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We present a technique for the fabrication of an electrical (and thermal) contact on the top ends
of a large number of vertical silicon nanowires, which are fabricated perpendicularly to a silicon
wafer (silicon nanowire forest). The technique is based on electrochemical deposition of copper and
it has been developed on silicon nanowire forests, fabricated by metal assisted chemical etching.
We demonstrate that copper grows selectively only on the top end of the silicon nanowires, forming
a layer onto the top of the forest. The presence of a predeposited metal seed is fundamental for
the selective growth, meanwhile the process is very strong with respect to other parameters, such
as concentration of the electrolytic solution and current density, used during the metal deposition.
Typical I − V characteristics of top-to-bottom conduction through silicon nanowire forests with
different n-doping are shown and discussed.
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In the last years, silicon nanowires (SiNWs) have been
proposed as building blocks for a large variety of appli-
cations such as advanced electronic devices[1, 2], sensors
with enhanced sensitivity[3, 4], advanced solar cells[5–
7], and others. Very recently, it has been demonstrated
that thermal conductivity in silicon nanowires is strongly
reduced with respect to that of bulk silicon[8, 9]. This
thermal conductivity reduction is more effective in rough
SiNWs[10, 11] because, as reported by several theoretical
works[12, 13], phonon conduction is dominated by the
surface scattering. Phonon conductivity suppression is
very effective in nanowires narrower than 100 nm, mean-
while electron transport is only slightly affected by sur-
face scattering, unless the nanowire width is below 20
nm. Therefore, there is a large range of nanowire widths
for which the ratio between the electrical conductivity
σ and the thermal conductivity kt is very high in com-
parison with that of bulk silicon. For this reason, sili-
con nanowires are very promising for the fabrication of
thermoelectric generators with high thermal-to-electrical
conversion efficiencies.

Devices based on silicon nanowires can be fabricated
by means of top-down approaches[14–16]. Alternatively,
bottom-up nanowires, grown by means of Vapour-Liquid-

FIG. 1. Sketch of vertical nanowires contacted on the top
ends. The silicon substrate, which has a good thermal and
electrical conductivity, provides the bottom contact.
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Solid (VLS) epitaxy[17, 18], can be positioned between
electrical contacts to achieve functional devices. For
sensing and, in particular, thermoelectric applications,
a large number of nanowires must be connected together
in order to increase both the mechanical strength of the
device and the electrical current (hence the power) that
the device can deliver. In principle, complex networks of
silicon nanowires can be fabricated on large areas[19, 20]
by means of top-down approaches based on lithography
and etch. Since these approaches are based on advance-
ments of the technologies employed for integrated cir-
cuits fabrication, they are very promising in view of a
large scale industrial production. However, nanowires
are placed in parallel with the substrate, whose thermal
conductivity degrades the thermoelectric performances.
All the aforementioned application fields would bene-
fit from the use of SiNW placed perpendicularly to the
silicon substrate, because a considerably larger number
of nanowires, with respect to planar strategies, can be
achieved on the same area. In particular, thermoelectric
devices based on silicon nanowire forests could deliver
high electrical currents, due to the large number of par-
allel vertical nanowires. These nanowire forests can be
massively produced both by bottom-up growth, through
catalysing seeds, and by top-down techniques, through
anisotropic etching. Even if lithography and highly direc-
tional plasma etching can be used for this purpose, inex-
pensive metal assisted chemical etching (MaCE)[21, 22],
which has been considered in this experimental work, al-
lows the fabrication of nanowires smaller than 100 nm
in diameter and with a length of several tens of microm-
eters. Both strategies (bottom up and top down) allow
the fabrication of forests made of a large number of verti-
cal nanowires on areas of the order of several centimetres
square, as schematically shown in Figure 1.

