PHYSICAL REVIEW B 72, 035402 (2005)

Diamond nucleation by energetic pure carbon bombardment
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Deposition of 1000 eV pure carbon ions onto Si(001) held at 800 °C led to direct nucleation of diamond
crystallites, as proven by high-resolution transmission electron microscopy and electron energy loss spectros-
copy. Molecular dynamic simulations show that diamond nucleation in the absence of hydrogen can occur by
precipitation of diamond clusters in a dense amorphous carbon matrix generated by subplantation. Once the
diamond clusters are formed, they can grow by thermal annealing consuming carbon atoms from the amor-
phous matrix. The results are applicable to other materials as well.
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The extreme properties of diamond coupled with its at-
tractive applications'= initiated manmade synthesis of dia-
mond via a high-pressure high-temperature process.* Chemi-
cal vapor deposition (CVD) methods followed to make
diamond at subatmospheric pressures and at ~800 °C.!3
The most controlled method for diamond nucleation on for-
eign substrates is bias-enhanced nucleation®® (BEN) in
which a hydrocarbon or hydrogen plasma is accelerated to-
ward a 100-200 V negatively biased substrate. Comparable
results can be obtained by direct ion bombardment of a mix-
ture of hydrogen and carbon species.” We recently® proposed
a model describing the nucleation of diamond from energetic
bombardment of hydrogen- and carbon-containing species.

Deposition using energetic pure carbon ion bombardment
has been investigated extensively.>~!! Amorphous diamond-
like carbon (DLC) films with a sp? fraction of 0-90% and
properties intermediate between graphite and diamond were
reported’ and ordered sp® forms (graphites and carbon
nanotubes'>!3) were prepared as well. It is widely accepted
that the structure and properties of DLC films result from
shallow implantation (subplantation).””!! The sp? fraction is
determined by the equilibrium between trapping in subsur-
face positions (densification) and detrapping (relaxation).
The tuning of the carbon structure can be achieved through
proper selection of carbon ion energy and substrate tempera-
ture. Nevertheless, all previous attempts to nucleate diamond
by  energetic  pure carbon  bombardment  were
unsuccessful.!>14

This paper gives experimental evidence for diamond
nucleation by bombardment of energetic (1000-eV) carbon
ions with no hydrogen. This is in contrast with our previous
model that attributes the diamond nucleation from a mixture
of hydrogen and carbon energetic species to the crucial role
of hydrogen. Moreover, using molecular dynamic (MD)
simulations we present a model that explains the diamond
nucleation and growth in a pure carbon environment and
does not require hydrogen to remove the “thermodynamic
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paradox” (Ref. 15) of diamond nucleation in subatmospheric
conditions. Consequently the conditions for diamond nucle-
ation are much broader and the mechanism of diamond
growth is more diverse than previously believed.

Diamond nucleation was performed by mass-selected ion
beam deposition (MSIBD). Carbon ions were accelerated
from a CO,-fed ion source, magnetically separated, and de-
celerated to bombard the Si (001) target held at 800 °C with
energy of 1000 eV. The current density was 250 wA/cm?
and the ion dose 2% 10'® ions/cm?. The hydrogen atomic
concentration in the film according to elastic recoil detection
analysis was much less than 1%. The film was characterized
by high-resolution transmission electron microscopy
(HRTEM; 200 keV Philips CM200 FEG with a point resolu-
tion of 0.19 nm). A Gatan spectrometer was used for trans-
mission electron energy loss spectroscopy (EELS) to detect
the elemental composition and the phase of the film.

The structure of amorphous carbon (a-C) matrices was
studied using a nonorthogonal density-functional-based
tight-binding (DFTB) scheme for fixed volume MD
simulations.'® Our DFTB MD scheme was successfully ap-
plied to carbon and hydrocarbon structures.!”~'* The method
uses a minimal basis two-center approach to density-
functional theory (DFT) for deriving total energies and inter-
atomic forces. It provides an optimal compromise of accu-
racy and computational efficiency compared to full ab initio
methods or to MD calculations using empirical potentials or
semiempirical TB schemes. We used I'-point Brillouin zone
sampling for total energy calculations in sufficiently large
three-dimensional (3D) periodic supercells. The cell size was
256 and 512 atoms. Two kinds of calculations were per-
formed: (1) To study cluster precipitation, we started from a
complete random distribution of atoms. Models of a-C in
densities of 3.0, 3.3, and 3.5 g/cm? (five models for each)
have been cooled down from a complete random gaseous
high-temperature initial structure of a given density by a sto-
chastically driven dynamical quenching process following an
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FIG. 1. (a) Cross-sectional SAED pattern of a region 80 nm
away from the silicon substrate. Note the graphitic lobes, the dia-
mond rings, and the absence of SiC spots; (b) A cross-sectional
HRTEM image of the area corresponding to (a). A diamond crys-
tallite embedded in a graphitic region is evident. The two diamond
(111) planes intersect with an angle of 109.5° (c¢) Transmission
EELS of the diamond crystallite in (b) (MSIBD diamond). The
characteristic fine structure of diamond is evident by comparison to
the EELS spectra of CVD diamond and HOPG.

