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ABSTRACT

Vertically aligned diamond nanowires with controlled geometrical properties like length and distance between wires were fabricated by use of
nanodiamond particles as a hard mask and by use of reactive ion etching. The surface structure, electronic properties, and electrochemical
functionalization of diamond nanowires were characterized by atomic force microscopy (AFM) and scanning tunneling microscopy (STM) as
well as electrochemical techniques. AFM and STM experiments show that diamond nanowire etched for 10 s have wire-typed structures with
3-10 nm in length and with typically 11 nm spacing in between. The electrode active area of diamond nanowires is enhanced by a factor of
2. The functionalization of nanowire tips with nitrophenyl molecules is characterized by STM on clean and on nitrophenyl molecule-modified
diamond nanowires. Tip-modified diamond nanowires are promising with respect to biosensor applications where controlled biomolecule
bonding is required to improve chemical stability and sensing significantly.

Nanowires are new materials, which have characteristics
of low weight with sometimes extraordinary mechanical,
electrical, thermal, and multifunctional properties.1,2 By
creating these nanostructures, it is possible to control the
fundamental properties of materials without changing their
chemical composition. Nanowire-based substrates can be
used for tunable transport of electrons with electronic
properties strongly influenced by little perturbations on the
surface and for giant surface-to-volume ratio enhancements.
In this way the attractive world of low dimensional systems,
together with the fabrication of functional nanostructured
arrays are important for chemical/biochemical applications,
and for a generation of well-defined molecular patterns on
biosensor surfaces. These nanowires thus will play a major
role in the new trend of chemical and biochemical nano-
technology.1,2

Nanowires are generated by (a) self-assembly of small-
sized structures to form larger structures (“bottom up”) or
(b) by reduction of large systems down to small size (“top-
down”), which have been applied on materials like Si,3 gold,4

glassy carbon,5 SnO2,6 and ZnO2.7 However, they do not
possess the desired chemical stability and reproducibility of
surfaces in electrolyte solutions. Only diamond is known to

be outstanding with respect to electrochemical properties8-10

due to low background current, wide working window, and
good chemical stability even in solutions. The surface of
diamond shows unique properties as it can be terminated
with hydrogen, with oxygen, and with OH, which allows
optimizing the electronic properties of the solid/electrolyte
interface.11-13 In addition, diamond shows strongest bonding
stability to DNA and thus has been widely utilized for
biosensor applications recently.14 Diamond is ultrahard
(50-150 GaP) which is promising with respect to mechanical
stability of diamond nanowires.15

The realization of diamond nanowires started already in
1997 by Shiomi,16 who demonstrated for the formation of
porous diamond films by reactive ion etching (RIE) using
O2. Later in 2000, nanostructured diamond honeycomb films
have been prepared17 by etching through a porous anodic
alumina mask, triggering some activities which are sum-
marized in an article of Shenderova et al.18 Growth-induced
formation of nanoscale tubular structures have been reported
for the first time in 2003, applying a microwave plasma of
hydrogen under a bias potential.19 In 2008, Zou et al.20

reported about the fabrication of nanopilar arrays using self-
aligned Au nanodots as etching mask in a bias-assisted
reactive ion etching, applying a hydrogen/argon plasma.
Although these achievements demonstrate that vertically
aligned diamond nanowires can be fabricated by a variety
of methods, no applications in electro- or biochemistry have
been reported up to now.
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In this paper, we introduce for the first time the fabrication
of vertically aligned diamond nanowires from a metallically
boron-doped single crystalline CVD diamond by use of a
top-down procedure, as schematically shown in Figure 1.
First, metallically boron-doped (p-type) diamonds with
atomically smooth surfaces are grown by homoepitaxy on
Ib diamond substrates, using a microwave-assisted chemical
vapor deposition technique.21 The root-mean-square (rms)
roughness of the surface is typically about 0.8 Å. Then, an
etching mask from diamond nanoparticles is deposited.
Diamond nanoparticles, as shown in Figure 1, can be

produced with well-defined size and quality.22 We have
applied here diamond nanoparticles of typical 8-10 nm in
diameter. These particles are dissolved in water by ultra-
sonification (200 W, 20 kHz, 12 h) to form a pseudostable
suspension.22-24 The concentration of this suspension is
crucial and pretreatment of diamond powder affects the
stability of the suspension. Then the diamond plate is
immersed into the suspension and sonificated (100 W, 10
min) to seed diamond nanoparticles on the diamond surface.
The diamond nanoparticle layer is dense and depends on
suspension quality and time of sonification. After deposition

Figure 1. Schematic plots of fabrication of diamond nanowires. Here d is the diameter of nanodiamond particles, and a is the distance
between particles. RIE denotes reactive ion etching. Refer to the text to obtain the details.

