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Nano-wires have become promising tools in a vast field of applications. Due to the many unique properties
of diamond, the use of diamond nano-wires in biosensors attracts increasing attention. In this paper we
introduce the realisation of wires from diamond using self-aligned nickel nano-particles as etching mask in
an oxygen ICP dry etching step. With this process it is possible to create wires of high aspect ratios of 50, with
diameters as small as 20 nm, and typical lengths of up to 1 μm on a large area in a dense pattern of about
1011cm−2. The Ni nano-particles are formed by thermal annealing at 700 °C for 5 min of a thin (1 nm) Ni
film that is deposited onto the diamond surface. The surface enhancement factor due to wires is dependent
on the geometrical details of wires and was measured to be 10 to 80. The electrochemical properties of wires
have been characterized by cyclic voltammetry using Fe(CN)6−3/−4 which shows that such topographies act
as filter for redox molecules.
e (W. Smirnov).
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1. Introduction

Nano-wires are newand very promisingmaterials for chemical and
bio-chemical sensing since their geometrical properties can be tuned
to match those of biological and chemical species. With dimensions in
the nano-meter scale the electronic properties can be adjusted by low-
dimensional effects. This can change the properties from those of
bulk materials. One of the most striking aspects is the possibility to
dramatically increase the surface-to-volume ratio of a given material.

Nano-wires from Si [1,2], SiO2, InP [3], gold [4], SnO2 [5] and nitride
materials [6–8] have attracted much interest recently. Bottom–up as
well as top–down approaches have been used to generate such nano-
structures, which open up many new applications. However, wires
from these materials do not fulfil the necessary chemical stability,
hardness and bio-compatibility requirements. Sensors from these
materials for examplewill suffer from corrosion andwill degrade their
functionality in harsh environments. In the past, the vast majority of
research concentrated on carbon nano-tubes (CNTs) [9,10] which
showoutstandingmechanical [11] and electrical properties andwhich
is therefore one of themost promising candidates for bio-applications.
The other outstanding material is Diamond as it shows unique
properties such as chemical stability and hardness [12] bio-compat-
ibility and can be bio-functionalised with a variety of methods. The
conductivity can be adjusted from insulating to semiconducting up to
metallic by doping with boron. The surface can be terminated with
oxygen or hydrogen which affects the wettability from hydrophilic to
hydrophobic, resp. [13] and allows the electronic properties of the
solid/electrolyte interface to be tuned with respect to energies of
molecular layers. Electrodes from diamond have already shown
superior properties compared to standard electrodes from graphite,
Au or Pt with respect to low background current and wide electro-
chemical potential window [14]. Combining these advantages with
features arising from nano-structured surfaces will yield a new gen-
eration of biosensors. Diamond nano-wires have already been fabri-
cated [15] and used for chemical and bio-chemical sensing [16,17],
mechanical reinforcement [18] and enhancements in thermal man-
agement [19]. Other promising applications of diamond nano-wires
are for microelectronics and electron field emission devices [20–22]
where the negative electron affinity is utilized [23].

Mostly two ways are used for fabrication of nano-wires namely
bottom–up and top–down approaches. Diamond nano-wires were
produced by overgrowing diamond homoepitaxially [24,25] or coating
other materials like Si or carbon nano-tubes [26] with nano-diamond.
The most often applied technique is a top–down approach, where
diamond is etched with reactive ions in a plasma. Masking materials
such as Al, SiO2, Au, Ni and Mo can be deposited with help of litho-
graphic techniques [27,28] on the diamond surface to protect selected
areas from etching. Another approach uses unintentionally sputtered
material from the substrate holder onto the sample during the etching
process [28] or deliberately depositing thin metal layers, that will act
as masking materials [29,30].

A low cost, fast, effective and reproducible method for the pre-
paration of etching masks is the utilization of self-organised and self-
assembling nano-particles from Al, Ni, Au [31,32], polymers, oxides,
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nitrides and diamond powder [17]. Most of these techniques result
in nano-wires which show low aspect ratios of height to width of
typically 1:1 to 1:10 and densitieswhich are in the range of 1010cm−2.

