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Abstract. We present an overview of template synthesis as it applies to our nanomaterials research. This
bottom-up approach is motivated by our desire to find an alternative to the big, top-down approaches to
nanoscience, such as clean-rooms and X-ray lithography. Using universally available templates and mate-
rials, and very modest synthesis techniques, we have created a variety of interesting and useful structures.
Starting with homogeneous ferromagnetic nanowires, we were able to study and manipulate spin-dependent
transport. Next, we branched into multi-layer GMR and spin-valve structures for spintronics. As a side trip,
we put carbon-encapsulated fullerene nanoparticles into nanopores for ballistic magnetoresistance studies.
Carbon nanotube molecules were grown in templates by CVD self assembly. The carbon nanotubes grown
using a cobalt catalyzer show spin-valve, ballistic transport, and Coulomb blockade effects. Very recently,
we have started to study templated semiconductor nanorods with the amazing result that their behaviour is
very similar to that of the carbon nanotubes and can be reduced to a scaling law. Essentially, the template
acts as a skeleton for the nanoscale synthesis and macroscale contact of an infinite variety of materials and
structures. It is our hope that by the following examples we demonstrate that high quality nanoscience
research is available to everybody.

PACS. 73.23.Ad Ballistic transport — 73.23.Hk Coulomb blockade; single-electron tunneling — 75.75.4-a
Magnetic properties of nanostructures — 81.16.-c Methods of nanofabrication and processing — 81.16.Be

Chemical synthesis methods — 81.16.Dn Self-assembly

1 Inspiration

Forty-five years ago Richard Feynman gave a talk titled
‘There’s Plenty of Room at the Bottom’. Here he de-
scribed a new realm of science on the small scale, where
new properties would be discovered and things could be
made at the molecular and atomic level like nature does
everyday. It is from this speech that the term ‘bottom-up’
was born. Today the philosophy of small is realized par-
ticularly in the electronics industry and is formalized in
Moore’s law. The processes used by science and electron-
ics to make increasingly smaller ‘nano’ scale depends on
big instruments and artificial environments like high vac-
uum chambers and clean rooms. The reliance on big ma-
chines to make small devices is very confining and limits
nanoscience to megabucks. This dependence on ‘hi-tech’,
‘low-pressure’, ‘clean-room’ facilities is not necessary, crip-
ples science, and leaves it in the hands of the financially
blessed.

Much of the progress in nanotechnology has been
achieved in the electronics industry. So successful is it that
now research is following the initiatives of industry and re-
search funding seems to be totally co-opted by this trend.
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It is very ironic that in order to make things small one has
to be very big.

Many researchers are trying to bridge the micro-nano
gap by reducing the size of existing materials and struc-
tures. As devices become smaller and faster, properties
change due to size and limits are found. For example,
the capacitance and carrier mobility of silicone limits its
speed. Vacuum sputtered aluminium was found to be too
resistive for device interconnects and the unthinkable pro-
cess of aqueous copper electrodeposition was introduced
into the temple of ‘clean-room’ fabrication. Lithography
can be improved to approach atomic scale dimensions [1].
The cost and difficulty, however, will mount, once again
leaving the small guy in the cold.

Another drawback of the mega/industrial approach to
nanoscience is that it is cumbersome and difficult to ma-
noeuvre. It is necessary to “retool” every time there is a
change of technology. If a researcher decides to a use a new
material he could be guillotined for polluting a molecular
beam epitaxy (MBE) chamber by a new or magnetic ele-
ment. A tremendous advantage of template synthesis, elec-
trodeposition, and chemical vapor deposition (CVD) are
the ease and speed with which they can be changed and
applied to new research areas. Therefore, there are still
many opportunities to explore other means of nanoscience
and nanoscale fabrication. In these few pages we show that



4 The European Physical Journal Applied Physics

Fig. 1. Self-assembled biological templates.
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Fig. 2. Scheme of the template synthesis of nanowires. This scheme is of the synthesis of Co/Cu multiplayer nanowires.

with template synthesis one can address nanotechnology
in a small but significant and fundamental way.

The role of the template is two fold. First, it allows
the reproduction of the structure with the best possible
reproducibility and plays the role of a skeleton in order to
organize the different functions of a device, the active com-
ponents and the different interfaces (building blocks, elec-
tric contacts, gate voltage, bias fields, optical sensors. .. )
on a rigid body, Figure 1. For example, the role of the tem-
plate is to allow the manipulation of the building blocks
without the need of a microscopic tip (no systematic use
of atomic force microscopy, AFM, or scanning tunnelling

microscopy, STM) or without the need of top-down pro-
cesses (lithography, FIB, or lift-off). Second, it is used to
link the structure to the macroscopic word, i.e. the con-
tacts.

In the scheme of template synthesis it is possible to
identify three different steps: (1) the creation of the build-
ing blocks, (2) the assembly of the building blocks into a
functional architecture within the template, and (3) the
fabrication and control of the contact to the macroscopic
world. The first and second steps coincide for metal-
lic nanowires or semiconductors and are made by elec-
trodeposition, Figure 2. For carbon nanotubes and silicon
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nanowires a catalytic layer is made by electrodeposition
followed by CVD for the carbon nanotubes or solid-
liquid-vapour growth for the silicon nanowires. The final
step, and perhaps most important, is the contact of the
nanoscale object to the macroscopic world.

2 Templates

Template synthesis of nanostructures has developed inde-
pendently [2] in various fields of nanotechnology and many
good reviews are available [2-22]. The most common tem-
plates are ion-track etched membranes [9] and anodized
aluminium [23].