The key point is to provide a common electrical (and
thermal) contact which connects the top ends of the
nanowires, meanwhile the substrate, which is made of
bulk silicon which has a good thermal and electrical con-
ductivity, provides the common contact at the bottom
ends of the nanowires (see Figure 1). Possible tech-
niques for the fabrication of the top contact, consisting
in embossing the nanowire forests in polymers, have been
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FIG. 2. SEM images of a typical nanowire forest, obtained by etching a Si <100> substrate (resistivity ρ = 1 − 10 Ωcm) in
HF : AgNO3 : H2O 16:5:60 for 120 min. Left panel:cross section. Right panel: top vision.

proposed[23, 24]. However, nanowire forests embedded in
polymers cannot be used for sensing purposes. As far as
thermoelectric applications are concerned, the temper-
ature range is limited by the presence of polymer, and
moreover the polymer thermal conductivity decreases the
conversion efficiency.

We present a possible technique for the fabrication of
the top contact based on the selective growth of copper,
by electrodeposition, on the top ends of the nanowires:
in section I the main points of the process are shown
and discussed. In section II, we show that the process
is very robust with respect to the current density and
solution conditions. In section III, I−V characteristics of
devices, based on nanowire forests with different doping
concentrations, are shown and discussed.

I. COPPER ELECTRO-DEPOSITION ON
NANOWIRE FORESTS

Vertical silicon nanowires, narrower than 100 nm in di-
ameter, have been fabricated by means of Metal assisted
Chemical Etching (MaCE). This simple and cheap top-
down technique, largely investigated in the last years[21],
is based on the selective HF etching of silicon which is
locally oxidized by an agent through the catalysis in-
duced by metal nanoparticles. MaCE allows the simul-
taneous fabrication of a large number (more than 106

nanowires/mm2) of small nanowires, which are perpen-
dicular to a silicon substrate and have a length of sev-
eral tens of micrometers. After the deposition of metal
nanoparticles on the top of a silicon wafer, the etch is
performed in a solution of HF and an oxidizing agent
as H2O2[25–27]. Alternatively, a silicon chip can be
etched in a solution of HF and a metal salt, as Silver
Nitrate (AgNO3), which simultaneously acts as oxidiz-
ing agent and provides Silver nanoparticles for localized
silicon oxidation[27–34]. For the purposes of our work,
we have fabricated all the silicon nanowire forests by

means of the latter method, which is simpler because
it allows the formation of the structures within a single
step. Silicon chips of few centimetres square have been
obtained from silicon wafers <100> oriented, n-doped
with a nominal resistivity of 1-10 Ωcm (doping concen-
tration in the range of 5×1014 cm−3 and 5×1015 cm−3).
The nanowire forest fabrication has been performed by
soaking the chips in a solution of HF:AgNO3:H2O 16:5:60
in volume[35] (HF 48% in volume, AgNO3 in solution 0.1
N). This process results in nanowires with a repeatable
average diameter of about 90 nm. However, uniformity
on large surfaces is an important issue that has to be
further investigated in future works. During the etch-
ing process for the fabrication of the nanowires, a large
amount of Silver nanoparticles are deposited on the sam-
ple, as a consequence of the reducing reaction. A com-
plete removal of the Ag nanoparticles has been achieved,
after the nanowire fabrication, by soaking the sample in
a HNO3:H2O solution 1:1 in volume, for 1’. Figure 2
shows SEM images of a typical sample after the etch in
HF:AgNO3:H2O 16:5:60 for 120’ and the successive re-
moval of Silver nanoparticles by etching in HNO3:H2O
1:1 for 1’. The left panel shows the cross-section of the
nanowire forest: nanowires with an average diameter of
90 nm are placed perpendicularly to the silicon substrate
and have a length of about 20 µm. A planar top view
is shown on the right panel. It must be noted that the
top ends of the silicon nanowires are bended and tend to
group in bundles. However, the bending of the top ends
is very small with respect to the total length, so that the
nanowires are practically vertical.

We developed a process, based on the electrodeposi-
tion of copper, for the fabrication of a common contact
at the top of these nanowire forests. At first, a metal seed
on top of the nanowires has been provided. The samples
have been cleaned in buffered HF (BHF) for 1’, in order
to remove the thin oxide layer grown during the HNO3

etch, used for Ag removal. Then, a layer of 15 nm of
Cr, which has a good adhesion to the silicon, plus a layer
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FIG. 3. SEM images of a copper layer grown on the nanowires by electrodeposition in CuSO4 : H2SO4 : H2O electrolyte, I=25
mA, t=5 min, planar view on the left panel and cross section on the right. In the inset is shown a sketch of the electrolytic cell
with the connection to the current generator.

