Low energy kinetic threshold in the growth of cubic boron nitride films
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We report the growth of cubic boron nitride (¢cBN) films by magnetron sputtering on Si (100)
substrates. The films are grown in the presence of negative substrate bias voltages and a nitrogen
plasma produced by an electron cyclotron resonance source. We find evidence for a sharp
low-voltage threshold in the substrate bias (—105 V) beyond which the samples are predominantly
cBN. The structural quality of the cBN films is optimized in a narrow range of voltages near this
threshold. We discuss the important role of energetic ions in the formation of ¢cBN in light of recent

theoretical findings.

The growth of high quality cubic boron nitride (cBN)
has been of technological interest for many years. First dem-
onstrated by Wentorf" in 1957, cBN has attractive properties
such as extreme hardness, high thermal conductivity, and low
chemical reactivity. More recently, cBN has been gaining
attention as a III-V nitride material for semiconductor device
applications. The relatively wide band gaps of the III-V ni-
trides make them particularly well suited for blue to ultravio-
let optical devices as well as for high power/high tempera-
ture electronic applications.>*

The challenges encountered in growing epitaxial BN
films arise in part from the lack of a suitable lattice matched
substrate. Perhaps more important is the difference in equi-
librium phases for BN and its III-V nitride counterparts. Un-
like the other III-V nitrides, which tend to stabilize in the
wurizitic structure, BN prefers to stabilize in a hexagonal
phase (hBN) similar to the graphitic phase of carbon.

The growth of ¢cBN films has been demonstrated using a
variety of deposition processes*™!% which all employ an en-
ergetic plasma to promote cBN growth. From these investi-
gations it is clear that the kinetics of the plasma plays an
important role in the synthesis of ¢cBN. In this report we
present new results of BN films deposited on (100) silicon by
if sputtering using both a low energy electron cyclotron reso-
nance (ECR) ion source and negative substrate bias to pro-
mote ¢cBN formation. We find evidence for a very sharp bias
voltage threshold above which ¢BN is formed. Moreover, the
structural quality of the cBN is optimized near this threshold.
The range of bias voltage over which cBN is formed is much
narrower than previous reports in the literature would
indicate.>'

Sputtering of a hot pressed hBN target was carried out in
a rf magnetron sputter deposition system with a base pres-
sure of 5X107%° Torr. The cryopumped ultrahigh vacuum
chamber is equipped with an Astex compact ECR source and
a 30 kV reflection high energy electron diffraction (RHEED)
system.

The substrate oxide layer was removed thermally at base
pressure following a modified Shiraki'! clean. The samples
were brought to the growth temperature of 850 °C and dc-
biased negatively with respect to ground. The magnetron
source-to-substrate distance is approximately 20 cm and the
ECR is mounted at 45° with a source-to-substrate distance of
8 cm. At these distances the substrate surface is completely
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immersed in the ECR plasma but is well removed from the
plasma confinement region of the sputtering source. During
growth the chamber pressure was 1.0 mTorr with flow rates
of 10 sccm Ar into the chamber and 10 sccm N, through the
ECR. Both gases were ultrahigh purity (99.999+%) and
were passed through additional point-of-entry purifiers be-
fore entering the gas manifold. The samples were examined
in situ immediately after growth using RHEED.

With the rf magnetron power fixed at 600 W and the
microwave ECR power fixed at 200 W, the substrate bias
was varied systematically from —100 to —120 V. With these
operating conditions our growth rate is approximately 0.1
Ass. Although all of the samples are polycrystalline films
there is clear evidence in the RHEED pattern of a sharp
threshold in the bias voltage at —105+1.0 V beyond which
the samples are cubic. This threshold is revealed by the dis-
tinct differences in the RHEED ring patterns of hBN and
cBN. Furthermore, the structural quality of the films as
monitored by the ring width of the RHEED patterns is opti-
mized in a very narrow window of voltages just beyond the
threshold. Figure 1 shows intensity profiles taken along the
shadow edge of the RHEED ring patterns for a series of
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FIG. 1. Intensity profiles of RHEED ring patterns grown near the threshold
voltage. The cBN (111) ring width becomes noticeably sharper and more
intense at —108 V. Beyond —108 V the rings quickly broaden.
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TABLE I. RHEED ring width vs substrate bias for samples grown near the
threshold voltage. Diffraction ring widths are obtained from fitting the in-
tensity profile to Gaussian line shapes.