Ton-track etched membranes are made industrially for
filters and the science of ion-track templates is well de-
veloped [24]. Possin was the first to electrodeposit metal-
lic nanowires in the diamond shaped pores of ion-track
etched mica for superconducting studies of Sn nanowires
in 1970 [25]. He was able to produce a membrane template
by etching the latent ion-tracks produced by uranium in
muscovite mica [24]. Next, Possin used the membrane as
a mould, template, to electrodeposited wires of In, Sn,
and Zn as small as 30 nm and 10 microns long. Due to
the low density of pores and resulting wires, he was able
to contact single nanowires. Five years later, Kawai and
Ueda electrodeposited cobalt and nickel into the pores of
alumina and proposed possible applications for magnetic
memory [26]. In 1984 Williams and Giordano improved the
techniques of Possin to produce 8 nm diameter wires [27].
By the late 80’s and early 90’s Vetter and Sphor, Whitney
et al., and Martin extended metallic electrodeposition to
ion-track etched plastic membranes [2—4,28,29]. Charles
Martin also coined the term ‘template synthesis’ [2,30] as
well as extensively developing the technique. Since these
seminal experiments, the use of template synthesis for
nanowires has exploded [8-10,12,14-16,18,20,21,31-43].

The variety of materials includes but is not lim-
ited to: magnetic nanowires and superlattices for
anisotropic magnetoresistance, AMR, giant magnetore-
sistance, GMR, and tunnelling magnetoresistance, TMR,
memory applications [7,11,32,44-67], polymer nanowires
and nanotubes [68,69], semiconductor nanowires [70],
rectifiers [37,71,72], single-crystal nanowires [36,73-85],
superconducting nanowires [86-90], and transistors [91].
Also, there is continued use of track-etched mica [92-94].
The aim of this article is to give a superficial overview of
the our results with template synthesis and to call atten-
tion to our unique contributions in this important field.

Ton-track etched plastic templates, like mica, have been
exposed to an ion source [24]. The ions form randomly
spaced damage tracks through the membranes that can
be chemically etched to remove the damage path leav-
ing nanodimensional holes that transverse the membrane,
Figure 3. These membranes are commercially available as
filters and are usually polycarbonate with pore diameters
ranging from 10 nm to 2000 nm [95].

The anodization of aluminium to form a nanoporous
membrane is of intense technological interest as a self-
assembled template [23,39,96-108]. Alumina membranes

Fig. 3. SEM micrograph of a commercial ion-track etched
polycarbonate membrane.

and electrodeposition inside the pores are now being
developed due to the possibility of making arrays of
carbon nanotubes of controlled length and pore diame-
ter [13,109-122]. Anodization is an electrochemical pro-
cess by which nanosized pores self-form in an insulating
oxide film of alumina. The diameter and length can be
varied from 5 to 300 nm, Table 1, and the length de-
pends on the anodization time. For different electrolytes
the typical pore diameters increase from 5-33 nm for
H5SO4 to 30-70 nm for oxalic acid and 150-267 nm for
H3POy,, depending on the voltage. These pore diameters
are often overstated because many studies follow anodiza-
tion by pore widening in H3PO,4 to improve the unifor-
mity of the membrane and remove any residual oxide at
the pore bottom. Highly ordered porous alumina has a
porosity of 10% [123] with very high pore densities of
10! pores/cm?. The pore diameter growth rate increases
with increasing voltage by 1.29 nm/V and the pore spacing
by 2.5 nm/V [96]. These values are obscured by changes in
solution temperature and electrolyte concentration. The
popularity of alumina is due to its exceptional thermal
properties (necessary for CVD applications), ease of fabri-
cation, and its versatility as far as pore diameter and pore
length. Porous aluminium is widely used for the formation
of metallic and semiconductor nanowires [13,82,123-144].
and even carbon nanotube transistors [145].

Recently, a new type of self-assembled template has
been developed [152]. It is made by the annealing of spin-
coated diblock copolymer between two electrodes under a
DC field. This results in a template of controlled thickness
with pore densities comparable to alumina, ~1x10*! /cm?.

3 Samples
3.1 lon track-etched membranes

Most of our efforts are concerned with ion-track etched
membranes for nickel nanowires, Co/Cu multilayers, and
Co/Cu/Co pseudo spin-valves [153-168]. A polycarbonate
membrane like that in Figures 2, 3, and 4a can be used for
nanowire formation in the following manner: first, through
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Fig. 4. Steps of sample fabrication using ion track-etched polycarbonate membrane: (a) membrane, (b) sputtered gold contacts,
(c) sample holder, (d) membrane on holder with contacts, and (e) Kapton isolation of sample holder and membrane for

electrodeposition.

Table 1. Pore diameters and anodization conditions from selected references.

Reference  Pore Diameter Voltage Temperature (°C)  Electrolyte
(um)
[146] 58 15 10 10% H>503
30 40 20 3% Oxalic acid
150 130 7 10% H3POy4
[121] 22 27 2 3 M H,S0,4
[147) 28.6
[148] 45 40 0 0.2 M Oxalic acid
[149] 70 30-60 1 0.3 M Oxalic acid,
35 18-25 1 20% H2S04
[150] 40-50 Oxalic acid
10-15 H2S504
[116] 33 40 15 0.2 M Oxalic acid
[111] 10 15 15% H2S0,4
50 45 0.3 M Oxalic acid
[122] 35 40 12 0.3 M Oxalic acid
[151] 33 25 10 1.7% H2S04 (0.3 M)
67 40 1 0.3 M Oxalic acid (2.7%)
267 160 3 10% H3POy4

a mask, 225 nm of Au is deposited on one side of the
membrane, to serve as a cathode, and 45 nm of Au is
deposited on the other side to serve as a contact electrode,
Figure 4b.

The working electrode, cathode, is then connected with
Ag paste, to Cu leads on a Plexiglas sample holder made in
house, Figure 4c. The contact electrode is then connected,
with Au foil strips and Ag paste to other Cu leads on
the same substrate, Figure 4d. This assembly is wrapped
in Kapton tape with the contact electrode exposed by an

opening previously cut in the tape, Figure 4e. Kapton tape
is inert in electrolyte solutions. The edges of the exposed
contact electrode are sealed with paraffin. The exposed
area of the membrane is a 0.2 cm? circle.

The substrate-working electrode is connected to the
working electrode lead of a potentiostat and the contact
electrode is connected to the working electrode through
a floating electrometer. The sample is then placed in a
metal electrolyte, Figure 2, far enough to submerge the
exposed area. Potentiostatic electrodeposition [169] of the
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Fig. 5. SEM micrograph of the surface of an alumina mem-
brane made by to-step anodization.

metal (M) is then performed in the pores of the membrane
by means of the working electrode, equation (1),

Mt 4 ne” — M° (1)

where M (Co, Cu, or Ni) is the metal and n is the number
of electrons. This is possible since the contact electrode
Au layer is porous enough to allow electrolyte to pass into
the membrane, Figure 4b. For our measurements the left
two electrodes on the sample placket are shorted together
and the right two are shorted together. The sample holder
was originally designed for four point measurements and
could serve for such in the future.

