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observed after about 3 days. Sols that were aged for at least 4 weeks were
used for the electrical measurements

Electrode arrays were created on silicon wafers with a 1 um thick ther-
mally grown oxide layer. Gold electrodes spaced by 3 um were fabricated
by conventional optical lithography. AuPd (40/60) lines with a separation of
about 100 nm were defined by e-beam lithography using a two-layer resist
and a modified Hitachi S2300 scanning electron microscope.

Before deposition of V,0¢ fibers, the substrates were silanized for 2 min
at room temperature by immersion in a 2.5 mM aqueous solution of 3-ami-
nopropyltriethoxysilane (Aldrich), followed by thorough rinsing with pure
water and drying under a stream of air.

V305 network samples were prepared as follows: A droplet of undiluted
V,0s sol, several days old, was deposited on the electrode structure with
3 pm gaps. After 15 min, the samples were rinsed with water and blown dry
with air. For deposition of individual fibers on the electrode arrays or on
bare substrates prior to e-beam lithography, the aminosilanized substrates
were dipped into a mixture of V;0s solfwater (1:10) for 2-3 s. The substrates
were then rinsed with water and blown dry.

The samples were characterized with an SFM (Digital Instruments,
Nanoscope 111a) in tapping mode using conventional silicon cantilevers. The
electrical transport measurements were performed under vacuum with a
Keithley 617 electrometer and a Keithley 230 voltage source. The samples
showed stable transport characteristics over several days.
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Constructive Nanolithography: Site-Defined
Silver Self-Assembly on Nanoelectrochemically

Patterned Monolayer Templates**
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Dedicated to Professor Giinther Wulff on the occasion of
his 65th birthday

We have recently reported on the possibility of achieving
non-destructive surface patterning of a vinyl-terminated si-
lane monolayer self-assembled on silicon, by the applica-
tion of an electrical bias to a conducting atomic force micro-
scope (AFM) tip operated in normal ambient conditions.!’
The tip-induced transformation was shown to proceed by
local electrochemical oxidation of the top vinyl functions of
the monolayer, with full preservation of its overall molecu-
lar order and structural integrity. It was further shown that
such nanoelectrochemically patterned monolayers may be
employed as extremely robust, stable templates for the con-
trolled self-assembly of organic bilayer structures with pre-
defined size, shape, and surface location.!"

Here we show that this template-controlled self-assembly
strategy, referred to as constructive nanolithography, can be
extended to the planned construction of hybrid metal-or-
ganic surface nanostructures. Starting with a thiol-top-func-
tionalized silane monolayer (TFSM) with silver 1ons chemi-
sorbed on its outer surface (Ag -TFSM), metallic silver
nanoparticles are genecrated at selected surface sites by
either wet chemical or tip-induced electrochemical reduc-
tion of the surface-bound metal ions. As illustrated in Fig-
ure 1, the conventional wet chemical reduction (e.g., with
aqueous NaBH,) can be used to cover macroscopic surface
areas, with lateral dimensions from about 0.5 mm'? to sever-
al centimeters, whereas site-defined reduction of the silver
thiolate in the micron- down to the nanometer-size range
can be achieved with the help of a conducting AFM tip. If
desired, larger metal islands and thicker films, useful as elec-
trical contacts and current leads, may be grown by further
chemical development of the initially-generated silver parti-
cles (Fig. 1). Thus, silver metal structures are assembled ac-
cording to a predefined design, by non-destructively im-
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Fig. 1. Scheme of the site-defined self-assembly of silver metal on a thiol-top-functionalized silane monolayer (TFSM) preassembled on silicon (see text). The sil-
ver-thiolate (-S-Ag) template surface obtained by the chemisorption of Ag' ions on the TFSM surface (left side) is non-destructively patterned using either a
wet chemical reduction process (lower path) or a nanoelectrochemical process (upper path) involving the application of a DC voltage to a conducting AFM tip
(see Experimental), the slightly conducting silicon substrate being biased negatively (reductive bias) with respect to the tip. Further development of the macro-
and, nano-patterns of reduced silver particles imprinted on the Ag'-TFSM template (see Experimental) is shown to result in a thicker self-assembled silver film

