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Abstract

Wires with meso-scale and nano-scale widths have been fabricated using a novel templated cluster assembly tech-

nique. Soft-landed Sb clusters are assembled into wires at the apexes of V-grooves (widths 2–7 lm) formed in Si

substrates using anisotropic KOH etching. Two methods for forming nano-wires using templated cluster assembly have

been demonstrated. Depending on the chosen method of wire formation, the Si V-grooved substrates are either

thermally passivated with SiO2, or passivated with SiO2 and then coated with evaporated Ti/Au. On passivated sub-

strates, the metallic wires are formed directly by aggregation of the Sb clusters. On metallised substrates, Ar-plasma

etching was used to remove the Ti/Au film around the Sb cluster wires to produce nano-scale width (�100 nm) Ti/Au

wires. Following a selective wet chemical etch, Energy Dispersive X-ray analysis confirmed the complete removal of the

Sb cluster assembled mask from the substrate, and the presence of Au wires within the passivated V-grooves.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Atomic clusters show great potential as building

blocks for nano-scale electronic and photonic de-

vices [1–5]. In many of the proposed applications it

will be necessary to produce cluster chains or wires

to form devices and interconnects. An attractive
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feature of this method is that the width of wires

can in principle be controlled by the size of its

constituent clusters. Various groups have shown

that cluster diffusion can be arrested by defects or

surface steps to generate cluster-chain structures

resembling wires [6–9]. However, the fact that

these experiments have been performed on sub-
strate materials which are incompatible with

standard microelectronics processes, and that they

rely on surface defects with random locations,

means that scaling them up for mass-production is
ed.
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improbable. Si would be one of the most desirable

choices in order to address substrate compatibility

problems and Si [10] and SiO2 passivated Si [11]

substrates have already been used in conjunction

with optical photoresist templates to form un-

contacted wire-like chains of clusters. The cluster
assembly in [10,11] still relies on diffusion of clus-

ters to promote wire growth at the template edges

and therefore cluster aggregation at surface defects

away from the intended templates is a likely fea-

ture of both processes.

Two methods for forming nano-wires on V-

grooved Si substrates through momentum driven

assembly of clusters are reported here. In both
methods assembly of the cluster wires occurs be-

cause the momentum of the deposited clusters

causes them to move to the apex of the V-groove,

where they assemble into a wire. Since diffusion is

not an important factor, the assembly process is

insensitive to surface defects.

In the first method, Sb cluster-assembled wires

are formed on passivated V-grooves and conduc-
tion occurs through a cluster chain. In the second

method, clusters assembled onmetallisedV-grooves

are used as etch masks and planar nano-wires are

created from the underlyingmetallic layer using dry,

anisotropic etching. Standard optical lithography is

used to form the V-groove and ensures accurate

control over the position of thewire. Sb clusterwires

of width �100 nm have been produced on SiO2

passivated V-grooves, whilst Au/Ti wires with

widths of �100 nm have been produced using dry

etching around Sb cluster wire masks.
2. Fabrication of passivated metallised V-grooved

substrates

Prior to cluster deposition, passivated and

metallised V-grooved Si h100i substrates were
Fig. 1. Cross-sectional diagram of a V-groove templated (a) passivated
prepared using standard optical lithography. The

Si wafers were cleaned and thermally oxidised in a

dry furnace at 1050 �C for 1 h to produce an oxide

layer of thickness 120 nm. A Suss MA6 aligner was

used to expose AZ1500 photoresist with 2–5 lm
wide slots which were developed and transferred
into the underlying oxide layer using buffered-HF

etching. The resist was removed from the sub-

strates and they were placed in 40% wt KOH so-

lution heated to 65 �C in a temperature controlled,

ultrasonic bath. 5% IPA was added just before the

substrates were introduced and served as a sur-

factant for the etching process. Complete V-

grooving occurred in 5–10 min (depending on the
slot width). After the V-grooves were fully etched,

the substrates were stripped of oxide (using HF)

and cleaned in piranha solution (1:4 by vol.

H2O2:H2SO4). Passivation of the entire substrate

surface with SiO2 (thickness 120 nm) was once

again achieved using dry oxidation with the same

process parameters as those used for initial oxi-

dation. Finally, for samples on which the cluster-
assembled wires are to be used as an etch mask, Ti

(7 nm adhesion layer) and Au (25 nm top layer)

were evaporated onto the passivated, V-grooved

substrates. The layer structure of passivated and

passivates/metallised V-grooved samples are

shown in Fig. 1.
3. Cluster deposition

The Sb clusters used for templated-assembly

within the passivated/metallised V-grooves are

produced in, and deposited from, an inert gas

aggregation source [12] as shown in Fig. 2. The

metallic vapour necessary for cluster production

is produced from a crucible containing Sb which
is heated in a source chamber using a tungsten
Si substrate, (b) metallised substrate, prior to cluster deposition.



Fig. 2. Schematic diagram of the inert gas aggregation source

for metallic cluster production [12].
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filament. The crucible temperature is monitored

and controlled via a thermocouple mounted in the

base of the crucible. Ar is fed through a flow

controller and then directly into the source

chamber where it assists in the condensation/ag-

gregation process required for cluster growth.
Once the crucible temperature is raised sufficiently

to achieve a vapour pressure of 0.1–1.0 mbar,

clusters are grown from the supersaturated me-

tallic vapour. A source exit nozzle generates an

argon/cluster output beam which is directed

through nozzles in two differential pumping stages

and finally into a high vacuum chamber (base

pressure �10�6 mbar). The high vacuum chamber
houses a sample arm/shutter mechanism and a

deposition rate monitor. The sample arm is de-

signed to carry multiple non-contacted V-grooved

substrates, or one contacted sample.