3.2 Alumina

The same protocol can be used for alumina membranes.
The membrane itself, however, is made by anodization.
For anodization we usually use two-step anodization [99]
on 0.5 mm thick 7 mm diameter aluminium circles, pre-
viously vacuum annealed at 600 °C for 10 hours. Typical
anodization parameters are first to electropolish the Al
in a solution of 25% HCIO4 and 75% ethanol at 10 V
for 2-3 minutes. This results in a mirror like Al surface.
The following step is to perform the anodization at a con-
stant voltage for 5 minutes in a 0.3 M oxalic acid solution.
Next, we put the sample in a chromate dissolution so-
lution, 60 grams/litre HsPO,4 15.5 grams/litre CrOs, for
2 hours and 30 minutes at 37 °C. This dissolution process
removes the oxide layer. It leaves, however, the hexago-
nal honey-comb pattern, which is the starting surface for
the next, more ordered anodization. Finally, we repeat the
anodization for the desired time. An example of a 40 V an-
odization is shown in Figure 5. At this voltage the growth
of the Al, O3 layer is 150-200 nm/minute with pore diam-
eters of 40-50 nm. From this point, the alumina placket is
mounted on the sample holder, as depicted in Figures 4c—e
for the polycarbonate membranes.

During the electroreduction, Figures 2 and 6, of metal-
lic ions, equation (1), from a metal cation solution, the
potential between the working and the reference elec-
trode, Figure 6, is kept at a constant value (~1.000 V vs.
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Fig. 6. Plot of current change versus time for electrodeposition
of cobalt in a polycarbonate membrane. The inset is a drawing
of a 3-electrode electrodeposition cell and drawings A, B, and
C are different stages of nanowire growth corresponding to the
timescale of the plot.

Ag/AgCl for nickel electrodeposition) for potentiostatic
control [169]. The counter electrode, Figure 6, serves as the
current source for the system. The potential in the pores
decreases as the wires grow from the cathode towards
the contact electrode, and this potential is monitored by
the floating electrometer. When the electrometer poten-
tial, i.e. the potential between the working and the con-
tact electrodes, decreases to a threshold potential, a relay
switch disconnects the working and the counter electrode,
thus stopping the deposition. By adjusting the thresh-
old potential it is possible to contact a single wire [153,
170]. The single-contact is aided by the large increase in
current, Figure 6, and corresponding decrease in solution
resistance, when the first wire makes contact with the con-
tact electrode, which covers the entire surface of the mem-
brane. Using these techniques we are able to single-contact
a variety of nanostructures, Figure 7. Whether a single-
contact has been achieved or not can readily be verified by
the resistance, which can be calculated for a single wire,

R = pyl/a (2)

where R is the resistance, a the cross-sectional area of the
wire, pps the resistivity of the metal, and [ the length of
the wire. A 50 nm diameter nickel wire 6000 nm long has a
resistance of about 260 ohms, depending on the resistance
of the contacts.

4 Results
4.1 Nickel nanowires

The magnetoresistance plot for a single-contacted nickel
nanowire of 50 nm is seen in Figures 8a and b model.
The first thing to note about Figure 8 is that the resis-
tance is much lower than predicted in equation (2), how-
ever, the sample was measured at 4 K where the resis-
tance is about 2.5 times lower than ambient. The typical
anisotropic magnetoresistance (AMR) shape is evident.
Proof of the AMR can be seen in the magnetoresis-
tance curve themselves, Figures 8a and b. The anisotropic
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Fig. 7. Three examples of nanowires fabricated in membrane templates.

magnetoresistance is a well known effect (discovered by
Thomson in 1857) which is due to the fact that the elec-
trons are strongly scattered by the magnetic scattering
centres if the current is parallel to the magnetization,
but weakly scattered in the direction perpendicular to the
magnetization [171]. The AMR is simply proportional to
the square of the cosine of the angle ¢ between the mag-
netization and the current. In our wires, the current di-
rection coincides with the anisotropy axis. Furthermore, if
the magnetization is uniform the effect of the external field
is to rotate the magnetization around the anisotropy axis.
As a consequence, the magnetic hysteresis loop M (H) is
simply related to the magnetoresistance hysteresis loop
R(H) by the relation,

R(H) = Ruin + ARcos®> o ~ (M(H)/Ms)? (3)

where AR is the amplitude of the AMR, and Ms is the
magnetization at saturation. Due to the fact that the
anisotropy is parallel to the current direction, R(H) is
maximum and constant for a field parallel to the wire,
and minimum (R(H) = Rpyin) for a saturation field per-
pendicular to the wire. The maximum amplitude of the
hysteresis is measured with an external field perpendicu-
lar to the wire axis.

In a Ni nanowire, the magnetic moment rotates with
varying the amplitude of the external field up to the
switching field, Hg,,, where a jump of the magnetization
*occurs [153,154]. The magnetic hysteresis loop is com-
posed of a reversible rotation of the magnetization (this
is the envelop of the curve in Figure 8 defined by the suc-
cession of the minima of the potential energy dE/dp = 0

as a function of the field) and an irreversible jump from
one metastable state to the next stable state defined by
non equilibrium conditions. The irreversible jump occurs
at a critical angle, y., of the magnetization, and the
corresponding switching field Hg,, (defined e.g. by the
condition d?E/dp? = 0 in the Stoner-Wohlfarth model
with the hypothesis of uniform jump). In the case of Ni
nanowires, the jump occurs at the maximum switching
field around Hg, = £3000 Oe as expected for an infi-
nite amorphous Ni cylinder, with the shape anisotropy
field given by H, = 4wMs where M, is the magnetiza-
tion at saturation. This shows that there is no magne-
tocrystalline anisotropy involved: the Ni is composed of
randomly oriented crystallites, with a size smaller than
the magnetic exchange size (a few nanometers) [49]. From
a magnetic point of view, the Ni is amorphous, and the
shape anisotropy is perfectly uniaxial. The energy can be
written with the sum of the anisotropy term and the Zee-
man term E = (M,H,/2)sin’(¢) — M,H cos( — @) where
0 is the angle of the external field with respect to the wire
axis.