(lower path). or self-assembled silver islands selectively grown at tip-defined sites (upper path).

printing chemical information on the outer surface of a
stable, solid supported organic monolayer that performs the
function of an active template for spatial control of the met-
al self-assembly. As in the site-defined bilayer self-assembly
demonstrated before,!") once an initial pattern is inscribed
on the outer surface of the base monolayer template, all
subsequent operations leading to the final desired surface
structure consist of in situ chemical modifications and self-
assembly processes only, the monolayer template being pre-
served as an integral part of the resulting final structure.
Thus, unlike lithographic methods based on resist removal
and etch pattern-transfer technologies,”) constructive nano-
lithography takes advantage of surface self-assembly pro-
cesses that, by their very nature, hold promise for attractive
new developments in nanofabrication, both in terms of the
combined chemical-architectural diversity they offer and ul-
timate achievable miniaturization, beyond the inherent lim-
its of the primary pattern inscription step. For example, as
shown in the following, processes of spatially-confined self-
assembly can be utilized to generate monolayer-bound met-
al particles (at tip-inscribed sites) significantly smaller than
the effective size of the AFM tip used for patterning.
Densely packed, defect-free, TFSMs with variable sur-
face concentrations of sulfur were produced photochemi-
cally!’! from high quality NTS precursor monolayers (NTS,
18-nonadecenyltrichlorosilane, CH,=CH-(CH» )17
SiCl;)!Y, and NTS+OTS mixed monolayers (OTS, n-octa-
decyltrichlorosilane, CH3-(CH3)1rSiCl;}“] self-assembled
on slightly conducting silicon wafer substrates similar to
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those reported before!" (see Experimental). Most of the
present work was done on mixed monolayers with a molar
ratio NTS/OTS = 1/2, which combine two desirable proper-
ties: a sufficiently large surface density of the sulfur-con-
taining functions (generated from the terminal vinyl groups
of NTS), together with enhanced surface hydrophobicity
(due to the large percentage of outer CHj3 groups contribu-
ted by OTS).P! The relatively high hydrophobicity of such
monolayers permits easy handling of the wet chemical sur-
face treatments and facilitates lateral confinement of the
chemical reduction process, by the use of well-defined non-
spreading droplets of the liquid reagents."” In-situ top-func-
tionalized monolayers obtained by this method usually ex-
pose both thiol and disulfide surface functions, the forma-
tion of the latter depending on the packing density of the
top vinyl groups in the precursor monolayer.!* Considering
the comparable silver-binding performance of the thiol and
the disulfide,' no attempt was made deliberately to control
the exact content of these functions in the different sulfur-
containing monolayers examined during this study.l For
brevity, we use here the term TFSM in a general sense, al-
though the actual percentage of thiol groups in different
TFSMs may vary, depending on the NTS/OTS molar ratios
of the respective precursor monolayers.

The formation of nanoparticles of metallic silver + free
thiol groups upon the wet chemical reduction of silver-thio-
late monolayer surface groups (carried out over macro-
scopic surface areas; Fig. 1, lower path) was confirmed by
UV-Vis spectroscopy, X-ray photoelectron spectroscopy

© WILEY-VCH Verlag GmblI1, D-69469 Weinheim, 2000  0935-9648/00/0603-0425 § 17.50+.50/0 425
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Using wet chemical reduction (Fig. 1, lower path), milli-
meter-size conducting silver electrodes could be produced
within minutes on Ag'-TFSM surfaces by a very simple
procedure consisting of sequential placement and removal
(with a pipette) of small drops of the reducing solution,
pure water, the silver enhancer solution, and again pure
water (see Experimental). The silver metal deposition was
found to be well-defined by the position and size of each
reducing drop, no metal film formation being observed out-
side the circumference of the corresponding reduced sur-
face spots. The chemical and nanoelectrochemical pro-
cesses (Fig. 1, lower and upper paths, respectively) can be
easily combined, which may be particularly useful for the
fabrication of electrical contacts between the macroscopic
world and a self-assembled nanocircuit. This is demonstrat-
ed, for example, by the successful tip-induced generation of
two silver islands at preselected surface sites near the edge
of a conducting silver electrode fabricated by the wet
chemical procedure described above (Fig. 2). It is of inter-
est to note in Figure 2 the sharp edge of the electrode and
the fact that silver metal was selectively deposited only
within those areas of the Ag'-TFSM template that were
either exposed to the chemical reducing reagent or scanned
with the tip under appropriate reductive bias prior to the
application of the enhancer solution, despite the presence
of Ag"’ ions on the entire imaged surface. This points to the
equivalence of the chemical and tip-induced processes, the
formation of reduced silver grains being effectively con-
fined to those surface sites deliberately marked with the
biased tip during the initial patterning step.

