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Porous diamond (PD) films have been grown on sintered WC-

13wt.%Co substrates by bias enhanced hot filament (HF)

chemical vapour deposition (CVD) methods and characterized

by scanning electron microscopy (SEM), laser Raman spectro-

scopy and X-ray diffraction (XRD). The PD films show

excellent adhesion under Rockwell indentation testing. Factors

encouraging the growth of diamond film with high porosity are

discussed.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction The exceptional properties of
diamond, such as extreme hardness, low friction coefficient,
physical and chemical stability, high electrical resistivity,
wide band gap, semiconductivity when doped, broad UV,
visible and IR transparency, high refractive index, the
highest thermal conductivity at room temperaturewith a high
Debye temperature and good biocompatibility, make it a
very attractive material for a wide spectrum of applications
in the fields of cutting tools, optical and electronic devices,
etc. [1, 2]. Porous diamond (PD) films have received much
recent attention [3–12]. The high surface area and multi-
faceted morphology of PD films increases their capacity for
electron field emission, and the aspect ratios of the emission
sites [9]. Individual diamond grains can possess numerous
micro-tips, many of which can sustain point discharges
under an applied electric field. The increased surface area
accompanying porosity can thus lead to increased field
emission current densities and lower threshold voltages for
field emission [10]. Conductive polycrystalline diamond
films are also excellent candidate electrode materials, which
can show awide potential window, high corrosion resistance
and enhanced mechanical stability relative to other com-
monly used electrode materials (e.g., glassy carbon, graphite
or platinum). Diamond films grown on porous anodic
alumina have received particular attention, due to their
(comparatively) low cost, large-area, controllable pore size
and reliable fabrication [9].

We have recently reported hot filament (HF) assisted
chemical vapour deposition (CVD) of adherent diamond
films on steel substrates that had themselves been pre-
coated with a thin WC-Co interlayer [13, 14]. Successful
diamond growth was achieved after pre-treating the WC-Co
interlayer with a two stage etching process, which had the
effect of depleting the Co content at the surface. A range of
pre-treatment methods for diamond films deposited on
sintered WC-Co substrates with different cobalt contents
have also been investigated [15, 16]. Here, we report growth
of adherent PD films on sintered WC-13wt.%Co substrates
by bias enhanced HF CVD methods, and explore their
morphological and mechanical properties as functions of
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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selected deposition parameters (surface pre-treatment, bias
conditions and input gas mixture).

2 Experimental details PD films were prepared on
sintered WC-13wt.%Co substrates using an HFCVD
reactor, the details of which have been reported previously
[13, 17]. Briefly, the reactor is a stainless steel chamber
(300mm inner diameter) to which are fitted various
electrical, gas and liquid feed-throughs, as well as a
magnetron cathode for sputtering. The process gas was
activated using a spiral coil filament (tungstenwire, diameter
0.38mm, screw inner diameter 1mm, 14 turns, 1mm
separation between adjacent turns, coil length 14mm),
suspended between two molybdenum rods that are them-
selves mounted onwater cooled copper frames. The filament
temperature (Tf) was measured by optical pyrometry. A
linear motion feed-through allowed in situ control of the
filament-substrate distance (df), which in the present work
was maintained at �8mm. The substrate temperature (Ts)
was controlled by Tf and df, and measured by K-type
thermocouples attached to the substrate surface. The base
pressure (<1� 10�6 Torr) was maintained by a turbo-
molecular pump, and the deposition pressure (p) monitored
and controlled using a manometer. Deposition parameters
were varied in the range: filament power, P¼ 361–394W;
filament current, I¼ 19.3� 0.2A; Tf¼ 2100� 100 8C;
p¼ 4 kPa; Ts¼ 750� 10 8C; methane and argon mole
fractions, Cm¼ 3% and Ca¼ 4%, respectively, in hydrogen;
total flow rate, Fg¼ 60 standard cm3 per min (sccm);
deposition time, t¼ 200min. Bias voltages were applied
directly to the substrate through the molybdenum substrate
holder. For the studies reported here, an initial negative bias
of �150V was employed during the period 0� t� 15min.
This was followed by 30min of growth without any bias,
then 60min deposition with a positive bias of þ100V, and
finally 95min deposition without any bias.