The effect of current injection was studied with var-
ious experimental protocols. A simple approach of this
phenomenon is presented below. Figure 9 is an expan-
sion of a hysteresis area such as those of Figure 8. The
arrows indicate the point at which a large current den-
sity was injected. If the current is injected at fields H?,
corresponding to the magnetic state defined by the an-
gle, ¢ = p. — Ap, then a jump occurs from the uni-
form state to the other uniform state. This final state
corresponds to that measured in the hysteresis loop with
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decreasing applied field (reversible part). The jump would
also occur if the current is injected at any field between
Hi, and Hg,. The maximum distance, AH = H’,, — Hgy,
constitutes a measure of the angular variation, Ay, pro-
duced by the current pulse. Knowledge of the magnetiza-
tion configurations in the single-contacted Ni nanowires is
necessary for studies of the effect of a high current density
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Fig. 10. AMR of a single-contacted cobalt nanowire at differ-
ent angles to external field.

injected close to an unstable state of the magnetization.
These studies find a direct application in magnetic random
access memory (M-RAM), where the scaling of the mem-
ory units down to nanometric scales render the writing of
the memory very difficult with an induced magnetic field
(induction is a macroscopic effect which does not scale
well). Theoreticians have predicted the possibility of di-
rectly switching the magnetization, due to the effect of
the spin carried by the conduction electrons [172-175].
It can be observed (Fig. 9) that the effect of injecting
about 107 A/cm? current density (this corresponds to
about 1 mA in the sample) is to provoke the magneti-
zation reversal [155]. This discovery was the first observa-
tion of current induced magnetization switching (CIMS)
and opened the way to a series of measurements on var-
ious structures, and intense research activity related to
the application to MRAM (see next paragraph). The di-
rect effect of Joule heating, induced Oersted field, or field
gradient has been ruled out [167]. The physical mechanism
responsible for the effect is still controversial. However, it
has been shown that the effect of 1 mA current injection
leads to a variation of about 50% of the switching field,
or 25% of the anisotropy field [158,163,164]. These val-
ues have been corroborated by time resolved experiments
(with sub-microsecond time resolution), where the poten-
tial energy barrier variation due to current injection was
measured to be around 50000 K (4 eV) for an anisotropy
energy of 2x 105 K [160, 168]. This effect is of fundamental
interest and controlling it would lead to an efficient writing
process for magnetic random access memories (MRAMs)
at a nanoscopic scale [160].

The same studies performed with Co nanowires
(Fig. 10) are more difficult because the hysteresis loop
shows the creation and annihilation of magnetic domain
walls, and the micromagnetic structure is difficult to char-
acterize [154]. This is the reason why the rest of this
study is performed with Ni nanowires instead of Co
nanowire. However, the property of making big crystal-
lites (few 100 nm to micrometric) with electrodeposited
Co in nanowires will be exploited for layered Co and Cu
inside the pores (see next Sect.).

The method just described allows the micromag-
netic configurations of the nanowires to be studied at a



10 The European Physical Journal Applied Physics

Cu*" +2¢ > Cu°
-0.300 V
8
€
[}
°
o
-1.000 V4 2 N
Co™ +2¢ = Co°
T T T
1.0 2.0 3.0
Time (s)

Fig. 11. Voltage versus time profile for electrodeposition of
Co/Cu multi-layered nanowire.

nanoscopic scale. Note, however, that the wire is com-
posed by about 107 spins (less than 10° for the Co lay-
ers, see below), which corresponds to a magnetic moment
of about 10~!® emu. In comparison, the best commercial
magnetometers (SQUID magnetometry) give a precision
of about 10~7 emu. Such structures cannot be measured
with usual magnetometry, but some recent development
with micro-SQUID or micro-hall sensors technology are
able to reach such precision [45,48]. However, the single-
contacting method allows one to access, through the mag-
netoresistance properties, the micromagnetic configura-
tions at these very small scales.

4.2 Co/Cu multi-layer nanowires

The methods used to make and contact the nickel
nanowire can be modified to make more complicated
structures such as Figure 7b. This is an idealized elec-
trodeposited cobalt/copper nanowire superlattice that
causes physical phenomenon such as giant magnetore-
sistance (GMR) [11,44,56,176]. Structures like this are
useful in devices such as read/write heads in computer
hard drives [177] and are also useful for thermoelectric
power [161,178]. The electrodeposition solution used in
this case contains two cations, Co?* and Cu?T, Figure 2
electrodeposition. The electrochemistry of these metal
ions facilitates the deposition of these elements from the
same solution because their redox potentials are well sep-
arated, —0.476 V for Co?t + 2e~ — Co° and -0.040 V
for Cu®t + 2e~ — Cu® vs. SCE [179]. This means that
with a solution of Co?* and Cu?* one could deposit pure
copper without any cobalt by poising the potential more
positive than —0.476 V versus a SCE reference electrode.
When, however, the potential is more negative of this
value: cobalt will deposit along with copper. With this
in mind, one can prepare a solution with a very high con-
centration of Co?*, perhaps 100 g/l, and a very low con-
centration of Cu?*, perhaps 1 g/l. Now, by cycling the
deposition potential with a profile like Figure 11, it would
be possible to form a superlattice with pure copper layers
cobalt layers with a small percentage of copper [44]. The
next thing to determine is the relative deposition times for
the cycle. Due to the spin diffusion length of spin polar-
ized electrons in copper, the necessary anti-ferromagnetic
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Fig. 12. GMR of a single-contacted Co/Cu multilayer
nanowires.