For many applications, it would be advantageous to be
able to sequentially add new elements to a growing nano-
structure, while continuously monitoring the entire build-
up process with the help of a non-destructive inspection
tool. Constructive nanolithography offers this option, as il-
lustrated by the site-defined self-assembly, 1n six separate
steps, of an array of nine silver islands (Fig. 3), using the
nanoelectrochemical reduction and development process
depicted in Figure 1. In the example given in Figure 3, indi-
vidual islands as well as a pair of islands (step 4) were
added sequentially to an initial set of three islands, the re-
sulting structure being in-situ imaged {with the same con-
ductive diamond tip used for patterning) before and after
each of the operations involved in its construction. To dem-
onstrate the flexibility of this self-assembly approach, the
last added two islands (steps 5 and 6) were intentionally
made much smaller than the first seven, with heights below
50 nm and lateral dimensions below about 0.4 um. The suc-
cessful implementation of such a sequence of site-defined
metal deposition steps is obviously a consequence of the
fact that no silver metal is deposited in the absence of in-
tentional site activation by the tip, again pointing to the for-
mation of metallic grains upon the reduction of surface-
bound silver ions under the tip.

Examples of AFM images of primary (undeveloped)
metal particles, generated by tip-induced nanoelectrochem-
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ical reduction of TFSM-bound silver ions, are given in Fig-
ure 4.1° Image A shows clusters of nanoparticles with typi-
cal heights of 2-3 nm and lateral dimensions of the

Fig. 4. Intermittent contact images (NT-MDT P47 instrument)} of silver
nanoparticles generated by tip-induced nanoelectrochemical patterning (ac-
cording to Fig. 1, upper path without development) of a Ag’-TFSM tem-
plate as in Figure 2. The two images, A and B, consist of three and two dis-
crete point features inscribed on the same monolayer surface, but with two
different tips. The pattern inscription was done (in the contact mode} with
reductive biases of 58 V between surface and tip and pulse lengths of 40-
150 ms applied at each inscribed point (see Experimental). Characteristic
particle dimensions are evident in the distance-height profiles (along the
marked lines) shown below each image.

individual particles of 20-30 nm, while in B one can see iso-
lated particles with heights of 5-6 nm and lateral dimen-
sions of about 30 nm. Since these point features, in A and
B, were produced on the same monolayer surface, but with
different tips (also used for imaging), the resulting particles
most probably reflect the interplay between tip size and
shape!' and the nucleation and growth kinetics of metal
crystallites following the reduction of silver ions present
within surface domains affected by the tip. It is thus inter-
esting to note the formation of clustered metal particles,
each particle having lateral dimensions 4-5 times smaller
than those of the cluster itself (e.g., no. 3 in image A), that
is, significantly smaller than the overall size of the tip-af-
fected domain.

By analogy with the wet chemical reduction process, the
selective deposition of silver metal from the silver enhancer
solution at the tip-inscribed surface sites strongly suggests
that, under the conditions of these experiments, the tip-in-
duced transformation indeed involves local electrochemical
reduction of the surface-bound Ag' ions to elemental sil-
ver. This view is confirmed by the results of a series of addi-
tional experiments, briefly summarized here, which provide
further insight into the mechanism of the tip-induced Ag'
reduction as well as into other possible modes of construc-
tive nanolithography.