FIG. 4. Comparison between nanowire samples after Cu electrodeposition. Panel left: metal seeds have been deposited by
thermal evaporation, before electrodeposition. Panel right: the electrodeposition has been performed with the same solution,
current density and time but without pre deposited seeds.

of 20 nm of Cu have been deposited by thermal evapora-
tion. As thermal evaporation is a directional process, the
metal is mainly deposited on the top ends of the silicon
nanowires. A metal layer has been also provided at the
bottom of the sample, on the face opposite to that of the
SiNW forest, in order to obtain a good electrical contact
of the silicon substrate which is useful for the successive
Cu electrodeposition step. A sketch of the electrolytic cell
is shown in the inset of the Figure 3: only the nanowire
forest is in contact with the electrolytic solution through
a hole of 4 mm of diameter. The silicon substrate is con-
nected to the cathode of a current generator, through a
metal plate which clamps the sample at the bottom of
the cell toward an o-ring seal. The anode of the cur-
rent generator is connected to a counter-electrode made
of a copper plate 1 mm thick. Figure 3 shows SEM im-
ages of a typical sample obtained after the growth of Cu
by electrodeposition in a solution 0.4 mol/l copper (II)
sulfate (CuSO4) and 1 mol/l sulfuric acid (H2SO4)[36].
The current was 25 mA (current density of 1989 A/m2)
and it has been applied for 5’. From the SEM images is
well visible that copper grows only on the top of the sili-
con nanowires. An accurate investigation through many
cross sections made on several samples, prepared in the
same conditions, has demonstrated that the selectivity
of the growth is very reliable, even if the top ends of the

nanowires are not equally spaced: only very few copper
nano particles have been found on the sides near the top
of the nanowires.

The main factor which determines the selectivity of
the Cu growth is the presence of the metal seed de-
posited before the electrodeposition process on the top
of the nanowires. Figure 4 shows SEM images after cop-
per growth on two similar silicon nanowire forests, one
(on the left) with a predeposited seed by means of ther-
mal evaporation and the other (on the right) without the
metal seed. The image on the right shows that there
is not any copper on the top of the nanowires. On the
basis of these experimental results, we think that the se-
lectivity can be ascribed to the localization of the poten-
tial drop at the tips of the nanowires, due to their high
curvature radius. The metal seed, which is deposited
only on the top of the nanowires for the directionality
of the thermal evaporation process, enhances this effect
and moreover it improves the adhesion, for the presence
of the Chromium layer.

II. ROBUSTNESS OF THE PROCESS

The selective growth of copper on the top ends of the
silicon nanowires is a very robust and reliable process.
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FIG. 5. SEM images of contacted SiNW forests with different Cu growing solution, but with the same current density of 500
A/m2, and growth time of 300 sec (total charge of 150 C/m2). A:CuSO4 0.4 mol/l and H2SO4 1 mol/l, B: CuSO4 0.2 mol/l
and H2SO4 1 mol/l, C: CuSO4 0.8 mol/l and H2SO4 1 mol/l.
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FIG. 6. SEM images of contacted SiNW forests. (a): current density of 398 A/m2 for 1500 seconds; (b): 637 A/m2 for 940
seconds; (c): 796 A/m2 for 750 seconds; (d): 1194 A/m2 for 500 seconds.

Several experiments have been performed in order to
test the effect that the different parameters involved,
such as solution concentration, current density and time,
have on the electrodeposition process. We group these
experiments in three main categories, depending on the
process parameter that has been changed: I) different
solution concentrations; II) different current densities
(with the same charge); III) different deposition times
(different charges).