coupling of the cobalt layers, and other morphological as-
pects; a structure consisting of layers of 10 nm thick cobalt
separated by 10 nm thick copper layers is optimal for
electrodeposited mutilayers [44]. The necessary informa-
tion is now in hand for forming single GMR nanowires
from the dual ion solution. Example: it takes 69 seconds
to deposit a 6000 nm long wire of cobalt at a potential
of —1.000 V, Figure 6. This corresponds to a deposition
rate of 86.9 nm/seconds for cobalt or 0.11 seconds to
form a 10 nm thick layer of cobalt. For copper it takes
0.90 seconds to form a 10 nm thick layer at —0.300 V. A
bilayer of Co 10 nm/Cu 10 nm is 20 nm so 300 bilayers
of Co 10 nm/Cu 10 nm can be formed in a 6000 nm thick
membrane in 303 seconds, Figure 11. A possible pitfall of
this scheme is that during copper deposition dissolution
of the cobalt layer can occur [180], reverse of equation (1).
However, this reaction is slow and only results in a slightly
thinner cobalt layer. Other researchers have used a similar
approach to Co/Cu multiplayer nanowires using constant
current or charge electrodeposition [11,12]. The constant
potential technique is easier because potentiostatic depo-
sition is independent of the sample area whereas coulomet-
ric deposition is directly dependent on the sample area.
Figure 12 is the GMR curve of a Co/Cu multi-layer
electrodeposited in a polycarbonate membrane. An el-
emental EDX map of an actual multilayer nanowires
is shown in Figure 2, magnetic nanostructure. The
curve shows a resistance change of 20%, (R(Ho) —
R(H;))/R(Hs). The diagrams represent the idealized ori-
entation of the magnetic moments of the cobalt lay-
ers (blue) at different areas of the curve. At zero mag-
netic field (RHy) the cobalt magnetic moments (arrows)
are aligned antiparallel to each other due to dipole in-
teraction. The exchange coupling is negligible through
the 10 nm thick copper layers (orange). In this config-
uration, electrons travelling through the wire, current
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Fig. 13. Voltage versus time profile for electrodeposition of a
spin-valve GMR nanowire.

perpendicular to the geometric plane of the magnetic
layers (CPP geometry), experience fluctuating magnetic
moments, which scatter the electrons and increase the re-
sistance of the wire. At saturation fields (R(Hs)) the mo-
ments are aligned in each layer so the electrons follow a
less tortuous path and thus the wire has a lower resistance.
An important criteria for large GMR signals is a well de-
fined (atomic scale) interface between the cobalt and cop-
per layers. This system is aided by the fact that cobalt
and copper are metallurgically immiscible [180-183]. As
mentioned earlier, there is a small percentage of copper in
the cobalt layers, however, this is not detrimental to the
GMR effect [11,52]. The advantage of GMR, other than
its large signal, is that is not required for the wire to be
perpendicular to the external field to be seen. However,
no individual hysteresis can be seen due to the average
signal of many layers as depicted in Figures 7b and 12.

4.3 Spin valves

From our experience with the nickel nanowires and the
Co/Cu multilayers, we were able to make even smaller
structures, such as Figure 7c. Structures like this are made
by a modification of the GMR electrodeposition cycle of
Figure 11 by increasing the cobalt deposition time by three
and making the cycle one time, Figure 13. This is the
pseudo spin-valve structure and an enlargement is shown
in Figure 14. Pseudo means that the coupling between
the two ferromagnetic layers is not due to ferromagnetic
or antiferromagnetic exchange interaction (so called mag-
netic exchange biasing) but is caused by dipolar interac-
tions. This is due to the fact that the buffer layer is thick
with respect to RKKY exchange interactions (2 to 3 nm).
The system is a pillar structure and can be thought of
as a spin polarizer of the current (the “fixed” layer) and
a probe, or “free” layer in analogy with spin-valve ter-
minology. The probe is 10 nm thick and 50 to 25 nm in
diameter [166]. If the polarizer is fixed (e.g. if one of the
layer has a stronger anisotropy), and if the layer has a uni-
axial anisotropy the system can be reduced to a two-state
system. The first condition is easy to obtain by depositing
a thicker layer (typically 30 nm). The second condition
can be performed by using an amorphous metal with a
very thin layer (planar anisotropy). However, as already
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Fig. 14. Idealized spin-valve structure.

mentioned, the electrodeposited Co is structured in the
form of big crystallites, larger than the layer thickness.
The Co layer is hence a single crystal, usually with a hep
structure, and with the c-axis statistically preferentially
oriented perpendicular to the wire axes [12].

With the spin-valve structure, one has the advantages
of the AMR features of the homogeneous nickel wires with
the advantages of the large signal of the multilayer struc-
tures. In this system, the current is spin-polarized per-
pendicularly to the displacement of the electrons in the
first ferromagnetic layer in this current perpendicular to
plane (CPP) geometry and enables spin injection with
well-defined spin polarization in the next ferromagnetic
layer. The spin diffusion length of electrodeposited cobalt
and copper is of the order of some tens of nanometers.
This spin polarization allows the magnetization states to
be observed with GMR measurements. Beyond the GMR
effect, the spin injection may lead to current induced mag-
netic switching (CIMS) [168].

The GMR accounts for the relative orientation of the
two cobalt layers in Figure 15a. The current injection is
performed at fixed external field, Figure 15b-expansion
of minor loop from 15a. The magnetic orientation of the
thicker, fixed, cobalt layer of the spin valve is determined
by the external field and the magnetization of the thinner,
free, cobalt layer can be changed by current injection. Now
we have a nanodevice with two states that can be changed
by current injection. This has tremendous applications in
the field of MRAMs.

5 Carbon nanotubes and silicon and tellurium
5.1 Carbon nanotubes

Another exciting field is that of molecular electronics with
the prospect of using molecules like carbon nanotubes or
DNA for electronics [184,185]. Template synthesis offers
a frame for molecular device construction. Alumina mem-
branes are a very widely used template for the growth of
carbon nanotubes [109-120,147,186-189]. Multi-wall car-
bon nanotubes (MWNT) were grown by a CVD reaction
in the porous of alumina for transport measurements, Fig-
ure 16 [190]. The alumina membranes were made, as previ-
ously described, by anodization of aluminium in 0.3 mol/1
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Fig. 16. Carbon nanotubes: (a) contact scheme and (b) TEM
micrograph of carbon nanotubes in porous alumina.

oxalic acid at 40 volts for 10 minutes, depending on the
desired length. At an anodization voltage of 40 V the alu-
mina growth rate is about 150 nm/minute and the pore
diameter is about 35-40 nm. Nickel or cobalt nanowires
catalysers of defined length were deposited in the pores.
The membrane was then exposed to acetylene at 20 mbar
and 630 °C in a tube furnace for 5 minutes. The carbon
nanotubes catalytically grow from the top of the catalytic
nanowires with an average diameter of 23 nm. As can be
seen from the TEM image in Figure 16b, the carbon nan-
otubes continue to grow from the pores beyond the surface
of the membrane. 100 nm nickel or cobalt contacts were
vapour sputtered afterwards.