Substrate Diffraction Structure
bias ring width and
(V) (Pixels) ring index
—100 51.6 hBN (002)
—104 423 hBN (002)
-105 275 ¢BN (111)
- 106 25.2 ¢BN (111)
-108 23.7 ¢BN (111)
-110 38.1 cBN (111)
-120 57.2 ¢BN (111)

samples grown near the threshold voltage. The first set of
peaks, to either side of the central diffuse scattering peak,
correspond to the ¢cBN (111) diffraction ring. The next set
(further out from the diffuse central peak) correspond to the
¢BN (220). The width of the cBN diffraction rings is strongly
dependent on the bias voltage (see Table I). At the threshold
value of approximately —105 V the RHEED pattern indi-
cates cBN, while below this value (less negative bias volt-
age) only hBN is formed. In the region between —106 and
—108 V the rings in the RHEED pattern are much sharper
and brighter indicating larger grain sizes and a generally
more ordered structure. Beyond —108 V the rings begin to
noticeably broaden indicating a significant decrease in struc-
tural quality.

Shown in Fig. 2 is the infrared spectrum of a 2000 A
film grown at —108 V, 3 V beyond the threshold. The cBN
TO-mode is observed at the accepted value of 1065 cm ™"
The hBN A, and E;, modes at 770 and 1380 cm * indicate
a small amount of hBN in the film. These resuits are con-
firmed by plan-view transmission electron microscopy (Fig.
3). The diffraction pattern shows sharp rings which index to
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FIG. 2. Infrared spectrum of a cBN film grown with a substrate bias voltage
of —108 V. The ¢BN TO mode is at 1065 cm ™" and the small peaks at 770
and 1380 cm™! indicate a small amount of hBN in the films.
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FIG. 3. Plan-view transmission electron diffraction pattern of a BN film
grown with a substrate bias voltage of —108 V. The spot pattern is from the
[110] zone of silicon. The very faint and diffuse partial rings index to the
(002) and (004) of hBN. All other rings index to cBN.

¢BN. The diffuse partial rings in the pattern are due to the
small amount of hBN in the film. This small fraction of hBN
is not detectable in the RHEED diffraction pattern.

The existence of some type of threshold or range of pa-
rameters for cBN formation has been reported in several in-
vestigations utilizing plasma assisted deposition,5‘7’9'm
nearly all of which have employed high energy ion bombard-
ment from a Kaufman-type source to control the formation
of ¢BN. Using ion bombardment of this type the window for
cBN formation, whether it be defined in terms of a substrate
bias,s'm an ion <=,nergy,6’7’u’12 or momentum/atom, exists over
a wide range of the controlling parameter. Studies in the
literature have shown cBN formation with ion energies as
high as 7 keV with a typical window of formation on the
order of hundreds of eV. Several investigations have claimed
optimized growth with N,/Ar ion beams with ion energies of
500 eV.%%'2 Our finding, to the best of our knowledge, is the
first evidence of a sharp low energy (on the order of 100 eV)
threshold.

The existence of an energy threshold for cBN formation
can be understood by considering how BN transforms from
the thermodynamically stable hexagonal structure to the
higher energy cubic structure. In general, this transformation
requires a hybridization change from sp? to sp® accompa-
nied by a reduction of the interplanar spacing which cannot
be accomplished without both bond breaking and a change in
the chemical nature of the bond. It is clear that without en-
ergetic species, the BN film will stabilize in the hexagonal
structure on substrates other than diamond and cBN itself.
While it has been suggested!? that cBN formation is the re-
sult of the buildup of biaxial film stress, our findings suggest
that the role of the energetic ions is to break the bonds of
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surface atoms and provide the kinetics necessary for cBN
formation.

Although our threshold energy is much lower and
sharper than previous work would indicate, it is surprising
that film growth is possible in the presence of such high
kinetic energies. In most material systems collision energies
in this range would cause considerable lattice damage. To
understand why cBN can withstand such energies the case of
diamond (a similar sp3 bonded material) provides consider-
able insight. Recent theoretical investigations of radiation
damage in diamond have shown that the impulse energy re-
quired to permanently displace a single atom on the surface
of a diamond lattice is approximately 50 eV.!® In terms of an
incident ion of similar mass this would correspond to kinetic
energies in the range of 100 eV which is strikingly similar to
our findings.™ The authors attribute this extremely high dam-
age threshold in diamond (approximately 3.5 times the cohe-
sive energy) to the large speed of sound in diamond. In ef-
fect, there is a rapid dissipation of kinetic energy into the
surrounding crystal via incoherent lattice vibrations, in
agreement with values derived from experiments using high
energy electron bombardment of diamond."

In light of our experimental findings and the recent theo-
retical work, we conclude that cBN formation requires the
arrival of energetic species on the order of 100 eV to facili-
tate bond breakage of surface atoms during growth. We ex-
pect this energy value to be strongly dependent on deposition
rate for a given incident flux of ions since at some point the
deposition rate will saturate the kinetic effects provided by
the ions and hBN will be formed. Once this point is reached
either the ion flux must be increased or the energy must be
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increased to provide additional collision kinetics. We believe
this may account for the widely varying energy ranges re-
ported in the literature for cBN growth. Furthermore, our
work suggest that an extremely slow deposition rate com-
bined with ions on the order of 100 eV will optimize not only
the fraction of cBN formation but the crystal quality as well.
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