I. At first, the influence of the concentration of
CuSO4 in the electrolyte has been investigated. Solution
A, which is made of copper (II) sulfate (CuSO4) 0.4
mol/l and sulfuric acid (H2SO4) 1 mol/l, used for the
preparation of the sample in Figure 3, has been chosen
as a reference because it has been reported [36] that it
generates a copper layer with acceptable resistivity and
uniformity. Starting from the solution A, characterized

by a ratio of 0.4 between the concentrations of CuSO4

and H2SO4, we repeated the process decreasing and
increasing the copper concentration, using respectively
a solution with [CuSO4]/[H2SO4] ratio 0.2 (solution
B) and 0.8 (solution C). Figure 5 shows SEM images
of samples prepared with the same current density of
500 A/m2 and electrodeposition time of 300 s (total
charge of 150 C/m2), but with different electrolytes,
corresponding respectively to solution A, B and C.
A comparison of these three SEM images shows no
significant differences in the copper layer.

II. The effect of current density on the growth of
the copper layer has been investigated for currents in
the range 160 A/m2-1200 A/m2. The total charge has
been maintained constant at the value of 7.5 C/m2 by
adjusting the time of the deposition process, so that,
accordingly to the Faraday’s law, the same quantity of
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FIG. 7. Contacted SiNW forests with different charge (same current density of 795.77A/m2 and increasing time: 15 sec, 60
sec, 600 sec.

copper (2.47 · 10−3 g/m2) has been grown on the top of
the nanowire forests. Figure 6 compares SEM images
of cross-sections of four samples, prepared respectively
with a current density of 397.9 A/m2 for 1500 seconds
(a), 636.62 A/m2 for 940 seconds (b), 795.77 A/m2 for
750 seconds (c), 1193.66 A/m2 for 500 seconds (d). As
well as the experiments with different solutions, we have
noticed copper layers comparable to each other.

III. Several samples with different thicknesses of the
Cu top layer have been prepared with the same current
density, but with different total charge which has been
changed by modifying the electrodeposition time. Fig-
ure 7 shows cross-sections of SiNW forests with copper
grown on the top by applying the same current density
of 795.77 A/m2 for three different times: 15 seconds(left
panel), 60 seconds (middle panel), 600 seconds (right
panel). As expected, the thickness of the top Cu layer
increases with the total charge increasing. These images
show clearly that the growth is concentrated on the top
ends of the nanowires, starting from “nano-matches” and
growing up in the complex configuration shown also in
the previous SEM photos.

III. ELECTRICAL CHARACTERIZATION

The Cu grown on the top of a nanowire forest pro-
vides a good top contact which is in common with all the
nanowires. Four contact measurements of the Cu top
layer showed that its conductivity is very high, of the or-
der of 106 Ω−1m−1. Therefore, the Cu top layer allows
the measurement of the electrical conduction of a large
number of parallel nanowires, from the top contact to the
silicon substrate at the bottom. It must be noted that
there is not any metal connection between the top and
the silicon substrate, because copper is grown only on the
nanowire vertexes. We measured I−V characteristics of
nanowire forests, both low doped and heavily n-doped.
Heavily doped nanowires are required for thermoelectric

applications: the optimal doping concentration must be
determined on the basis of the nanowire diameter and
of the temperature difference[? ], but it is always in the
range of 1018- 1019 cm−3. The fabrication of the nanowire
forests, made by means of MaCE, is strongly affected by
the doping of the substrate. In particular, we found that
MaCE does not give reliable and repeatable results if
heavily doped substrates are used as a starting material.
Therefore, a good choice is to produce silicon nanowire
forests by means of MaCE on low doped substrates, and
then the right doping concentration can be successively
achieved by means of a suitable doping process. In our
case, nanowire forests have been fabricated on silicon sub-
strates with a doping in the range of 5×1014 cm−3 and
5×1015 cm−3, as reported in Section I, and then they
have been doped by means of Phosporous solid source
(ceramic P4700 100 mm X 2 mm, from FILMTRONICS).
After MaCE fabrication and Ag nanoparticle removal by
HNO3 etch, samples have been cleaned in buffered HF for
removing the thin oxide layer. Samples to be doped have
then been placed in a Rapid Thermal Annealer (RTA),
with the face containing the nanowires in contact with
the solid source, and then they have been heated at 750
oC for 5’, in N2 atmosphere. After the doping process,
the Cu growth has been performed following the pro-
cedure illustrated in section II (deposition of the metal
seed by thermal evaporation followed by Cu electrodepo-
sition). By SEM inspection, we cannot appreciate any
significant difference between the Cu layers grown with
the same electrodeposition parameters on doped or on
undoped samples. This implies that the electrodeposi-
tion process does not depend on the electrical conductiv-
ity of the silicon nanowires.