The first characteristic of the electronic transport is
the so-called zero bias anomaly (ZBA) observed in the
differential conductance G = dI/dV plotted as a function
of the bias voltage. An other characteristic is that the
temperature dependence of the conductance is a power
law of the form G(T) = GoT %, where « is around 0.3.
But the most striking result is that all data at different
Vbias and temperatures collapse on a unique curve [190],
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Fig. 17. Scaling of the conductivity of carbon nanotubes.

Figure 17. This is the manifestation of a scaling law; the
quantity GT~% is a function of the variable eV /kT. This
behaviour was first interpreted in terms of Luttinger liquid
theory, but it can also be described as a more general man-
ifestation of Coulomb blockade effect [190]. The method
of template synthesis allows one to perform a statistical
study of the coefficient «, as a function of the various
parameters experimentally available. Note that the study
with electrodeposited Te (see Sect. 5.3) shows the same
behaviour with the scaling law, and comparable values of
the scaling coefficient a. The behaviour described above
is hence not unique to carbon nanotubes. The problem
requires further study.

Figure 18 shows that nanotubes contacted with cobalt
exhibit a spin-dependent magnetoresistance (SD-MR) at
low temperature; ~3.6% at 2.5 K. This magnetoresistance,
however, disappears rapidly at temperatures above 20 K.

Carbon nanotubes have chirality that determines
many of their properties [191]. The crystalline orientation
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Fig. 18. Magnetoresistance of a cobalt contacted carbon nan-
otube (T' =2 K).

and reproducibility of carbon nanotubes could be con-
trolled by using an epitaxially oriented catalizing layer
such as can be obtained be electrodeposition of cobalt or
nickel [192-197].

5.2 Silicon

CVD growth of nanowires is very advanced with a large
variety of materials already made [198]. It is now being
performed in alumina templates for materials other than
carbon nanotubes such as silicon [143]. In this case, how-
ever, the catalyser is gold, not a 3d transition metal as for
carbon nanotubes. Our own efforts in the template syn-
thesis of silicon nanowires have already born fruit, Fig-
ure 19. This SEM micrograph shows a silicon nanowire
exiting from an alumina pore. Figure 20 is a Raman spec-
tra of silicon inside an alumina template and indicates
that there is crystalline and amorphous silicon. Figure 21
is a current versus voltage curve for silicon nanowires in an
alumina membrane and demonstrates the semiconductor
properties of the silicone nanowires.

5.3 Tellurium nanowires

An important question arises about the specificities of
the "nanoscopic molecules” like carbon nanotubes or Si
nanorods with respect to semiconductor or semi-metal
nanowires. The size and geometry are identical, but
the properties are supposed to be different, due to the
polycrystalline structure. Unlike the carbon nanotube
molecules and the silicon nanorods, covalently bound
semiconductor nanorods, such as tellurium, can be elec-
trodeposited [199]. As is evident from Figure 22 the tel-
lurium nanowires have very similar electron transport be-
haviour to the carbon nanotubes, Figure 17. The tellurium
nanowires were grown and contacted in an aqueous solu-
tion in a manner similar to the nickel nanowires [199].
It is very surprising that the transport behaviour is so
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Fig. 19. SEM micrograph of a silicon nanowire exiting from a
pore of an alumina membrane.
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Fig. 20. Raman spectra of silicon nanowires in alumina.

similar and implies that something fundamental to these
nanoscale materials is being observed.

6 Carbon encapsulated nanoparticles

In a more obscure approach than electrodeposition or
CVD, magnetophoretic deposition was used for the tem-
plate synthesis of granular nanowires [200]. When the
building blocks for the template synthesis are atomic, like
ions for electrodeposition, or molecular vapours, for CVD,
then pore filling is relatively easy. When, however, the
building blocks are a few nanometers in diameter, such as
carbon encapsulated cobalt nanoparticles [201], convinc-
ing them to move into the pores becomes more difficult.
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A few physical techniques are available for filling
nanopores with nanoparticles: mechanically forcing the
particles into the pores, hydrodynamic pressure; using the
pores as filters for the particles [202,203], eletrophoretic
deposition; using the electrophoretic mobility of particles
in a liquid, subjected to an electric field gradient, to drag
the particles into the pores [204], and magnetophoretic de-
position; using the magnetophoretic mobility of magnetic
particles in a liquid, under the influence of a magnetic
field gradient, to pull the particles into the pores. The first
method is destructive and inefficient since only a shallow
portion of the pores is filled. The second is inefficient at
filling because once a pore becomes slightly blocked the
pressure differences favour flow through empty pores un-
til the whole process stops. These problems are inherent
in any pressure driven filling process.

Electrophoresis is well known and has found many
applications in medicine and materials [205-207]. Elec-
trophoresis is the movement of particles, with a fixed sur-
face charge, in a solvent by an electric field gradient [179].
Deposition by electrophoresis, electrophoretic deposition,
has the advantage of being a bottom filling process, i.e.
the particles fill the pores from the side with the highest
field. Electrophoretic deposition has been used to place
Au nanoparticles in alumina pores, but only a small per-
centage of the pores were filled [204]. Also, electrophoretic
deposition often requires relatively clean, HyO free sys-
tems because water will electrolyse at voltages differences
greater than 2 V [169] and normally electrophoretic depo-
sition requires 10 V or more. The electrolysis generates Ho
and O bubbles in the pores, which interfere with particle
deposition and can delaminate a membrane from a sub-
strate. Therefore, dry organic solvents are normally used.
This is also a problem since these solvents can dissolve
membranes, glue, or tape, which are often used in sample
fabrication.