Sintered WC-13wt.%Co plates (Zhuzhou Cemented
Carbide Group Corporation, Hunan, China) with dimension
of 6� 6� 3mm3 were used as substrates. These were first
subjected to the following two-step MC (Murakami reagent
and Caro acid) pre-treatment [16, 18]: (i) etching of tungsten
carbide by Murakami’s reagent (10 gK3[Fe(CN)6]þ 10 g
KOHþ 100mL H2O) for 30min in an ultrasonic vessel;
(ii) removal of the surface Co by etching in an acidic solution
of hydrogen peroxide (3mL 96wt.% H2SO4þ 10mL 40%
w/v H2O2) for 30 s. Prior to diamond deposition, all pre-
treated specimens were then abraded ultrasonically in a
suspension of detonation nanodiamond powder (�500 nm)
in acetone for 30min. Ultrasonic agitation serves to disperse
the nanodiamond powder in the acetone and to enhance
collisions of diamond particles with the substrate surface,
seeding the subsequent inhomogeneous nucleation of
diamond during CVD [19, 20] by implanting ultrafine
diamond fragments into the substrate surface and/or by
creating suitable surface defects. The substrate samples were
subsequently cleaned ultrasonically with acetone and
ethanol for 3min after the seeding treatment.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Samples were characterized with field-emission scan-
ning electron microscopy (FE-SEM FEI, Sirion200), X-ray
diffraction (XRD:Dmax-2500VBXusing CuKa radiation at
a wavelength of 0.154 nm) and Raman spectroscopy
(LabRAM HR800, Arþ ion laser operating at 488 nm with
an output power of 100mW). The mechanical properties of
the diamond-coated WC-Co substrates were characterized
using a Rockwell hardness tester with a Brale diamond
indenter (angle¼ 1208, radius¼ 0.2mm) at loads of 600,
1000 and 1500N.

3 Results and discussion Figure 1 shows represen-
tative cross-section and surface SEM images of a PD film
deposited using the above conditions on a sintered
WC-13wt.%Co substrate. Cross-sectional analysis post-
indentation testing was performed after polishing the
samples with diamond abrasive paste and then ultrasonically
etching them in Murakami solution for 1min. The former
reveals an apparently dense,�3.5mm thick diamond film on
top of the granular substrate. The sequence of surface images
recorded at progressively higher resolution indicates that the
film has nucleated non-uniformly, forming a porous mesh
structure that extends across the entire substrate surface. The
pore density appears fairly uniform on themesoscale, but the
individual pores display a broad range of (irregular) shapes
and sizes; the highest resolution image [Fig. 1(f)] confirms
the surface morphology characteristic of polycrystalline
diamond.

TheRaman spectrumof a PDfilmdeposited on a sintered
WC-13wt.%Co substrate [Fig. 2(a)] shows an obvious
background that rises to higher wavenumber. This photo-
luminescence (PL) contribution is fitted using a linear
function [also shown in Fig. 2(a)] and then subtracted to yield
the Raman contributions, which are then fitted using a set
of Lorentzian functions – as shown in Fig. 2(b). The
decomposition identifies several peaks with different Raman
shifts (at �1140, 1332, 1355, 1470 and �1575 cm�1). The
Raman spectrum shows an obvious diamond peak, centred at
1337.8 cm�1. The peak is relatively broad (full width half
maximum�8.7 cm�1) and rides on a background associated
with graphitic (sp2-bonded) carbon. The diamond peak is
blue-shifted relative to its position in stress-free diamond
(1332.2 cm�1), suggesting the presence of some compres-
sive stress in the deposited film – which is likely associated
with the mismatch in thermal expansion between the
substrate and the diamond film [21]. There is a growing
body of evidence supporting sp2 carbon based assignments
for the �1140 and 1470 cm�1 peaks [22, 23], though the
former feature is still sometimes invoked as a signifier of a
nanocrystalline diamond phase in as-grown CVD samples
[24, 25].