Figure 8 shows, on the left panel, typical I − V char-
acteristics of doped and undoped nanowire forests, mea-
sured between the top Cu layer and the bottom silicon
substrate. In the inset on the right panel a sketch of the
measurement set-up is shown: the substrate is contacted
through the metal layer already used for the electrodepo-
sition process (see the sketch in Fig. 3). Silver colloidal
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FIG. 8. Panel left: I − V characteristic on a sample of nanowires n-doped and nanowires n+-doped. Panel right: I − V
characteristic of copper on planar Silicon. On the inset: the measurement apparatus.

paste has been deposited on the Cu layer at the top of the
sample, in order to achieve a planar surface and a more
uniform electrical contact with a micromanipulated tip.
It is evident, from Fig. 8, that the undoped nanowire for-
est shows a rectifying behaviour: it behaves like a Schot-
tky diode, typical of a metal contact deposited on a mod-
erately n-doped silicon substrate. The behaviour of the
doped silicon nanowire forest is instead linear (resistive):
not any barrier effect is observed, as typical for a metal
contact on a heavily doped silicon. On the right panel
of Fig 8, the characteristic of a silicon sample with a Cu
layer grown on top, but without nanowire forest, is re-
ported for comparison: an almost symmetric behaviour
is shown. From this last measurement, knowing the geo-
metrical dimensions of the sample (the surface is about a
centimetre square, the thickness is 0.5 mm), it is possible
to estimate the resistivity of the substrate which is of 4
Ω cm. This values is compatible with the nominal wafer
resistivity of 1-10 Ω cm.

IV. CONCLUSIONS

A large number of vertical silicon nanowires can be
achieved both by epitaxial growth and by selective ver-
tical etching. An important issue for the production
of any kind of device, based on these silicon nanowire
forests, is the fabrication of reliable electrical (and ther-
mal) contacts. One end of the silicon nanowires is an-
chored to the silicon substrate, which is a good electrical
and thermal conductor. The difficult issue is to fabri-
cate a contact to the other end, at the top of the silicon
nanowires. We have presented a cheap and reliable pro-
cess for the deposition of a Cu layer to the top end of a
silicon nanowire forest. The process has been developed
on silicon nanowire forests achieved by Metal-assisted
Chemical Etching, and it is based on copper electrodepo-

sition. The stability and repeatability of the Cu growth,
which is selective onto the top ends of the nanowires, have
been tested for a large range of the parameters involved
in the process (solution concentration, current density,
and total deposited charge). A key point for the selec-
tive Cu growth is a starting Cr/Cu layer deposited on top
of the silicon nanowires by means of a directional thermal
evaporation. I − V characteristics of a large number of
parallel nanowires have been measured both on n-doped
and on heavily doped forests, contacted by means of the
presented technique.
The process improved in our work is an important and
essential step for several applications, such as thermo-
electric generation which could exploit the low thermal
conductivity of silicon nanowires to achieve high conver-
sion efficiencies. Several experimental works have been
devoted in the past to the measurement of the SiNW
thermal conductivity. These works have clearly demon-
strated the potentialities of nanostructured materials for
energy harvesting applications. However, the devices
that have been used for these measurements were based
on a single (or very few) silicon nanowire, and for this
reason these devices are not suitable for practical appli-
cations. The fabrication of a contact on a huge number
of nanowires, produced by a simple and cheap technique,
offers the opportunity for the production of devices ca-
pable of handling and delivering a considerable amount
of power, therefore these devices could be employed in
many practical applications.
Future work is needed, at first, for the fabrication of uni-
form silicon nanowire forests on surfaces as large as possi-
ble. Moreover, even if we demonstrated that it is possible
to tailor the doping of silicon nanowires after their fabri-
cation, several experimental works are needed for solving
problems related with the mechanical, thermal and elec-
trical assembly of n-doped and p-doped silicon nanowire
forests.
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