Magnetophoresis is well know in clinical fields [208]
but is rare in materials science with very few applica-
tions [209-213]. Magnetophoretic deposition is analogous
to electrophoretic deposition in that it uses a field gra-
dient to move particles and it is also a bottom filling
technique. The field gradient is, however, between two
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Fig. 22. Tellerium nanowires: (a) conductance as a function of
the bias potential for different temperatures. (b) Same points
presented in the scaling law GT® = f(eV/kT).

magnetic poles, which can be outside of the solution that
contains the particles. This is an experimental advantage.
Interfering reactions, such as HoO electrolysis, are not en-
countered. Magnetic particles form chains and structures
in magnetic fields [210-215]. Finally, magnetophoretic mo-
bility is 1000 times greater than electrophoretic mobil-
ity [216]. The disadvantage of magnetophoretic deposition
is that it requires magnetic particles.

There are many examples of techniques devel-
oped for using and changing the properties of the
nanopores themselves for applications [217-219]. The use
of nanoparticles to change properties of thin-films is
well known [217,220-228]. The idea of using nanoparti-
cles to modify and change the properties of nanowires
and nanopores, however, is relatively unexplored [204].
The methods described here to put nanoparticles into
nanopores to form the granular nanowires are the only
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Fig. 24. TEM micrograph of a granular nanowire of carbon
encapsulated cobalt nanoparticles in an electrodeposited cobalt
matrix.

ones that the authors know of. Incorporation of magne-
tophoretic deposition with template synthesis is schemat-
ically shown in Figure 23.

The motivation for this study was to obtain samples
that would demonstrate a ballistic magnetoresistive effect
(BMR) in the context of template synthesis. If the size of a
contact is nanometric or sub-nanometric, a ballistic junc-
tion is expected. In the presence of constrained magnetic
domain walls at the scale of the junction, ballistic magne-
toresistance can result [229-232]. The presence of tightly
packed nanoscale particles in a magnetic matrix fulfils the
requirements for BMR, Figure 24 [202,203,233].

For the magnetophoretic deposition, 0.1 ml of 12 M
HCl is added to a 25 ml container with the rinsed Co/C
nanoparticles in ethanol and is sonicated for 15 minutes.
It is necessary to add the HCL to the particle/ethanol so-

lution because it allows the particles to migrate towards a
magnet pole by collapsing the double layer of the particles.
Otherwise, the repulsion of the particles from each other
prevents them from coalescing and results in a very stable
suspension with no magnetophoretic mobility [234]. This
assertion is supported by the fact that no magnetophoretic
mobility is observed in ethanol/particle suspensions with-
out added HCIL.

A polycarbonate membrane is positioned on the inside
of the bottle that contains the Co/C particles in ethanol.
This bottle is then placed between the poles of an elec-
tromagnet, with the membrane next to one of the poles,
Figures 23c and d. The poles are separated by about 3 cm.
The magnet is then turned on for at least 24 hours. In this
configuration the magnetic field direction is perpendicu-
lar to the plane of the membrane, and thus the pores are
parallel to it. The field strength at a poleis 1 T and 0.7 T
between the poles, so a magnetic field gradient of 0.2 T
per cm is used during magnetophoretic deposition. How-
ever, this gradient is not linear but parabolic [216].

The difference in the magnetic susceptibility of the par-
ticles and the ethanol causes the particles to migrate to-
ward one of the poles of the magnet [216]. Since the mem-
brane is between the particles and a magnetic pole, some
of the particles migrate into the pores of the membrane.

Using 24 hours as the deposition time for the mag-
netophoretic deposition was arbitrary. No time depen-
dent study of the process has been performed. Also,
the strength of the magnet field used and the position
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Fig. 25. Magnetoresistance curve of a granular nanowires.

of the membrane in the field during deposition are two
other variables that were not studied. After the magne-
tophoretic deposition of the particles the sample prepara-
tion is identical to the processing for growing single con-
tacted nanowires.

Samples that have particles in the pores have a very
different Co electrodeposition. Membranes without parti-
cles contact within 20-30 seconds. Membranes with parti-
cles require 100 s to 35 min to contact. The cause of this is
not certain, but it could be that dense clusters of particles
in the pores slow migration of the Co contact solution due
to the effective in diameter.

In Figure 24 nanoparticles of approximately 5 nm are
evident. It is also clear that the diameter of the wire is
greater than the 10 or 15 nm size stated by the membrane
manufacturer. This is consistent with the findings of other
studies and is the result of the ion track formation and the
chemical etching of the membranes [8].

The magnetoresistance plot in Figure 25 is of elec-
trodeposited Co nanowires with embedded nanoparticles.
The main feature of these nanocomposites is the ampli-
tudes of the magnetoresistance measured at room tem-
perature and the abrupt changes in resistance with small
changes in magnetic field. These signals were stable for
a few hours to a day but eventually become stuck in a
high or low resistance state and likely results from the
reversible movement of matter at the atomic scale [233].

A BMR signal can only be measured if nanomechanical
effects can be ruled out. Such signals have been measured
in some samples with small resistances. The small resis-
tances guarantees that there are no tunnel barriers, and
hence, no structural defects, like holes in the Co matrix.
Figure 26a shows magnetoresistance hysteresis loops mea-
sured at different temperatures for a sample with a tem-
perature induced resistance change at 279 K. The signal is
stable and reproducible. The characteristic profile of the
hysteresis is qualitatively different from that of the huge
magnetoresistance effects of Figure 25. The hysteresis is
well defined, with a coercive field varying from about 5 to
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Fig. 26. Magnetoresistance of granular nanowires: (a) at 279
and 290 K and (b) superposition of curves from a.

2 kOe between 2 and 300 K, as is expected for electrode-
posited Co.

The important feature of Figure 26a is that the
amplitude of the magnetoresistance changes drastically,
6% above the transition temperature T}, and 60% below
just below Tt, while the successive magnetic configurations
observed in the hysteresis loop are unchanged. Figure 26b
shows the superposition of the two signals of Figure 26a
on a different scale. The similarity of the two curves is
due to a change in the transport regime from diffusive to
ballistic.