Figure 2. AFM images of diamond surface after RIE-etching with a gas mixture of 3% CF4 and 97% O2 for an etching time of (a) 5, (b)
10, (c) 20, and (d) 60 s.
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of nanoparticles, reactive ion etching (RIE) in an O2 (97%)/
CF4 (3%) gas mixture is applied for typical times between 2
to 60 s. The diamond etching rate is 10 Å s-1. Vertically
aligned diamond nanowires arise where diamond nanopar-
ticles have been deposited. They act as an etching mask as
shown schematically in Figure 1. Detailed geometrical
properties of wires depend on the size and etching rate of
nanoparticles. The length of wires can be up to several
micrometers if, for example, silicon instead of diamond
particles is used as silicon is more resistant against etching
(etching rate 1 Å s-1).

Figure 2 shows four AFM tapping mode images of
diamond after RIE etching for 5, 10, 20, and 60 s, using
diamond nanoparticles as hard mask. Each of these surfaces
has been evaluated using Fourier-analysis to determine the
geometrical properties. The results of these calculations are
shown in Figure 3. Etching for 5 s (Figures 2a and 3a)
generates short wires of less than 20 Å in length. The average
distance between wires is in the range of 5 nm, varying from
2 to 9 nm. An etching for 10 s (Figurse 2b and 3b) results
in wires with diameters of 1 to 5 nm. They are distributed
regularly on the surface with about 11 nm distance in
between wires. Etching for longer times results in deteriora-
tion of these properties as can be seen in Figures 2c,d and
3c,d. After 20 s etching, the wires become undefined, varying

in shape, height, and periodicity. Finally, after 60 s etching
the wire structure vanishes and a relative smooth surface is
generated.

Vertically aligned diamond nanowires with optimized
geometrical dimensions of 10 nm length and an average
separation of 11 nm were obtained with an etching time of
10 s. As the etching rate of diamond nanoparticles is about
10 Å s-1, 10 s is the time these particles act as an etching
mask. It demonstrates that geometrical properties of self-
aligned particles rule the formation of vertically aligned
diamond nanowires.

To evaluate the interfacial electronic properties of diamond
nanowires to phosphate buffer of pH 7.4, we have performed
capacitance (C)-voltage (V) measurements at 1 kHz. The
results are shown in Figure 4 as Mott-Schottky plot (C-2

as a function of potential). We use the Mott-Schottky
equation to calculate the built-in potential and the variation
of sensors area, given by

1
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where ε0 is the dielectric constant, εr ) 5.7 (diamond), A is
the active sensor area, NB the boron acceptor density in
diamond, Vbi the built-in potential, k the Boltzmann constant,
T the temperature (300 K), and e the elementary charge. In
these experiments, the acceptor concentration was fixed
(NB ) constant) as parts of the same diamond have been
used. If NB is constant, variations of slope arise from
variations in active area.

Smooth diamond shows a doping concentration of 7 ×
1019 cm-3 and a built-in potential of 1.6 V, as the surface is
hydrogen terminated. The depletion layer width at the
interface is about 10 Å. After etching for 5, 10, and 20 s the
Mott-Schottky graphs are changing significantly. The active
sensor area is increasing by RIE, showing a maximum of
2.1 × A0 after 10 s RIE, where A0 is the smooth surface
area. This is shown in the inset of Figure 4. The built-in
potential is changing as hydrogen is removed from the
surface and surface defects give rise to surface Fermi-level
pinning. It is interesting, that the highest barrier of 3.1 eV is
generated by 10 s RIE, while shorter (5 s) or longer (20 s)
etching times do not change the built-in potential.

These nanowires for an etching time of 10 s are function-
alized by use of an electrochemical phenyl-linker molecule
attachment schema,25-27 which preferentially bonds phenyl
linker-molecules to tips of wires, because on structured

Figure 3. Surface analysis of nanowires fabricated for an etching
time of (a) 5, (b) 10, (c) 20, and (d) 60 s.