exponential temperature path from 8000 to 300 K over 8 ps
(mean cooling rate 10'> K/s). The low-energy amorphous
structures were equilibrated at room temperature for another
0.5 ps with no significant further changes of structure. (2) To
study diamond growth within an amorphous matrix we in-
serted a diamond seed of 66 atoms into a random gaseous
initial structure of totally (seed+matrix) 512 carbon atoms.
We cooled down these structures following an exponential
temperature path over 8 ps from 5000 to 1000 K, while the
last 2 ps toward 300 K were linearly quenched. This was
done at densities of 2.0, 3.0, and 3.5 g/cm?. During simula-
tion the seed was kept fixed. We additionally simulated a-C
models of the same size and densities but without the forced
diamond region to compare the energetic stability of amor-
phous systems at several densities with and without the in-
jected diamond seed. Here the total exponential cooling path
ran again over 8 ps from 8000 to 300 K.

Figure 1(a) shows the cross-sectional selected-area elec-
tron diffraction pattern (SAED) of the film at about 100 nm
away from the substrate. The characteristic diamond pattern
is easily recognized, along with oriented graphitic lobes. Fig-
ure 1(b) is a cross-sectional HRTEM image of the film from
the same region analyzed in Fig. 1(a) showing three phases:
graphitic fringes with a spacing of 0.34 nm, an amorphous
(carbon) phase, and cubic diamond crystals with the
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0.205-nm diamond spacing and the typical 109.5° angle be-
tween the cubic diamond (111) planes. HRTEM images of
about 20 different diamond crystallites were obtained provid-
ing conclusive evidence for diamond nucleation in the a-C
matrix. The similar edge and fine structure of the EELS spec-
tra [Fig. 1(c)] of the crystallites in Fig. 1(b) and CVD dia-
mond confirm both the carbon composition (pure carbon)
and cubic diamond phase of the crystallites.

Our recent model® describes diamond nucleation from en-
ergetic (hydrogen and carbon) species in terms of an internal
(bulk) process occurring in subsurface layers and advancing
as follows: (1) formation of a dense amorphous hydrogen-
ated carbon (a-C:H) phase via subplantation, (2) spontane-
ous precipitation of pure sp® carbon clusters in the a-C:H
phase, a few of which are perfect diamond clusters, (3) an-
nealing of defects in the diamond cluster by incorporation of
carbon interstitials and by hydrogen termination, (4) growth
of the diamond cluster by preferential displacement of amor-
phous carbons at the diamond/amorphous carbon interface,
some of which occupy diamond positions, while the diamond
atoms remain intact.

Our experimental data and MD calculations lead us to
propose a diamond nucleation and growth model distinc-
tively different from our previous one due to the different
deposition conditions used (a pure carbon source vs a mix-
ture of carbon and hydrogen species): (1) Formation of a
dense, pure, amorphous carbon (a-C) phase. (2) Spontaneous
precipitation of pure sp? carbon clusters in the a-C phase, a
few of which are perfect diamond clusters. Appropriate
nucleation sites (e.g., graphitic edges) enhance precipitation
of perfect diamond. (3) Growth of diamond crystallites by
consumption of a-C atoms from the surrounding dense ma-
trix due to enhanced density fluctuations upon thermal an-
nealing. Preferential displacements by bombarding ions play
a secondary role.