1) Upon treatment with the silver enhancer solution, no
development was observed after the Ag'-TFSM surface
was scanned with a conducting diamond tip under reverse
bias (i.e., tip negative, Si substrate positive). Likewise, a
pattern “written” with a positively biased tip and then “re-
written” with the same tip negatively biased could not be
developed. This implies that elemental silver generated in
the reductive scanning mode undergoes oxidation when the
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(XPS), and AFM imaging,'* while the structural stability of
the template monolayers was routinely checked by taking
quantitative Fourier transform infrared (FTIR) spectra of
the investigated samples before and after each of the chem-
ical operations indicated in Figure 1.1 Silver nanoparticles
generated by such wet chemical reduction of Ag'-TFSM
surfaces could be further developed (Fig. 1) using a silver
self-assembly process that takes place exclusively around
preformed silver metal nuclei, while being practically inac-
tive at surface sites exposing unreduced silver ions only. In
this manner, once a pattern of reduced silver is generated,
further chemical deposition of silver metal would selec-

enhancer solution that deposits silver only on metal-seeded
sites.”®] The rate of deposition and total amount of depos-
ited silver were controlled by a number of adjustable pa-
rameters, such as the concentration of the enhancer solu-
tion and the time of contact with the activated surface (see
Fig. 2 and Fig. 3). The selective development of silver met-
al grains upon treatment with the enhancer solution could
thus be used as a sensitive indicator of the presence and lo-
cation of reduced silver on the treated surface. This prop-
erty was fully exploited in the nanoelectrochemical pat-
terning experiments described in the following, for an
unequivocal identification of tip-generated silver particles

and their differentiation from grainy features originating in
adventitious surface contamination, that may also show up

in the AFM images.

tively amplify it, thus resulting in effective development of
the initially inscribed chemical information (Fig. 1). This
was realized by the application of a metal-catalyzed silver

0pm Jum

Fig. 2. Topographic contact-mode AFM images ( Topometrix System) showing: (right side) portion of the edge of a millimeter-size silver electrode self-assembled
on a Ag'-TFSM template (made from a precursor mixed monolayer with a molar ratio NTS/OTS = 1/2; see text) by the wet chemical reduction and development
process depicted in Figure 1, lower path (see text and Experimental); (left side) two self-assembled silver islands grown at tip-defined sites near the electrode
edge shown in the image on the right, via the nanoelectrochemical reduction and development process depicted in Figure 1, upper path. The tip-induced redue-
tion was done with a bias of +9.0 V (applied to the same diamond-coated tip used in imaging) and a scan speed of 2 ums !, Compared to the development of the
electrode (which was done with the original silver enhancer - see Experimental), the silver enhancer solution used in the development of the two islands was di-
luted by a factor of two and the time of contact with the surface reduced from 5 min to 2 min.

Fig. 3. AFM topographic record of the six successive steps during the fabrication of an array of nine silver islands at tip-defined sites on a Ag'-TFSM template as
in Figure 2 (using the lithographic process depicted in Fig. 1, upper path). Images were taken in the contact mode (Topometrix System), with the same diamond-
coated tip employed in patterning, immediately after each development step (newly added islands are indicated by arrows). To facilitate easy visualization of the
much smaller islands added in the last two steps, images 5 and 6 are presented with expanded Z-scales. The tip-induced Ag' reduction was done with a bias of
+9.0 V (on the tip) and a scan speed of 2 ums ™, in steps 1 and 2, +10.0 Vand 1.2 ums Yinstep 3, and +10.0 Vand 1 ums *in steps 4--6. The concentration of the
silver enhancer solution used for the development of the last two islands was lowered by a factor of 250 compared with that used for the other islands (for which

the original enhancer solution was also diluted by a factor of two - see Experimental) and the time of contact with the surface reduced from 30 s to 15 s,

426 @ WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2000 0935-9648/00/0603-0426 $ 17.50+.50/0 Adv. Mater. 2000, 12, No. 6
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same scan is repeated in the oxidative mode. Scanning
again the same area in the reductive mode (tip positive) en-
abled development, which implies reversibility of the oxi-
dation process.

