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The bias-enhanced nucleation~BEN! technique has been applied to TiC~111! substrates and resulted
in deposition of oriented diamond particles. The orientation was observed via scanning electron
microscopy. A dense region of oriented particles was not observed on the samples, presumably due
to the excessive twinning of the diamond. However, micrographs taken throughout the substrate
showed diamond particles having similar orientation with respect to each other. Some of the
diamond particles showed evidence of azimuthal twist and tilting, resulting most likely from the
;21% lattice mismatch. Raman spectra of the diamond crystals show a strong feature at 1332
cm21, which is indicative of diamond, and smaller features at 1480 and 1602 cm21 due to
sp2-bonded carbon. ©1995 American Institute of Physics.

Diamond has received much attention for use in a wide
variety of applications. These include tribological, thermal
management, optical, and microelectronic applications. In
order to exploit this material’s extreme properties, high qual-
ity diamond crystals must be formed and in some cases,
through process advancements, the properties of synthetic
diamond have surpassed those exhibited by natural
diamond.1 To make full use of diamond’s electronic proper-
ties single-crystal films devoid of electronic barriers posed
by grain boundaries and randomly oriented crystals are re-
quired. Thus, the need to identify alternative heteroepitaxial
substrates for diamond is important.

Epitaxial diamond films have been grown on bothc-BN
and diamond,2–4 however, these materials are expensive and
large area substrates are not available. There has been past
research to suggest that diamond heteroepitaxy may be
achieved on other nondiamond or related substrates, and the
recent deposition onb-SiC, Si, and Ni have shown the most
dramatic results.5–11 In the case of the work conducted on
b-SiC and Si, bias-enhanced nucleation~BEN! was used for
the formation of these epitaxial diamond crystals.12 The term
highly oriented diamond~HOD! has been used to describe
the partial alignment of individual grains. The individual par-
ticles may be epitaxial with respect to the substrate, however
tilting in both azimuthal and transverse directions results in
the formation of low-angle grain boundaries.13 The origin of
this misalignment is believed to be a result of an;22%
mismatch at the diamond/SiC interface.10

It has been revealed through continued research that the
success of BEN as a nucleation enhancement technique is
related to the carbide forming nature of the substrate is com-

mensurate with the effective utilization of this nucleation
pretreatment process. A study of several refractory metal
substrates by Wolteret al.14 indicated that a correlation was
observed between both the time before the onset of signifi-
cant diamond nucleation, and the diamond nucleation density
to the heat of carbide formation of the substrate. That study
revealed titanium had a diamond nucleation density
(109 cm22! approximately one order of magnitude less than
silicon and would be a likely candidate for further heteroepi-
taxy studies using BEN. In general, the refractory metals are
similar to silicon in the respect that they are known carbide
formers, but they are quite different in other respects. One of
these differences is that the TiC~111! like the other refractory
monocarbides possess a different crystal structure to that of
SiC ~TiC-rock salt structure; SiC-zinc blende structure!. This
letter discusses BEN on single-crystal TiC~111! substrates.

Similar experimental conditions to the work performed
by Stoneret al.5 on b-SiC has been utilized on TiC~111! to
investigate the possibility of obtaining diamond heteroepi-
taxy when using BEN. The samples used were TiC~111!
single-crystal substrates from Advanced Technology and Ma-
terials, Inc. The samples were polished to 30, 6, 1, and 0.1
mm diamond grit followed by 1 h ofpolishing using 0.05mm
Al2O3 to remove any residual diamond that may have been
embedded in the TiC surface. After polishing, the samples
were cleaned using acetone, methanol, and isopropanol. The
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TABLE I. MPCVD system parameters for each process.

System parameter H2 plasma clean BEN Growth

Power~W! 600 600 600
Pressure~Torr! 25 15 40
CH4:H2 ratio ••• 5% 0.2%
Bias current~mA! ••• 120 •••
Bias voltage~V dc! ••• 225610 •••
Temperature~°C! 660620 785620 900
Duration 30 min 10–15 min 8 h
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samples were then cleaned in a H2 plasma for 30 min to
remove any oxide present on the surface followed by the
BEN process for 10–15 min depending on the sample. The
specific system parameters for each stage of the diamond
deposition are listed in Table I. The deposition system used
was an ASTeX 2.45 MHz 1.5 kW system that has been de-
scribed in detail elsewhere.15,16

The diamond deposition was observed and characterized
by scanning electron microscopy~SEM! and by Raman spec-
troscopy. Figure 1 shows a micrograph of diamond particles
oriented with each other along the^110& directions and mi-
crographs taken throughout the substrate showed diamond
particles having the same orientation. Since these particles
were oriented with each other across the substrate and to etch
pits observed in the substrate surface, the particles are as-
sumed to be highly oriented to the substrate. Figure 2 shows
other oriented diamond particles and a representation of the
substrate orientation, determined by pits seen on the TiC sur-
face. The diamond particle density was 1.53108 cm22 and
the percentage of particles oriented to each other ranged
from 10%–15% across the substrate.

A short BEN duration, resulting in a moderate to low
nucleation density, was chosen to allow observation of dia-
mond particles separated from one another and to prevent
coalescence into a complete film. This also avoided delami-
nation of the films expected from the differences in the co-
efficients of thermal expansion between diamond and TiC.

However, the growth conditions were not optimized for sup-
pressing twinning on the~111! face which may have dis-
guised a higher percentage of particles that were initially
oriented. Improvement of the growth conditions and at-
tempted nucleation on alternative faces of TiC should further
increase the percentage of oriented particles and will be the
subject of future development.

Raman spectroscopy of the diamond particles is shown
in Fig. 3. The characteristic diamond feature at 1332 cm21 is
present and the features at 1480 and 1602 cm21 are indica-
tive of sp2-bonded carbon. The inordinate number of
twinned particles on the surface may account for most of the
sp2 features seen in the Raman spectrum.

Bias enhanced nucleation of diamond has produced
highly oriented diamond particles on TiC~111! substrates de-
spite a 21% lattice mismatch. Optimization of the growth
conditions or growth on other faces of TiC should increase
the density of oriented particles. Further analysis of the TiC/
diamond interface should provide more information for the
heteroepitaxial deposition of diamond on other substrates.
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FIG. 1. SEM micrograph of oriented diamond particles on TiC~111! sub-
strate. The marker is 3.75mm in length. The lines show the common direc-
tion of the diamond particles.

FIG. 2. SEM micrograph of oriented diamond particles with arrows depict-
ing the TiC~111! substrate orientation. The marker is 2.30mm in length.

FIG. 3. Micro-Raman spectrum of the diamond particles on the TiC~111!
substrate. The spectrum shows a sharp peak at 1332 cm21 characteristic of
diamond and the features at 1480 and 1602 cm21 are characteristic of
sp2-bonded carbon.
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