Let us now discuss each step in detail. Deposition of car-
bon by pure, mass-selected 1000-eV species is a subplanta-
tion process in which carbon is incorporated in subsurface
positions. The penetration and bombardment of energetic
ions lead to densification. The pure carbon film thus depos-
ited is expected to be denser than one containing 20% hy-
drogen (>2.8 g/cm®). We thus assume that for energetic
pure carbon deposition the density of the precursor a-C ma-
trix in which diamond nucleates is fluctuating around
3-3.5 g/cm?.

We further study the spontaneous precipitation of pure sp*
clusters (step 2) in a-C models obtained by dynamical sto-
chastic quenching at densities of 3.0, 3.3, and 3.5 g/cm?. In
one of 15 MD calculations performed (five for each density)
on a cell of 256 carbon atoms and a density of 3.5 g/cm? we
demonstrate the precipitation of a defective diamond cluster
of 41 atoms (Fig. 2). The electronic density of states of this
cluster [Fig. 2(b)] shows a band gap >5 eV as expected for
diamond. Diamond clusters may also precipitate in a-C with
a smaller density, e.g., 3 g/cm’. We detected pronounced
nanoscale density fluctuations between 2.5 to 3.5 g/cm?’ in
MBD simulations of a-C structures with an average density of
3 g/cm? at increased cell sizes of 512 atoms. We observed
the formation of large amorphous 100% sp* clusters of 60 to
100 atoms each embedded in a lower density carbon matrix.
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FIG. 2. (a) A 3.5-g/cm? a-C cell with 256 carbon atoms from
DFTB MD calculations. The diamondlike cluster of 41 atoms
formed by annealing and rapid cooling has the electronic density of
state of diamond (b), and is shown at different projections in (c) and

(d).

The spontaneous generation of 100% sp* clusters (a small
fraction of which may be diamond clusters) for densities
lower than 3.5 g/cm? needs large-cell simulations to be de-
tected. Significantly, the precipitation of a diamond cluster in
the present case of a pure, hydrogen-free, a-C matrix is en-
hanced and stabilized only by the dense matrix that serves as
a mold. Fyta et al.”® have recently shown that the total en-
ergy of a dense a-C matrix is reduced by introduction of a
diamond cluster. We believe this is the driving force for the
precipitation of diamond clusters in a dense a-C matrix. The
probability for diamond precipitation in pure a-C should be
smaller than that in an a-C:H matrix, where the cluster is
additionally stabilized by hydrogen termination. Indeed, we
detected only one faulty diamond cluster in 15 models of
pure a-C, though in all of them we could observe nanoscale
density fluctuations yielding 100% sp* clusters of a reason-
able size. The probability of diamond clustering might be
increased by nucleation sites. Several different diamond
nucleation sites have been discussed in the literature includ-
ing graphitic edges,?' carbon nano-onions,?” silicon steps,?
and silicon carbide.?* Our HRTEM images confirm the pre-
cipitation of at least some diamond crystallites on graphitic
edges and onionlike structures, but no diamond nucleus was
detected in the present work on the silicon substrate or on
silicon carbide sometimes formed on the silicon substrate.
To address the diamond growth in step 3 we investigated
the thermal annealing of the diamond cluster in an a-C ma-
trix driven by the boundary conditions superimposed by the
surrounding matrix (“mold effect”).!' MD calculations of a
66-atom diamond seed introduced to a 512-cluster in a 3.5
(Fig. 3) and 3 g/cm® (not shown here) a-C matrix show that
the cluster grows upon annealing. The growth is more effi-
cient in the [110] direction in an a-C matrix with a density of
3.5 g/cm?® and is less oriented for the growth in the 3.0
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FIG. 3. DFTB MD calculations of a fixed diamond seed of 66
atoms embedded in a 3.5-g/cm’ a-C cell. (a) The cell with the
embedded seed (total 512 carbon atoms) at the end of a cooling
down process; (b) the original 66-atom diamond seed; (c)—(e) three
projections of the grown seed (40 atoms added, mainly in the [110]
direction).

-g/cm® matrix. The growth is energetically more favorable
(by about 18 eV) and efficient for the less dense matrix,
probably due to the smaller stress induced by expansion of
the diamond crystal. The energy gain by introducing the dia-
mond seed to the a-C cell (compared to a pure a-C cell of
the same size) is 32.5 eV for a density of 3 g/cm® and only
14.8 eV for a density of 3.5 g/cm’. However, a minimal
density is needed for the diamond cluster growth, as no
growth was observed in an a-C matrix of 2 g/cm?. Growth
by thermal annealing is possible also by BEN, but is less
likely due to the smaller density. On the other hand, hydro-
gen termination assists in thermal annealing of defects in
faulty diamond clusters (in BEN), whereas radiation damage
is difficult to anneal in a hydrogen-free pure carbon matrix.