In the present work we introduce and discuss the realisation of
vertically aligned diamond nano-wires which show high aspect ratios,
homogeneous and reproducible dimensions as well as controlled
lengths. This is achieved by using self assembled Ni nano-particles
which are used as etching mask in an inductively coupled plasma
etching process (ICP). Resulting surfacemorphologies are investigated
in detail using atomic force (AFM) and scanning electron microscopy
(SEM). Electrochemical techniques have been applied to characterize
surface enhancements and chemical activity of nano-wires.

2. Experimental

2.1. Diamond growth and substrate pretreatment

Undoped and heavily boron doped polycrystalline diamond films
were grown in ellipsoidal shapedmicrowave plasma enhanced chem-
ical vapour deposition (MWCVD) systems [33]. Substrates for di-
amond deposition were 3in. silicon wafers. Process parameters were
as following: a gas mixture of 3% methane in hydrogen, a microwave
power of 3000 W and a total gas pressure of 100 mbar. The substrate
temperature was held constant at 900 °C during deposition. To grow
thick layers up to 300 h growth have been used at a deposition rate of
1 µm h−1. To realize heavily boron doped films, boron concentrations
of 1000 ppm were introduced into the gas phase. Boron doping levels
were analysed by SIMS and capacitance-voltage (CV) [34] measure-
ments and show doping levels of about 1021cm−3. After growth,
diamond surfaces were mechanically polished and silicon substrates
were removed in a hot KOHbath. Segmenting of freestanding diamond
wafers into (6×6) mm samples was performed with a Nd:YAG laser.
Then the diamond samples were cleaned in chromium sulphuric acid,
washed in deionised water (DI) and rinsed in a 1:1 mixture of HF and
HNO3. Before measurements, samples have been cleaned in acetone,
isopropanol, methanol and DI water.

2.2. Fabrication of diamond nano-wires

Diamond nano-wires were produced via a top–down procedure
using nickel particles as hardmask, as schematically shown in Fig. 1. A
self-organised nickel particle array was prepared by firstly evaporat-
ing a thin Ni layer of 1 nm thickness onto diamond (Fig. 1a). For
this purpose a Leybold A700 evaporation system was used. Then the
nickel layer was annealed in vacuum at 700 °C for 5 min in an induc-
tion furnace. The heating and cooling ramp from room temperature
to 700 °C takes 1 min and 30 min, respectively. Nickel particles of
typically 10 nm to 30 nm in diameter were generated and distributed
in a homogeneous pattern on the diamond surface (Fig. 1b). After
formation of the Ni particle etchingmask an oxygen inductive coupled
plasma (ICP) is applied to etch diamond (Fig. 1c). Etching param-
eters were: oxygen gas flow 20sccm, pressure 5×10−2mbar, dura-
Fig. 1. Schematics of wire formation on diamond. (a) Evaporation of a thin Ni layer.
(b) Annealing the sample at 700 °C for 5 min. (c) Etching diamond with oxygen ICP
plasma. (d) Wet-chemical cleaning to remove Ni residua.
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tion 5 min, power 1000 W. After the ICP process residual Ni particles
are removed from the surface by wet-chemical cleaning in aqua-regia
(Fig. 1d).

The length of nano-wires and the spacing in between can be con-
trolled by the size of Ni particles and the etching time. Wire diameters
of 10 nm to 60 nm can be realized. The lengths can be varied from a
few nanometers to several microns, depending on the thickness of
wires and the etching time.

2.3. Characterizations of diamond nano-wires

Nickel nano-particles and surface morphologies of diamond nano-
wireswere characterized by a VeecoMulti-modeNanoscopeV scanning
probe microscope (CA, USA) and by a scanning electron microscopy
(SEM: Zeiss 1540 ESB Gemini). Electrochemical experiments were
conducted using a VMP-3 computer-controlled potentiostat (BioLogic
Science Instruments, France) at room temperature with a conventional
three-electrode configuration in a custom fabricated sample holder cell
[16]. The exposed area to buffer solution was 0.053 cm2. Background
current of the diamond electrode was measured with cyclic voltam-
metry performed in 0.1 M KCl buffer solution. Redox activity was mea-
sured by adding 0.01 M Fe(CN)6 3−/4− in 0.1 M KCl.

