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ABSTRACT

Selective implantation of 140 keV Co ions into self-supporting diamond films converts the surface into a conductive region at which
redox electron transfer and metal deposition have been accomplished. Simple masking allows precise definition of the area to be plated
within the insulating diamond matrix. Formation and electrochemical characterization of a rotating disk electrode in this manner are
demonstrated.
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The extraordinary combination of high thermal conductivity, elec-
trical insulation, and chemical resistance of diamond is now real-
ized in thin films p~oduced by chemical vapor deposition (CVD).1
Such polycrystalline diamond films can overcome the scarcity and
expense of high quality natural diamond for numerous applications
such as in integrated electronics where these films are already
used as effective heat sinks in high power devices.2 Unfortunately
this chemical resistance limits multimaterial applications. Energetic
ion beams are known to gradually modify the material to a hybrid
diamond/graphite form with conducting properties. In this paper we
show that the surface of this hybrid form of diamond is electrochem-
ically active, opening opportunities in materials science, device
application, and electrochemistry.

Any desired conductivity, ranging from that of pure diamond to
that of graphite, can be induced into diamond using ion implanta-
tion.3 Providing low resistivity, ohmic contacts to single- and poly-
crystalline diamond has been extensively studied. Approaches
taken are: deposition of a carbide forming transition metal and
subsequent annealing;4 deposition of Ti-Au onto B-doped dia-
mond;5 heavy B ion implantation followed by metal deposition;6,7
and graphitization through implantation to form pads for metal con-
tacts.sln all these studies, metals were deposited onto diamond via
evaporation or painting (Ag).

In the present work, we show that an implantation-damage in-
duced layer can serve as an electrode for redox electron transfer
and for metal electroplating. Hence implantation, combined with
patterning, can be used to form metallic and electrolytic contacts to
the conductive areas. The modified surface allows interfacial elec-

tron transfer to species, including electroplating gold. In addition to
a variety of applications, this demonstration of plating illustrates
that the outermost surface layer of ion-bombarded diamond is
conducting.

Immediate outgrowths of this development are apparent for elec-
tronics technology and electrochemistry. Power handling resistors
can be formed in intimate contact with the best heat dissipating
medium, the unperturbed diamond, while conductive leads can be
attached via the implanted region. Surface conduction allows a
novel electrode material, inert in most environments, with a well-de-
fined geometry to transfer charge to an electrolyte. Patterning can
easily be envisaged to form resistors and contacts to resistors.
Thus integrated device structures with intriguing capabilities be-
come feasible and diamond-based electrodes become available for

electrochemistry.
The transition between the insulating (Sp3 bonded) diamond

structure to conducting graphitic (Sp2 bonded) regions caused by
ion implantation has been extensively studied3 and the results are
remarkably parallel for both natural diamond and CVD films.9 The
chemical transformation depends in a reproducible manner on the
energy density deposited by the ion beam, the implantation temper-
ature, and postimplantation annealing. At the moderate doses used
here, conductivity is associated with only the bond breaking aspect
of the implantation and not with the chemical nature of the im-
planted species. Importantly, with dosage sufficient to produce a
conductivity intermediate between that of graphite and diamond,
the implanted diamond retains the hardness, morphology, and
chemical inertness of the original Sp3 bonding to a large degree.

The modified region caused by ion-induced bond breaking and
reformation extends from the surface to the implantation range.
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Thus ion beam parameters can be chosen to tailor the desired
damage profile. This flexibility of depth and damage level parame-
ters has important advantages, as only the near surface region is
modified while the remainder of the underlying diamond retains all
the characteristic qualities of diamond. The concentration of im-
pinging ions is virtually zero in the surface and peaks at a depth
(range) depending on the initial energy. This is important for carry-
ing out interfacial chemistry with the converted diamond, such as
electron transfer reactions, since catalytic effects of foreign
(implantation) species should be minimal or controllable. The lat-
eral resolution with an appropriate beam blocking mask is of the
order of the lateral straggle associated with the bond breaking,
which is calculatedto be ~ 130 A for the implantationconditions
reported here.

Two insulating, electronic grade, self-supporting CVD diamond
samples, 250 f-Lmthick, received doses of 140 keV Co ions of 4 x
1015cm-2, the first at a nominal substrate temperature of 200°C and
the second at 215°C. These implantation conditions are expected
to result in a layer, ~600 Athick, of nearly completely graphitized
diamond. The first sample was partially masked by a sheet metal
overlay to leave an approximately 3 mm x 10 mm implanted stripe.
The second sample was exposed to the beam through a set of AI
stencil masks patterned with a circular hole of ~2.5 mm diam
connected to the edge with a ~1 mm slot (keyhole-shaped combi-
nation). Sample No. 1 was visibly darkened in the irradiated area
and the implanted pattern in No. 2, originally a nontransparent film
yet with a distinct 1332 cm-1 line characteristic of diamond, could
also be discerned by reflective change.