Figure 4. Mott-Schottky plots of a smooth diamond (a) and
diamond nanowires for an etching time of (b) 5, (c) 10, and (d)
20 s in 0.1 M pH 7.4 phosphate buffer at a fixed frequency of 1.0
kHz. The inset is the sensor area calculated as a function of etching
time.

Figure 5. Cyclic voltammograms of 1.0 mM Fe(CN)6
3-/4- at a scan

rate of 0.1 V s-1 in pH 7.4 phosphate buffer on diamond nanowires
before (a) and after (b) nitrophenyl attachment.
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surfaces like vertically aligned nanowires the electric field
concentrates at tips of wires, which stimulates current flow
preferentially through wires and their tips. To investigate
well-defined nitrophenyl bonding to wire tips we have
performed attachment experiments using constant potential
attachment with -0.05 V (versus Ag/Ag+) for 4 s. The
attachment potential has been selected from cyclic voltam-
metric attachment experiments, performed to detect the
reduction peak potential on oxidized and RIE-etched diamond
surfaces which are shifted to this lower potential.

The electrochemical properties of vertically aligned dia-
mond nanowires before and after nitrophenyl attachments
were examined by use of the redox couple of Fe(CN)6

3-/4-

as mediators. Figure 5 shows the variation of Fe(CN)6
3-/4-

redox currents by phenyl attachment. Diamond nanowires
before attachment have oxidized surface properties which
give rise to a peak splitting of 868 mV between anodic and
cathodic peak. This wide potential separation is also a result
of the relative low doping concentration of diamond of only
7 × 1019 cm-3. After phenyl attachment, the redox peak
currents decrease by about 22% and shift even wider in
potential with 1160 mV peak separation. However, the
surface is still redox active.

Moreover, nitro- to amino-phenyl conversions were de-
tected on such modified nanowire electrodes.25-27 Here, four
cyclic scans have been applied to convert nitro- to amino-
phenyl. Please note that on smooth diamond surfaces only
one scan is required.25-27 The origin of this is currently under
investigation.

In order to identify locations of nitrophenyl attachment to
diamond nanowires, constant-current mode STM has been
employed to image the diamond nanowires before and after
grafting with nitrophenyl. Sharp tips of 3-10 nm size and
8-10 nm length are detected in the clean diamond nanowires
(Figure 6a). This result agrees with AFM data shown in

Figure 2b; STM on phenyl-modified wires shows a drastic
change of tip features. A “double peak” structure is detected,
which is a result of constant tunneling current mode applied
here. As nitrophenyl films are insulating, they give rise to
decreased STM tunneling currents. To keep the tunneling
current constant, the STM tip will approach toward the
surface which results in inverted cone-shaped tips as shown
in Figure 6b. From these data we conclude that electro-
chemical modifications of vertically aligned diamond nanow-
ires give rise to phenyl bonding to the tips of wires while in
between most of the surface remains uncoated.

These electrochemically functionalized diamond nanowires
have been applied for DNA sensing. The goal is to combine
the outstanding electrochemical properties of diamond (e.g.,
good chemical stability, low background current, wide
potential window, ultra hardness) with the advantage of
geometrically controlled bonding of DNA molecules to the
nanostructured transducer to achieve a “like-in-solution”
situation.”28

In summary, nanodiamond particles dispersed on a smooth
diamond electrode can be utilized as an etching mask for
the fabrication of vertically aligned diamond nanowires with
controlled length and nanoscaled spacing between wires. Tips
of nanowires can be functionalized electrochemically as a
result of electric field concentration at the tips of wires. Please
note that for these experiments, the doping of diamond was
in the range of 7 × 1019 cm-3, which is nearly a factor of
10 below the doping density conventionally applied. It gives
rise to huge redox current peak splitting, but nonetheless
these experiments clearly show the major properties that
come by fabrication of vertically aligned diamond nanowires.
For applications as gas sensors, we expect that for even lower
doping levels for biosensor applications the doping level
needs to be significantly enhanced. Control of geometrical
properties of nanowires is promising for the realization of

Figure 6. STM images of diamond nanowires (a) before and (b) after the electrochemical grafting of a nitrophenyl film by a constant
potential technique at -0.05 V vs Ag/Ag+ for 4 s.
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biosensors which require controlled mesospacing of mol-
ecules like DNA or enzymes on transducer surfaces to
improve sensing properties significantly. The applications of
such functionalized diamond nanowires for DNA sensing are
currently performing in our laboratory and will be introduced
in the near future.
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