2) No development was found to occur when Ag'~TFSM
surfaces were scanned in an atmosphere of dry nitrogen, ir-
respective of the bias applied to the diamond tip. This
clearly indicates that the tip-induced reduction of Ag'-
TFSMs, like the previously reported tip-induced oxidation
of NTS monolayers,!) is a water-mediated faradaic pro-
cess!'!! in which atmospheric water vapor condensing at the
tip!'? plays an essential role.!”! The formation of elemental
silver conceivably involves electrochemical reduction at
the Ag'-TFSM surface (cathode) and oxidation of water at
the tip (anode):

at the surface (negative)
4R-S"Ag' + d4e” + 4H,0 — 4R-SH + 4Ag" + 4OH" (1)

at the tip (positive)
2H,0 - O; + 4H™ + 4e” (2)

overall process

4R-S"Ag" + 2H,0 — 4R-SH + 4Ag" + O, (3)

3) No deposition of silver from the silver enhancer solu-
tion was observed on a monolayer of OTS/Si or on bare sil-
icon (after scanning with the diamond tip in the reductive
mode), which confirms that no spurious surface processes,
unrelated to the template-bound Ag" ions, could be respon-
sible for the observed effects.

4) Finally, rather intriguing results were obtained when,
in an attempt to locally deliver Ag' ions to a silver-free
TFSM surface, the diamond-coated silicon tip was replaced
with a silver-coated silicon nitride tip. In air, the reductive
scanning mode (tip positive) produced a pattern that could
not, however, be developed with the silver enhancer solu-
tion. On the other hand, development occurred when the
reductive scanning was done under dry nitrogen. No effect
was observed, either in air or in the dry nitrogen atmo-
sphere, when the TFSM was scanned under reverse bias
(tip negative) or without electrical bias. These observations
can be rationalized if we assume that in humid air the pos-
itively biased silver tip (anode) is oxidized"'! and silver
oxide or hydroxide particles rather than Ag' ions are re-
leased to the TFSM surface (cathode), where water is re-
duced:

at the tip (positive)

2Ag" + H,O -Ag,0 + 2H' + 2¢” (4)
at the surface (negative)

2H,0O + 2¢” - H, + 20H {5)
overall process

2A¢" + H,O - Ag,O + H, (6)
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In dry nitrogen, a water-free electrochemical process oc-
curs, whereby Ag® ions generated at the positive silver tip
adsorb on the negative TFSM surface, where further rapid
reduction to elemental silver occurs:

at the tip (positive)
Ag'— Ag+ e (7)

at the surface (negative)
R-SH + Ag' + ¢ — R-SH + Ag’ (8)

overall process
transfer of Ag” from tip to surface (9)

Taken together, the combined results of the present de-
scribed “macro-" and “micro-size” experiments provide
conclusive evidence for the feasibility of site-defined self-
assembly of silver metal on both chemically and nanoelec-
trochemically patterned monolayer templates with sulfur-
containing outer groups. Two modes of non-destructive
patterning with clectrically biased AFM tips were exam-
ined, both of which generate an initial, template-stabilized
pattern of elemental silver grains, which can be further
developed by treatment of the surface with a silver enhanc-
er solution. In one mode, Ag' ions bound to the surface of
the template are locally reduced with a silver-free conduct-
ing tip operating in normal ambient conditions, whereas in
the second mode, elemental silver is locally transferred
from a silver-coated tip to a silver-free template surface
scanned under dry nitrogen. The available evidence sug-
gests that a water-mediated faradaic mechanism is, most
probably, operative in the first mode, whereas the second
mode involves a dry electrochemical process facilitated by
the direct contact between oppositely biased tip and tem-
plate. The net result of the latter process may thus be re-
garded as representing electrically-driven transport of sil-
ver metal from the tip to a stable, silver-binding monolayer
surface, the tip acting here as a nanometric solid-state
“fountain-pen” that delivers a solid “ink” (silver metal) to
a “paper” consisting of a functional surface with chemical
affinity for this particular “ink> 1]

In conclusion, proof-of-concept experiments have been
carried out demonstrating the possible utilization of con-
structive nanolithography as a versatile approach to the in
situ chemical fabrication of spatially defined metal struc-
tures on organic monolayer templates. It was further shown
that a simple change of experimental conditions, involving
the tip material, the composition of the template surface,
and the composition of the ambient atmosphere, may result
in a different, yet useful mode of nanoelectrochemical sur-
face patterning, which points to the versatility and wide ap-
plicability of the method.