3. Results and discussion

3.1. Formation of self-aligned Ni nano-particles

To characterize the effect of self assembly of nickel particles,
morphologies of diamond surfaceswere characterized before and after
Ni evaporation and after thermal treatment of the sample. All of the
AFM measurements show a low frequency background modulation
which originates from polishing of diamond. Height profiles perpen-
dicular to these height variations reveal a nano-scale roughness in the
range of (2 to 4) nm. Before and after Ni evaporation no remarkable
difference in surface roughness was observed indicating a homoge-
neous coverage of the diamonds surface with a closed nickel layer
(AFM images not shown here).

Even though the melting point of nickel is at around 1450 °C, we
observe a self-organised Ni nano-particle formation after annealing
the sample at 700 °C for 5 min. The thin Ni layer is melting at tem-
peratures significantly below the melting point of bulk material. This
effect is referred as melting point lowering in the literature [35,36].
SEM and AFM images in Fig. 2a and b reveal dots with diameters of
(17±3) nm with a density of about ~1011cm−2. A line scan profile
of Ni nano-particles is shown in Fig. 2c (indicated by a blue line in
Fig. 2b). With help of Fourier transformations and Gaussian fit cal-
culations, the distance from dot to dot is obtained to be (40±10) nm.
Taking into account the thickness of the evaporated Ni layer of 1 nm,
we have calculated the theoretical dimensions of a Ni particle that can
be formed out of a (40×40×1) nm3 Ni volume. Here we assumed a
Ni particle shape of a hemisphere which yields typical Ni particle
diameters of (20±5) nm. This is in good agreement with AFM and
SEM measurements.

3.2. Surface morphologies of diamond nano-wires

After ICP treatment the resulting diamond surface shows wires
with typical diameters of (23±7) nm (Fig. 3a). The density is about
1011cm−2, which corresponds to the size and distribution of Ni
particles. The height or length of wires is measured to be (1200±200)
nm (Fig. 3b,c) and the aspect ratio is in the range of 50. Calculations
of the surface enlargement, assuming cylindrically shaped wires re-
veal a surface enlargement of 10 to 80. This is in good agreement
with experimentally obtained data of the surface enlargement using
capacitance-voltage measurements, which will be discussed below.
Please note, that narrow standing diamond wires are cylindrical in
), doi:10.1016/j.diamond.2009.09.001
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Fig. 2. Ni nano-particles examined by (a) SEM and (b) AFM. (c) Line scan as indicated by blue line in (b) and Fourier transformation with Gaussian fit revealing inverse particle to
particle separation (indicated by ω0). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. SEM pictograms of diamond nano wires. (a) DNW array, view from top. (b) DNW array, taken at a 45° tilt angle with respect to sample surface. (c) Higher magnification of
individual nano wires.

Fig. 4. Electrochemical experiments on i) smooth diamond surface and (ii) on diamond
with nanowires: (a) Background currents asmeasuredby cyclic voltammetry in 0.1 MKCl
at a scan rate of 50 mVs−1 and (b) Redox currents as measured by cyclic voltammetry
using 1 mM Fe(CN)63−/4− in 0.1 M KCl at a scan rate of 100 mVs−1.
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shape, whereas single, stand alone wires are conical in shape as can
be seen in Fig. 3b and c. This effect may arise from plasma shielding
during etching due to charging of the wires and reflected ions at wires
[37].

3.3. Electrochemical characterizations

To detect the surface enlargement, we have applied cyclic vol-
tammetry experiments on our structured electrodes. We compared
samples obtained from the samediamond substrate— (i)without- and
(ii)with nano-wires (s. Fig. 4). Dimensions of nano-wireswere: height
(1200±200) nm, width (35±5) nm, density ~1010cm−2.

In order to verify the surface enhancement of diamond nano-
wires, the background currents were measured in 0.1 M KCl at a scan
rate of ν=50 mVs−1. The background current is proportional to the
surface area in contact with the electrolyte solution and given by:

IC = Cn⋅AGeom · ν ð1Þ

where Ic is the current related to the charging of the interfacial
capacitance Cn given in units of (F/cm−2) and AGeom the total surface
area. We assume that the capacitance per unit area is constant and
not affected by the etching and formation of the wires as the diamond
substrate has not been changed (boron doping is the same). We
assume that the depletion layer width at the surface of diamond in
buffer solution is therefore the same. This is, however, currently under
investigation in our lab.