The XRD pattern of a PD film grown on sintered WC-
13wt.%Co substrate [Fig. 2(c)] is dominated by WC
features, but peaks at 2u diffraction angles of 43.98, 75.48
and 91.48 – corresponding to, respectively, the (111), (220)
and (311) reflections of the cubic diamond structure – are
clearly identifiable. Note that the 2u �75.48 peak matches
www.pss-a.com
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Figure 2 (a)RamanspectrumofaPDfilmgrownonasinteredWC-
13wt.%Co cemented carbide substrate, along with a linear function
showing the assumed PL background contribution. (b) ‘Difference’
spectrum obtained by subtracting the background contribution from
themeasured spectrum, together with its decomposition into a set of
five Lorentzian functions. (c) XRD pattern of a PD film grown on a
sintered WC-13wt.%Co cemented carbide substrate. Expanded
viewsof thereflectionsat2u�43.98and91.48areshownin the insets.

Figure 1 SEM images of PD films grown on a sintered WC-
13wt.%Co cemented carbide substrate. (a) Shows a cross-sectional
image, (b)–(f) show plan view images recorded at successively
higher resolutions.
closely with the diamond (220) peak at 75.3028 and the WC
(200) peak at 75.4778; the observed feature is considered to
be a blend of these two reflections.

The blue-shift of the diamond peak in the Raman
spectrum [Fig. 2(a)] was taken as evidence that the PD films
are under compressive stress – implying that the films are
adhered to the underlying substrate. Figure 3 shows an SEM
image of the indent in a PD filmmadewith an applied load of
1500N.We observe no flaking-off of the PD film around the
www.pss-a.com
indentation – reinforcing the conclusion that the PD film is
well-adhered to the underlying WC substrate.

PD films grown on WC-Co substrates not dissimilar to
those described here have been reported previously [26–28],
but the formation mechanism of such films is still unclear.
The porous structures in the presentworkwere only observed
with Ar present in the process gas mixture, with the
application of an appropriate substrate bias voltage, and
with a structured substrate surface. We now consider the
likely role of these various factors.

We have shown previously that the MC pre-treatment
used here results in a textured WC-Co substrate surface,
especially with high-Co-containing cemented carbides [16].
This can be traced to the fact that cemented carbides are
typically fabricated by powder metallurgymethods, wherein
the Co binder distributes between the WC grains. The
purpose of the first step of MC-treatment (i.e., the etching of
tungsten carbide by Murakami’s reagent) is to increase the
substrate surface roughness and to expose the Co binder
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 SEM image of a PD film grown on a sintered WC-
13wt.%Co cemented carbide substrate after Rockwell indentation
with an applied load of 1500N.
[as illustrated in Fig. 4(a)], thereby enhancing the efficiency
of the second step of the MC pre-treatment during which
Co is etched by the acidic solution of hydrogen peroxide,
as illustrated in Fig. 4(b). MC pre-treatment thus creates
a Co-deficient, loose, granular layer on the substrate
surface suitable for subsequent diamond nucleation and
growth [16, 27]. As such, these substrates show some
parallels with the studies of Braga et al. [3–6] wherein hybrid
three-dimensional (3-D) electrodes were formed by growing
(by HFCVD) microcrystalline boron-doped diamond and/or
nanocrystalline diamond films on porous Ti substrates.