Resistance between probes placed within the implanted region,
about a millimeter apart, on sample No. 1 was about 600 0 and that
between slot and disk region in the implant of sample No. 2 was
about 2 kO. A simple stripe electrode, 1, and a close approximation
to a rotating disk electrode, 2, were made as shown schematically
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Fig. 1. Views of the two ion-irradiated electrodes. The ex-
posed implant area is a 3 mm stripe ion in electrode 1 and a
2.5 mm diam disk concentric to the (rotating) steel rod in elec-
trode 2. Silver epoxy to gold wire contracts are made to the
implants (and to the rod in 2). Epoxy or polyethylene insulation
then covers all conductive surfaces except the desired implant
area.
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Fig. 2. (A) Current (i)-potential (E) trace of electrode 2 ro-
tated at 900 rpm and scanned at 20 mV/s. Solution is 5.0 mM
KtFe(CN)6in 0.4M diammonium hydrogen citrate. (B) Limiting
current, il, at potential of 1.1 V vs. SCE (indicated by arrow on
A) plotted vs. 00112.

in Fig. 1. Electrode 1 was designed for large area RBS examination
while electrode 2 was designed for a rotating disk electrode config-
uration. The electrochemistry of graphite forms of carbon has been
widely studied.1O

In the present experiments electrode 1 was made a cathode in a
gold plating solution (4.5 mM KAu(CNh in pH 7 phosphate buffer,
65°C, 5 to 60 s plating times) and found to be readily covered by the
metal exclusively over the implanted area. Triodide etchant was
used to remove gold as desired; cyclic plating-stripping did not
appear to alter the surface indicating no material interdiffusion nor
electrode deterioration. Regions of the electrode corresponding to
the original substrate and to the plated implant were examined by
Rutherford backscattering spectroscopy (RBS) to ascertain the
quality of the electroplated film and the degree of selectivity. The
RBS measurements found that the plated Au film was ~500 A thick
with considerable roughness. Significantly, no Au was detected on
the unimplanted region of the diamond to the level of 1012 Au
atom/cm2. Optical microscopy indicates that the roughness ap-
pears to be due to growth at gold nuclei which tends to dominate
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Fig. 3.Trace 1 is CV at 25 mV/s of stationary electrode 2, as
implanted. Solution is that of Fig. 2, but also containing
0.02 KAu(CNh. After trace 1, potential was moved to ~ -1.4V,

as shown on figure, to plate gold. CV 2 was then initiated.
Arrows on curves indicate scan direction.

over uniform nucleation on the damaged surface; there is clearly no
nucleation in the un implanted region.

Electrode 2 was used in a stationary mode for cyclic voltammetry
(CV) and rotated as a disk electrode (ROE) in a conventional three-
electrode cell configuration with saturated calomel reference and Pt
counterelectrodes. Voltammograms were obtained in a OAM
(NH4hH citrate supporting electrolyte with 5 mM hexacyanoferrate
as electroactive species. The ROE scans (Fig. 2A) for the oxidation
of Fe(CN);;4 to Fe(CN);;3 were found as expected for a relatively
resistive surface with some additional kinetic component for the
electron transfer. In spite of the approximate ROE geometry (imper-
fect alignme,nt, epoxy bump on disk plane), Levich behavior [linear-
ity of convective diffusion current, il, with (rotation speed) 1/2,w1/2,
plots] was found. Applying the Levich equation to the slope of plot
B and inserting the known values of Fe(CN);;4 concentration and
diffusion coefficient, and electrolyte kinematic viscosity, gave a
calculated disk area within 10% of that from the measured diame-

ter, well within the expectation from the cumulative experimental
error and the imperfect planarity required by the disk face construc-
tion. This test indicates that well-defined electrode areas or arrays
with sharp boundaries can be produced.

With the experiment carried out with the above electrolyte now
also made to contain 0.02M KAu(CNh, the possibility of internal
deposition of gold on the disk surface was available, as demon-
strated for the related bath used with electrode 1. Before such

plating, the CV of Fe(CN);;4 was taken in this solution (Fig. 3, curve
1), with results unchanged from the bath without gold and equiva-
lent to Fig. 2A. After this CV, the electrode potential was brought
negative to the region in which gold and hydrogen co-deposit (see
Fig. 3) where monolayer levels of gold were estimated to have
plated from the coulombs passed. (No effort was made to estimate
current efficiency.) A CV was then obtained, as curve 2 in Fig. 3.
This cyclic scan after the gold deposition shows a sharpening of
anodic and cathodic peaks from that obtained with the implanted
surface alone. This is consistent with the combined reduction in

resistance and improvement of kinetics at the interface with in-
creasing coverage of gold. Indeed, heavier deposits of gold im-
proved the voltammogram further through these mechanisms. In-
tercalative deposition of alkalis in the bath is unlikely at these
potentials.

No efforts were made here to improve the carbon surface by
potential programming or other activation other than gold deposi-
tion. The fact that the Co ions are not present at the surface (peak
of the Co distribution calculated to be ~500 A) was confirmed to
RBS detection limits (0.05 monolayers). This also affirms that it is
extremely unlikely that the metallic nature of the implanted element
contributed catalytically to the surface electron transfer kinetics
here. However, comparison of electrochemistry after using plat-
inum metals or inert gases as beams could establish whether ki-
netic effects could be introduced. The bond-breaking transforma-
tion leading to conductivity primarily results from the energy
transfer from the incident particles and is not dependent on atomic
specificity.

These implanted regions may be used as either diamond-based
electrode surfaces directly, or as templates for selective metal de-
position. In either case, the stability of the surface compared to that
of other conductive forms of carbon and the kinetics of electron

transfer at electrolyte interfaces are of considerable interest. The
making and controlling of ion dose and energy allow for great flex-
ibility in the geometries and chemistry of such electrodes. The
possibility of irradiating completely through a thin (i.e. micron level)
diamond film gives a third dimension to this patterning which will be
of value to both electronics and electrochemistry. The electrodepo-
sition experiments reported here reinforce the facility of controllable
conductive path formation from the implant procedure and the pos-
sibility of the in situ modification of resistance by electropolating
and feedback control for a variety of applications.
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