7 Lateral anodization and transistors

With two contacts we have made and studied many inter-
esting phenomena such as magnetoresistance and electron
transport in nanostructures. Two contacts are not enough
if one wants to make a device such as a transistor for appli-
cations or research. A third contact or electrode is needed.
An aspect of our research is the development of templates
that allow placement of a third electrode close enough to
the nanowires or carbon nanotubes for an electric field ef-
fect. At this time we have two possible template structures
for field-effect transistors.

The first structure, Figure 27 upper left drawing, starts
with an aluminum wire which is anodized perpendicular
to its axis to form an isolation layer onto which a gate
electrode is sputtered and then laterally anodized again
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Fig. 28. Fabrication steps for lateral anodised alumina
nanowire transistor.

to form a network of pores parallel to the wire as a tem-
plate for the synthesis of nanostructures [235]. The nanos-
tructures can then be grown and contacted with the gate
electrode already in place. Preliminary results have been
obtained with tellurium nanowires, Figure 27 room tem-
perature I'V curve. This structure is interesting for us be-
cause it can be made totally in our lab without the need
for a clean room or lithography.

The second structure, Figure 28, is formed by deposit-
ing an aluminum layer on a silicon substrate which is an-
odized parallel to the substrate to form a lateral template
for the growth of nanostructures [236]. A gate electrode is
then deposited onto the lateral template. The lateral an-
odization has been demonstrated with pore diameters as
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Fig. 29. SEM micrograph of lateral anodization.

Fig. 30. TEM micrograph of tellurium nanowires with 5 nm
diameter in an alumina template.

small as 5 nm. The advantage of this approach is that it
could be implemented into existing processor fabrication.
The lateral oxidation has been successfully demonstrated,
Figure 29. Figure 30 is of tellurium electrodeposited in
5 nm lateral pores. These two structures show the first re-
sults for these approaches to field-effect transistors based
on anodized aluminum templates.

8 Conclusion

We have given a brief, though hopefully insightful,
overview of the utility of template synthesis for our re-
search. With polycarbonate templates and electrodeposi-
tion we made relatively simple structures, like the nickel
nanowires, but we quickly advanced to more complicated
and subtle structures, like the Co/Cu multilayers, spin-
valve structures, and electrodeposited semiconductors.
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Original results have been obtained in the context of
current-induced magnetization switching. Each one of
these systems demonstrated new and interesting phe-
nomenon and are the focus of ongoing research in the field
of spintronics and molecular electronics. A new material,
the carbon encapsulated cobalt particles, was amenable to
template synthesis because of the new technique of mag-
netophoretic deposition.

As our ambitions increased to include carbon nan-
otubes and silicon nanorods, we were able to find a tem-
plate solution, in the form of anodised aluminium, for the
high temperatures necessary for CVD. With these new
systems we are observing new behaviours that we are just
beginning to interpret in terms tunnelling with environ-
mental Coulomb blockade effects.

Other semiconducting materials, such as electrode-
posited tellurium, ZnO or CuO are being explored. A
surprising conclusion of this comparative study is that
semiconductors, either electrodeposited nanowires, CVD
nanorods, or carbon nanotubes have the same character-
istics at low temperatures. The common feature is the
small tunnel barrier at the interfaces that could be due
to the presence of oxides or to a Schottky barrier. The
general behaviour of the zero bias anomaly follows quasi
systematically a scaling law of the conductance G as a
function of temperature and bias voltage (of the form
G. T~ = (eV/kT), where f is a simple function, T is the
temperature, k the Boltzmann constant, eV the electric
potential). The electric transport can then be described
by a single coefficient «. This allows us to investigate
single-electron tunnelling, or quantum dissipation effects
in nanowires.

Finally, by inventing new templates small enough for
the installation of a third electrode, we have created a
new method to manipulate and control the physical phe-
nomenon of the structures already studied. The first keeps
very much in the spirit of our research to develop transis-
tor devices in a 100% bottom-up approach. The second
is equally exciting because it offers the possibility of inte-
grating our templates into the processes of existing device
fabrication. The compatibility of template synthesis with
top-down (e.g. CMOS) technology would allow one to con-
trol the nanometric scales with bottom-up techniques, and
integrate them into the well-controlled micrometric and
sub-micrometric device architectures.

The most significant aspect of the template is that it
allows the nanoscale synthesis and macroscale contact of
the infinite variety of materials and structures that can
be made by solution phase chemistry, electrodeposition,
gas phased chemistry, CVD, or physical methods, magne-
tophoresis, electrophoresis, or pressure. When this free-
dom is combined with the versatility and variety of the
templates themselves, there are no fiscal or resource lim-
its; now the only limit is imagination. The idea of tem-
plate synthesis can then be generalized from membrane
templates (with the concept of 2D structures) to the idea
of a nanoskeleton, i.e. more complicated 3D structures. A
nanodevice can be produced with different functionalities
defined by the organization of the skeleton. Typically, one

nanocontact can be coupled to a reservoir of heat in one
or two sides (cooling system or Peltier-Seebeck devices),
an other contact to a photonic system, other contacts link
the system to electric generators or spintronics terminals,
and other electrodes allow one to play with field effects
and related phenomena. On the other hand, the role of
the skeleton allows a structure to be reproduced with the
best precision and it allows the development of new func-
tionalities while preserving the rest unchanged, or without
using an old, unnecessary functionality. This approach is
of course largely exploited by the evolution of life, since the
Precambrian period [237], for the development of suited
functionalities. The studies presented here show that this
bottom-up research programme, which is still at a very
early stage of development, can be of fundamental interest
for different vision of the future development of nanotech-
nologies, where the clean room may not play the central
role.

We are very grateful for the indispensable help of our col-
leagues: Xavier Hoffer, Jean-Frangois Dayen, Fahd Huwimel,
Quang Anh, Cristina Ciornei, Jean-Marie Padovani, Corrado
Mandoli, Anna Fontcuberta i Morral, Didier Pribat, Laurent
Gravier, Aymeric Sallin, Jean-Philippe Ansermet, and Jean-
Marc Bonard.
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