The source Ar inlet flow-rate is used to control

the average momentum of the clusters. When

operating the source with Ar flow-rates above 100

sccm, clusters landing on 4 lm wide SiO2 V-
grooves bounce or slide until they reach the

apexes where they accumulate to form wires,

whilst almost all clusters landing on the plateaus

(between the V-grooves) have sufficient momen-

tum to be reflected from them. For the purposes

of nano-wire fabrication, the Ar flow-rate is se-

lected to ensure that clusters landing anywhere

within the ‘mouth’ of the V-groove were driven to
its apex. The deposition rate for a given gas flow

rate is adjusted via the temperature of the source

and is monitored with a quartz crystal film

thickness monitor (FTM) mounted behind the

sample and in line with the cluster beam. A
measured deposition rate of 0.3 �A/s, with Ar flow-

rate of 150 sccm, produces wires with nano-scale

widths on 3 lm wide V-grooves in approximately

120 s. For Sb, the crucible temperature is typically

between 550 and 580 �C in order to achieve this

deposition rate. An electronic shutter attached to
the sample arm is opened in order to begin de-

position onto the sample at room temperature.

Following the deposition, samples are removed

from the vacuum system and the cluster films are

inspected.
4. FE-SEM/energy dispersive X-ray analysis of
nano-wires

Fig. 3 shows field-emission scanning electron

microscope (FE-SEM) images of Sb clusters de-

posited with Ar source inlet flow rate of 150 sccm

on SiO2 (a) and metallised/passivated Si V-grooves

(b). In both Figs. 3(a) and (b) cluster assembly has

taken place at the apex of the V-groove and cluster
free regions exist on the walls of the groove above

the apex.

The cluster-beam spot is more intense in the

centre than at the edges, and was �2 mm in di-

ameter. At the centre of the cluster-beam spot,

clusters accumulate and back-up on each other at

the apexes of the V-groove and the larger density

of clusters means that the width of the wires
formed there is larger than those formed at the

edge of the beam spot. Across the entire area of the

beam spot, cluster coverage on the plateaus be-

tween the V-grooves is well below the percolation

threshold required for conduction [3].

Oxidation effects have been seen in previous Bi

cluster deposition experiments [13] and pre-

liminary conductivity measurements taken from
contacted Sb mesowires suggest that rapid oxi-

dation of the constituent clusters occurs when

they are deposited in high-vacuum conditions. As

a result, an investigation was carried out in which

Sb cluster assembled wires were used as a mask

for anisotropic etching of metallic films beneath

them (the process diagram is shown in Fig. 4). In

this way it was hoped that it would be possible to
produce non-oxidising Au wires with widths

comparable to those of the Sb cluster wires



Fig. 3. Sb clusters assembled at the apex of (a) a SiO2 passivated V-groove, (b) a Ti/Au coated V-groove.

Fig. 4. Cross-sectional diagrams of substrate with cluster-assembled wires on Si/SiO2/Ti/Au layers (a) pre-RIE, (b) post Ar plasma etch

and (c) post wet selective Sb etch.
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themselves. FE-SEM images of an anisotropically
Ar plasma-etched Ti/Au wire are shown in Fig. 5.

The Ar-plasma etch parameters for the wire in

Fig. 5 were Ar flow-rate: 70 sccm, process pres-
Fig. 5. FE-SEM images of Au nano-wires created beneath Sb cluster

is shown in (a), (b) shows (at higher magnification) the morphology
sure: 0.05 mbar, DC bias: )460 V and RF power:
200 W. The etch process took 270 s. Following

the plasma-etch, a wet selective etch was used to

remove the Sb mask. (This selective etch consisted
assembled nano-wires. The Au/Ti wire and passivated V-groove

of the wire.
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of 100 ml deionised water, 25 g citric acid and 10

g ammonium molybdate. The immersion time was

360 s at room temperature.)

The maximum and minimum widths of the

wire were �300 and �100 nm, respectively, over a

length exceeding 100 lm. The wire demonstrates
the same selective formation properties as the Sb

cluster assembled wires: following the dry etch

process no parasitic conduction paths existed on

the planar substrate areas or on the V-groove

walls. The 120 nm thick SiO2 passivation layer

was etched back 10–20 nm by the Ar plasma

process – this figure could be reduced further by

timing the process more precisely. Redeposition
of Sb cluster material occurs on the V-groove

sidewalls during the plasma etch but is not sig-

nificant enough to cause masking of the metallic

film there.

Energy dispersive X-ray (EDX) analysis was

performed on the Sb cluster masked samples fol-

lowing the Ar-plasma process and after the selec-

tive etch process. EDX scans covering the entire
substrate confirmed the presence of Sb and Au

prior to the selective etch, whilst peaks corre-

sponding to Au but not Sb were recorded after-

wards. It was therefore concluded that the

remaining wires were Au.
5. Conclusion

In this paper the momentum-driven assembly of

Sb atomic clusters (deposited from an inert gas

aggregation source) on passivated, V-grooved Si

substrates has been described. The V-grooves are

formed using optical lithography and established

Si processing techniques. Large arrays of V-

grooves can be fabricated and clusters deposited
onto them to produce hundreds of nano-wires in a

‘parallel-write’ process. Using momentum-driven

cluster assembly on SiO2 passivated Si substrates,

continuous cluster wires with widths down to

�100 nm (1/40th of the optically defined V-groove

width) have been produced.
Ti/Au nano-wires with minimum widths of less

than 100 nm have also been produced using Sb

cluster-assembly on Ti/Au coated V-grooved Si

substrates. Here the Sb cluster wires are used as a

mask and Ar-plasma etching transfers the dimen-

sions of these wires into the underlying Ti/Au film.
This latter method offers the ability to fabricate

nano-wires from materials which cannot be de-

posited from an inert gas aggregation source.
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