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Thin carbon films grown from a low-pressure methane-hydrogen gas mixture by microwave plasma enhanced CVD have
been examined by various transmission electron microscopy (TEM) techniques. Cross-sectional and plan view samples
were examined by conventional TEM and high resolution electron microscopy (HREM). Selected area diffraction (SAD)
and electron energy loss spectroscopy (EELS) were also employed in this research. Cross-sectional analysis revealed that
samples underwent columnar growth. Those grown at low methane concentrations (0.3% in hydrogen) contained a lower
defect density as well as an epitaxial SiC buffer layer between the substrate and film. Films grown at higher CH4
concentrations (2.0%) contained no buffer layer and the interface was damaged by the electron beam. Certain diamond
grains were found to be in a twinned epitaxial relationship with the underlying (111) Si substrate. Plan view TEM of the
diamond films showed that the majority of diamond crystals have a very high defect density comprised of {11} twins,
{111} stacking faults and dislocations. Lattice imaging of these defects and multiply twinned particles was accomplished to
reveal detailed atomic information. EELS did not detect any component other than diamond, even in regions of high

defect density.

1. Introduction

The current emphasis on obtaining electronic-
grade diamond films can be understood in terms of
the many potential applications which arise from
their exceptional electronic, thermal, and mechan-
ical properties. The electron and hole mobilities in
diamond are very high (2000 and 1800 cm®V™'
-sec’', respectively)." Diamond also has a much
higher thermal conductivity (from 1000 to 10,000
W/m-K)? than even copper, which is considered a
good thermal conductor. Diamond films may thus
be utilized as heat sinks on which to mount various
electronic devices fabricated from more conven-
tional semiconductors such as Si or GaAs. Other
potential uses in electronics include microwave
devices as well as devices to be employed in high
power, high current density, high temperature
and/or high radiation flux applications. Recent
attempts to grow diamond films for such potential
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applications have been very encouraging. Research-
ers have deposited polycrystalline diamond films
via RF-plasma CVD,” microwave plasma CVD,"
and hot filament CVD,” as well as various modifi-
cations of these techniques. However, in order to
reach the true potential of diamond in the afore-
mentioned electronic applications, high quality
single crystal films will probably be necessary on
economical non-diamond substrates. The present
work attempts to gain a greater understanding of
the defects which are present and therefore which
must be eliminated, in films grown thus far. The
substrates utilized were silicon, due to their general
widespread use in diamond growth research as
well as their availability and low cost.
Transmission electron microscopy (TEM) was
utilized for the examination of these defect struc-
tures. Previous investigations have shown that
planar defects including {111} stacking faults and
{111} twins are quite common in natural diamond,
high pressure - high temperature synthesized dia-
mond, and shock-wave synthesized diamond.”™"”
Dislocations and dislocation structures have been
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Fig. 13. Schematic diagram of a multiply twinned particle in
which the 7.5° misfit has been accommodated by two tilted
twin boundaries of 0.5° and 7° misorientation, respectively. All
other boundaries present are perfect twins.

5. Electron energy loss spectroscopy

In order to determine if the defects discussed
above contained an sp® bonding component, EELS
was conducted in the transmission mode. Energy
losses due to excitation of core level electrons (K-
shell ionization) which appear at higher energies in
the EELS spectrum can be used to identify differ-
ent phases of carbon, because the position and
shape of this region of the spectrum is dependent
on the type of bonding present. The energy loss
spectrum obtained from the diamond film about
the carbon K-edge is shown in Fig. 14. The
reference spectra® inset in this figure illustrate
two important features in terms of identifying the
diamond phase. First, the energy of the carbon
K-edge in the diamond film (measured at one-third
of the peak height of the absorption edge) is at 291
eV, which is characteristic of natural diamond.
This is significant because the K-edge energies for
natural diamond, graphite, and amorphous carbon
are approximately 291, 286 and 284 eV, respective-
ly. Second, the shape of the K-shell ionization
region for the spectrum obtained on the diamond
film in Fig. 14 is characteristic of that of diamond.
That is, no peak is observed below 291 eV, and an
additional peak is observed at higher energies.
When the electron beam was focused on regions of
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Fig. 14. EELS spectrum near the K-shell ionization energy
from a single diamond grain in the Philips 400 microscope with
reference spectra obtained from amorphous carbon, graphite,

and diamond by Egerton® inset.

high defect concentrations or along a grain bound-
ary, no change was observed in this spectra. There-
fore, within the resolution limits of this technique,
no sp’ bonding is present, even in the defects. Such
analyses have been done for films grown at 0.3%
and 2.0% CHa4 in Ha. Unfortunately, the sensitivity
of this technique in terms of detectable limits of sp’
concentrations is not currently known. However,
when the edges of the TEM foil (where consider-
able ion milling damage occurs, creating an
amorphous region) were examined, the spectra
developed characteristics of sp’ bonding, thereby
verifying the fact that sp” bonding is detectable.

6. Summary

The defect structures in vapor-deposited diamond
films and the nature of diamond/silicon interfaces
have been examined by transmission electron
microscopy. Twins, stacking faults and disloca-
tions have been observed by both conventional
and high resolution TEM. Multiply twinned parti-
cles have also been identified and initial results of a
detailed analysis of atomic arrangements in them
has been presented.

In XTEM, an epitaxial SiC buffer layer was
observed in samples grown at low methane concen-
trations (0.3% CHs), while no such layer was
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found in samples grown with 2.0% methane.
Selected area diffraction and HREM revealed that
certain diamond grains were in a twinned epitaxial
relationship with the underlying (111) Si substrate.
EELS was unable to detect any sp’ bonding
character in the defects or grain boundaries within
the diamond films.
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