The use of a negative bias during the early stages of
diamond growth, as here, is a recognized route to enhancing
nucleation. Bias-enhanced nucleation, wherein ions in the
process gasmixture are accelerated towards and bombard the
substrate surface is widely used in microwave plasma
enhanced (MWPE) CVD to increase the nucleation density
on, for example, mirror-polished silicon substrates [29]. HF
activated gas mixtures generally contain a much lower (but
Figure 4 SEMimagesof thesurfaceofaWC-13wt.%Cocemented
carbidesubstrateafter (a)etchingof tungstencarbidebyMurakami’s
reagent and (b) etching of Co by the acidic solution of hydrogen
peroxide. The inset shows a large region of the latter surface imaged
at lower resolution.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
non-zero) density of ions, formed by thermionic emission
from the HF and subsequent electron-atom/molecule
collisions in the gas phase. Malcher et al. were the
first to report diamond film deposition on WC-Co tools
using a double bias-assisted HFCVD system [30].
Chattopadhyay et al. have also investigated the effects of
applying a direct current (DC) substrate bias (in the range
�500�VDC��1500V) on the morphology and adhesion
of diamond coatings grown on carbide turning tools using a
modified HFCVD method [31]. Park et al. have reported
more extensive and systematic investigations of the effect of
different bias voltages (0, �80, �100 and �120V) on the
diamond grain size in films grown on 3-D WC-6wt.%Co
substrates [32]. Ion bombardment can induce defects on
the surface of the growing diamond film, which act as sites
for re-nucleation, thereby resulting in a smaller average grain
size. Such effects were found to be most pronounced at the
edges of a 3-D object, where the local electric field is
greatest. Ižák et al. investigated the influence of nucleation
time (30–120min) at a constant substrate bias voltage and
the influence of bias voltage (from �120 to �220V) for a
fixed nucleation time on the growth of diamond on silicon in
a HFCVD reactor [33]. No diamond clusters were observed
in SEM images of samples subjected to the shortest
nucleation time, just very small (<10–20 nm) points of
luminescence, but progressively more diamond clusters
were evident at longer process times. A relatively homo-
geneous array of diamond clusters (with sizes in the range
50–100 nm and a density �108 cm�2) was evident after
60min. Extending the process time further was found to
result in continued expansion of the diamond clusters (to
�100–130 nm) and an apparent reduction in cluster density
(to �107 cm�2). The studies in which VDC was varied while
maintaining a constant nucleation time yielded similar
trends; larger negative bias voltages resulted in larger
diamond clusters.

Applying a positive substrate bias cannot lead to an
increased diamond nucleation density from positive ion
imapcts. Yet the present study finds that such a bias at later
time (t> 45min) has a beneficial effect on diamond film
growth. Saito et al. have concluded that the main effects
of the positive bias during MWPE-CVD of diamond are
(i) suppression of ion bombardment on the growing diamond
surface (which might otherwise induce surface damage and
secondary nucleation) and (ii) an increase in the rate of
electron impact, which can enhance radical formation on the
growing diamond surface (especially in the case of (100)
oriented diamond grains) [34].

Finally, we address the role of the Ar. Addition of just a
few percent of Ar (as here) cannot have any major effect on
the thermal diffusion or heat transport in the gas. Rather, the
addition of Ar is assumed to increase the density of heavy
ions impacting on the substrate surface at early times. The
electron density, and thus the probability of energetic
electron-Ar collisions, will be highest near the HF. Ions
formed in this region will be driven towards the substrate by
a negative bias voltage. Yang et al. have investigated the
www.pss-a.com
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combined effects of Ar addition and substrate bias on the
growth-rate, grain-size, and morphology of diamond films
[35], and suggested that substrate biasing enhances the
production of Hþ and Arþ ions, thereby influencing surface
etching and subsequent diamond film growth. Ansari et al.
explored the effect of substrate bias on the growth kinetics of
diamond films by HFCVD using CH4/H2 mixtures diluted
with 7%Ar [36]. Ar addition was found to increase the
nucleation density and growth rate, leading to suggestions
that excited noble gas atoms and ions aid the excitation and
dissociation of hydrogen and/or hydrocarbon molecules –
thereby boosting the number densities of key growth species.
Csikvari et al. have also studied the effect of substrate bias
on the morphology and microstructure of diamond layers
formed by MWPE-CVD using H2/CH4/Ar gas mixture
containing Ar fractions ranging from 10–95% [37]. Ar-
dependent variations in the gas phase chemistry and
composition of such MW activated H2/CH4/Ar gas mixtures
have been investigated also – by in situmass spectrometry of
the ionic species [34] and by laser absorption and optical
emission spectroscopy [38].

4 Conclusions In this work, we have established
optimal CVD conditions for growing high quality, adherent,
PD films on sinteredWC-13wt.%Co substrates in a HFCVD
system. The detailed formation mechanism of PD films on
WC-13wt.%Co substrates is still unclear, but porous
structures such as those reported in the present work are
only observed with Ar present in the process gas mixture,
with the application of an appropriate substrate bias voltage
during the early stages of deposition, and with a structured
substrate surface.
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