The background current on diamond nano-wires is more than 10
times larger than on the smooth diamond electrode. From this we
can deduce, that the overall diamond surface is enhanced by a factor
Please cite this article as: W. Smirnov, et al., Diam. Relat. Mater. (2009), doi:10.1016/j.diamond.2009.09.001
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of 10 which is in agreement with geometrical calculation discussed
previously.

The electrochemical activity of diamond nano-wires was charac-
terized using redox couples of Fe(CN)63−/4− as probes. Fig. 4b shows
cyclic voltammograms of 1.0 mM Fe(CN)63−/4− at a scan rate of ν=
100 mVs−1. The peak splitting of oxidation and reduction currents
(potential of the anodic peak minus potential of cathodic peak) is
(80±10) mV. It is close to the Nernst limit which is a result of
metallically ultra-high doping. The enhancement in current density
is, however, only 1.5. For a diffusion controlled process, the peak
current (IP) is proportional to the square root of the scan rate (ν), to
the diffusion coefficient (D) and to the electrochemically active area
(AEl Chem), as given by Eq. (2) [38]:

IPeAEl Chem⋅D
1=2ν1=2 ð2Þ

For comparison of smooth diamond and diamond nano-wires we
assume again that the only variable parameter is the area AEl Chem.
Hence, the ratio of peak current slopes (Ip plotted against ν1/2, not
shown here) can be used to calculate the surface enlargement which
is only 1.5. This is much lower than the real increase of surface area.
This is attributed to the following:

The capacitive background current in KCl is proportional to the
total surface area in contactwith electrolyte solution.On the other hand,
the faradaic current of ferri/ferrocyanide is dominated by their diffusion
length, LD, which is typically in the range of tens of microns. Structures
which are significantly smaller than LD are not recognized and the
faradaic current of ferri/ferrocyanide is therefore about the same as on
a smooth surface. This diamond nano-wire electrode does not behave
as a microelectrode ensemble but rather as a macro-electrode.

As a result, the electrochemically active area is significantly smaller
than the total surface area. To evaluate the surface enlargement truly
by this method requires redox molecules, which either drift in an
electric field and/or which show a decreased electrochemical activity
like hydrogen peroxide [39].

Wires for redox sensing therefore are promising as electrochem-
ically selective detectors (“filter”). Such devices will be applied to
distinguish between molecules of different, masses, charges, diffusion
lengths and electron transfer properties.

4. Conclusions

In this paper we summarize and discuss how to produce homoge-
neously distributed vertically aligned diamond nano-wires with high
aspect ratios above 50. These wires can be generated homogeneously
either dense or dilute with long or short wires. Ni nano-particles are
usedwhich act as self-aligned and self-forming etchingmask used in an
ICP plasma (top–down approach). Ni particles are formed at 700 °C
annealing temperature from a thin homogeneous Ni layer of 1 nm
thickness, which is deposited on polished polycrystalline diamond sub-
strates. After ICP etching using oxygen as etching gas we observe ver-
tically aligned diamond wires with typical diameters of 20 nm and
lengths up to 1000 nm. The diameter and distribution of wires is in
agreement with the Ni nano-particle pattern generated by thermal
annealing. The density of these wires is in the range of 1011cm−2 and
results in an effective surface enhancementof about 10 to80, dependent
on the length of the wires. Electrochemical analysis was used to char-
acterize experimentally surface enlargements and electrochemical
activity of wires. Electrochemical background current measurements
reveal indeed a surface enhancement which is in agreement with cal-
culations however the electrochemical activity of wires with respect
to Fe(CN)63−/4− interaction is very little increasing.

This is attributed to the diffusion properties of Fe(CN)63−/4− in
combination with the nano-spaced assembly of nano-wires.
Please cite this article as: W. Smirnov, et al., Diam. Relat. Mater. (2009
Such a nano-structuring in combination with the unique electro-
chemical properties of diamond opens up a path to bio-electronic sen-
sor applications with improvements in sensitivity, reproducibility and
chemical stability required to meet future needs in various fields. Di-
amond nano-wires are very promising for future applications such as
electrochemical filters, as spacer layer for bio-molecule on diamond
surfaces or as super capacitors in battery application.
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