100), and (for u-CP) on rough Zn foil.

There is presently enormous interest in patterning surfacessemblies is essential for their subsequent incorporation into
with micro- and nanometer resolution for both fundamental higher order architectures and deviée%

investigations and technological applicatidnBecent de- The first patterning motif tested, photolithography, was
velopments, such as dip-pen nanolithography (DPM)  carried out as outlined in Figure 2a. Approximately 0.1 mL
microcontact printing-CP); employ a liquid-phase “ink”  of neat dodecene was applieda 1 cn? hydride-terminated

to pattern a solid “paper” substrate. Established inks for DPN Ge(100) surface, which was subequently exposed to 254 nm
and u-CP include thiol$, DNA,* polymers} proteins}® Uy light (9 mW cnt2intensity) through a metal grid contact
hexamethyldisilazanalkylsiloxanes’, palladium colloids, mask under an inert atmosphé#elhe illuminated regions
sols (Al, Si, Sn oxides)? metal complexe$; and gold®? In undergo hydrogermylation at room temperature within thirty
this paper, we demonstrate that Au, Pd, and Pt nanoparticleminutes. A related functionalization approach has been
films, produced through a spontaneous electroless depositionshown on silicor#* This leads to spatially defined-25 um-
reaction, are amenable to patterning via photolithography, sized domains of dodecyl and hydride. Immersion of the
u-CP, and DPN. Because many properties of the Au, Pd, hydride/alkyl surface into aqueous noble metal salt solutions
and Pt nanoparticle films, including film thickness, particle results in preferential deposition in the hydride areas since
size, and roughness, can be controliedhey are of  the alkyl monolayer functions as an effective dielectric barrier
importance for the interfacing of nanoparticles with metals (Figure 3). The hydride surface oxidizes in-situ and subse-
and semiconductors; ¢ the development of high surface quently dissolves in the aqueous medium. Metal salt reduc-
area catalyst¥, SERS!® and other application'$.Examples tion and deposition can then occur, leading to metallization
of thin, well adhering nanoparticle films prepared via between the alkylated domains. In this case, the germanium
immersion of Ge(100) and metal substrates into dilute, oxide dissolves in watée¥, leading to intimate electrical
aqueous solutions of Augl, PdCL?~, or PtCl?~ salts are  contact between the semiconductor bulk and the metal salts
shown in Figure 1. Deposition proceeds via galvanic and affording a faster rate of deposition. In the case of silicon,
displacemenif in the absence of fluoride, pH buffers, however, this approach is not feasible because the native
complexing agents, or external reducing agents, in contrastoxide has been shown to effectively prevent metal deposition
to earlier work?*~% Patterning of these particle film as- due to its insolubility in watef? Attempts to use spatially
defined regions of hydride/oxide to drive patterned metal
* Corresponding author. E-mail: buriak@purdue.edu deposition were partially successful, but the similar deposi-
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Figure 1. SEM images of (a) an Au nanoparticle film deposited spontaneously in 90 min on a Ge(100) sunface froM aqueous
AuCl,4~ solution; (b) Pd and (c) Pt on a Ge(100) surface, formed from aqueous 1 m\M?Pd@t PtCJ?~ for 120 min; Pt films on (d) Zn
and (e) Cu foils utilizing an aqueous 20 mM P#lsolution for 10 s; (f) Pt on Sn foil deposited from a 20 mM R#Clsolution for 5 min.
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Figure 2. Outline of the three patterning approaches investigated: '0'
(a) photolithography, (b) microcontact printing-CP), and (c) dip- LLm
pen nanolithography (DPN).

Figure 3. Scanning electron micrographs of photopatterned
deposition of Pd upon a Ge(100) surface. Hydrogermylatlon of
tion rates on the two interfaces did not lead to adequate 1-dodecene by the Ge(166Hi, surface, mediated by UV light in
selectivity (see Supporting Information). the unmasked areas results in dodecyl termination in the square
Contact methods were then attempted to yield micro- and régions; the grid lines remain hydride terminated. The organic
nanosized features on surfaces (Figure 2BLP is shown monolayers act as an effective ultrathin resist and immersion in
o . . aqueous 2 mM aqueous Pd&l for 30 s results in selective
to pattern noble metal deP‘?S'tlon on germanium using both deposition within the hydride-terminated grid lines.
hydrophobic and hydrophilic polydimethoxysilane (PDMS)
stamps. Negative patterning yields highly regular, micron- slowly on the germanium oxide interface, the solution was
scale deposition on Ge(100). Because Fd@ reduced only  dropped upon the surface and was immediately pressed with
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Figure 5. Au line (550 nm long, 30 nm wide, 10 nm in height)
drawn in air through DPN of a native oxide coated Ge(100) surface.

In conclusion, electroless deposition of noble metal salts
on semiconducting and metallic substrates leads to morpho-

patterned Ge(100) surface tia 2 mMaqueous PGl solution. logically complex, nanostructured films that can be patterned

The bright areas represent areas of Pd deposition, whereas the darfough photolithographyy-CP, and DPN. The extent to
areas represent unreacted Ge. (b) SEM image of a negativ@f  Which these techniques are useful for the patterning of other
patterned Zn foil wih a 2 mMaqueous solution of Pt&f for 30 paper and ink combinations is being established. The
s. The dark areas are unreacted Zn, and the light lines, the depositegy,glecular contact between the metal particles and the
PL underlying substrate is presently under investigation to
determine their use as nanoscale electrical contacts for
an oxidized, hydrophilic PDMS stamp. Light pressure was interfacing a range of different organic and biomolecules and
applied to push excess agueous metal salt solution from thefor catalytic and sensor applications, among others.
stamped interface. After 10 minutes, the stamp was removed
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Figure 4. (a) Scanning electron micrograph of a negativelZP
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