The diamond growth mechanism we proposed for BEN
(Ref. 8) was preferential displacement of loosely bonded
a-C atoms at the a-C:H—-diamond interface, leaving the dia-
mond atoms intact. This mechanism is less likely for pure
carbon bombardment than for BEN. The total number of
displacements of each carbon atom due to ion bombardment
in the present case (3-10) is much smaller than for BEN
(30-100). This reflects the overall effect of the larger number
of displacements per atom (~3-10 for pure 1000-eV C
compared to ~0.3—1 for BEN) but the low ion to C atom
arrival ratio (1 for C ions, ~100 for BEN). Additionally the
increased ion energy needed for diamond nucleation by pure
carbon deposition is, however, large enough to displace the
diamond atoms suppressing the diamond crystal growth by
radiation damage.

Diamond nucleation by ion bombardment of hydrogen-
rich species is known for a decade.>® Here we demonstrate
that pure carbon ion bombardment involving no hydrogen
leads to diamond nucleation as well. The role of hydrogen in
diamond nucleation is threefold:® (1) enhancement of the
probability of spontaneous nucleation of a diamond cluster
and its stabilization, (2) assistance in annealing of defects in
faulty diamond crystallites, and (3) preferential displacement
of a-C atoms by energetic hydrogen species leading to dia-
mond crystallite growth. In a pure carbon matrix all
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hydrogen-induced effects are absent and alternative factors
are needed to promote diamond nucleation and growth. Two
such factors are the density (larger than for that BEN) and
the temperature. The density provides the boundary condi-
tions necessary for: (1) spontaneous precipitation of diamond
clusters and (2) the further growth of diamond crystallites.
The temperature increases the carbon mobility necessary for
annealing of defects and growth. The ion energy required for
the formation of the dense matrix is deleterious to the growth
of perfect crystals due to radiation damage. The nucleation
and growth environment provided by pure carbon bombard-
ment is thus inferior to that by BEN.

The diamond nucleation in the absence of hydrogen indi-
cates that the mold effect (the boundary conditions superim-
posed by the surrounding matrix) is strong enough to pro-
mote both nucleation and growth. The nucleation is
enhanced by a sufficient density, whereas the growth by the
combined effect of density and temperature. The main posi-
tive bombardment effect (enhancing diamond nucleation and
growth) in the present case is the generation of the dense
precursor matrix. Some local modification might be intro-
duced during the “thermalization stage” (Ref. 11) in which
the excess energy in the excited region along the track of the
penetrating ion is dissipated in the matrix. The relaxation
during this stage, often denoted as the “thermal spike,” (Ref.
11) is treated by MD calculations (we assume a rapid anneal-
ing to 8000 K (~0.7 eV) and a following rapid cooling at a
rate of 103 K/s in a period of ~107!'! s in accord with the
energies and time scale involved in our MSIBD scheme).
Thermal effects during the long-term relaxation stage (not
treated by the MD simulations) may be much more efficient
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in matrix relaxation than the “thermal spike” (Ref. 9). This
means that annealing of the diamond cluster may even be
more effective than predicted by our calculations. Despite
the relaxation during thermal spike it seems that pure carbon
bombardment for nucleation and growth invariably intro-
duces collisional damages, which are essentially deleterious
to the development of high-quality diamond crystallites. The
route to an optimized diamond nucleation process via pure
carbon ion bombardment seems to be a reduction of ion en-
ergy and an increase of substrate temperature (either during
deposition or by post deposition annealing).

In summary, energetic pure carbon bombardment results
in the nucleation of diamond crystallites as evident from
HRTEM characterizations. MD calculations show that dia-
mond nucleation can occur in the absence of hydrogen by
precipitation of diamond clusters in a dense a-C matrix. Fur-
ther simulations show that once the diamond clusters are
formed, they can grow by thermal annealing consuming car-
bon atoms from the amorphous matrix. This process is es-
sentially different from diamond nucleation and growth in a
hydrogen-rich environment of energetic carbon species. It
manifests the important role of the boundary conditions of
the surrounding matrix on the nucleation and growth of dia-
mond and other materials as well.
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