While the present proof-of-concept study was not in-
tended to explore the limits of miniaturization achievable
by the described new approach, we should emphasize that,
in principle, it offers attractive options for miniaturization
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beyond the smallest surface features that might be directly
generated through the patterning process (Fig. 4A). This
follows from the fact that a 3D object, such as a metal or
semiconductor particle, grown from a sub-monolayer sup-
ply of surface-bound metal ions (available within a litho-
graphically defined 2D monolayer domain with limited ion
binding capacity), must necessarily be smaller than the do-
main itself. Relying on such processes of “laterally con-
fined” self-assembly and growth rather than on etch and re-
moval of material, constructive nanolithography is (unlike
most other lithographic schemes) intrinsically adapted to
transcend the limits of miniaturization inherent in the pri-
mary patterning process itself. This aspect, currently inves-
tigated by us, holds great promise for a series of future
applications, particularly 1n nanoelectronics,' that are cri-
tically dependent on the ability to assemble and address
complex functional structures with precisely defined nano-
metric dimensions.

Experimental

The precursor monolayers were prepared as described before [1], on dou-
ble-sided polished p-type silicon wafer substrates (Semiconductor Process-
ing Co., 0.5 mm thick, orientation <100>, resistivity 8-11 Q cm). For the
mixed monolayers, use was made of adsorption solutions with NTSOTS
molar ratios equal to the desired surface molar ratios [16]. The thiol/disul-
fide top functions were in situ introduced, through the photo-induced rad-
ical addition of HS to the terminal ethylenic double bond of NTS [4]. Ad-
sorption of Ag* ions from a 10 M aqueous solution of silver acetate on the
TFSM surfaces, followed by rinsing with pure water in order to remove sur-
plus silver solution that may stick to the surface [4]. finally completed the
preparation of the Ag'-TFSM templates.

Most nanopatterning experiments were carried out as before [1] (the sur-
face being now negatively biased with respect to the tip) with a Topometrix
TMX 2010 Discoverer system using boron-doped chemical vapor deposited
(CVD) diamond-coated silicon probes [1] or silicon nitride probes that were
coated with silver by metal evaporation. The images shown in Figures 2 and
3 were taken with the same probes (without electrical bias) in the contact
mode, with minimal contact forces, typically 50 nN or less, including the in-
herent tip-surface attraction.

The pattern inscription and imaging of the features shown in Figure 4
were done on a NT-MDT P47 instrument. Probes were conductive W-(C-
coated silicon tips (Silicon-MDT) with normal spring constants of 0.5-2 N/m,
resonance frequencies of 60-180 kHz, and Q of 80-140. These characteristics
allowed using the same probe in both contact and intermittent contact
modes. The former was used for pattern inscription, and the latter (without
electrical bias) for imaging [9]. Pattern inscription was carried out using the
system software, which allows defining a dwell time and voltage bias for each
point of the pattern. In order to produce small feature size, the features were
written as single points. This could be done by holding the sample at ground
potential and applying a positive pulse to the tip, or holding the tip at ground
potential and applying a negative pulse to the sample. Except where other-
wise mentioned, the entire AFM patterning and imaging work was done un-
der normal ambient conditions (23-25 *C, 50-60 % relative humidity).

For the wet chemical Ag' reduction, drops of a 107> M aqueous solution
of NaBH, were placed on the Ag'-TFSM surface for about 2 min, then re-
moved and the surface rinsed with drops of pure water. The development of
the silver grains generated in the initial Ag" reduction step was accom-
plished with a commercial silver enhancer solution (Sigma, Silver Enhancer
Kit) which was further diluted with pure water when lower metal deposition
rates were desired [4]. Drops of the enhancer solution were placed on the
template surface for the specified periods of time, then removed and the sur-
face rinsed with drops of pure water. The remowval of the drops was done by
suction with a sharp pipette without any visible traces of liquid being left on
the surface [5].
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