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The Mechanism of Diamond 

Nucleation from Energetic Species 
Y. Lifshitz,1'*t Th. Kohler,2 Th. Frauenheim,2 I. Guzmann,3t 

A. Hoffman,3 R. Q. Zhang,' X. T. Zhou,1 S. T. Lee1 

A model for diamond nucleation by energetic species (for example, bias-en- 
hanced nucleation) is proposed. It involves spontaneous bulk nucleation of a 
diamond embryo cluster in a dense, amorphous carbon hydrogenated matrix; 
stabilization of the cluster by favorable boundary conditions of nucleation sites 
and hydrogen termination; and ion bombardment-induced growth through a 

preferential displacement mechanism. The model is substantiated by density 
functional tight-binding molecular dynamics simulations and an experimental 
study of the structure of bias-enhanced and ion beam-nucleated films. The 
model is also applicable to the nucleation of other materials by energetic 
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A model for diamond nucleation by energetic species (for example, bias-en- 
hanced nucleation) is proposed. It involves spontaneous bulk nucleation of a 
diamond embryo cluster in a dense, amorphous carbon hydrogenated matrix; 
stabilization of the cluster by favorable boundary conditions of nucleation sites 
and hydrogen termination; and ion bombardment-induced growth through a 

preferential displacement mechanism. The model is substantiated by density 
functional tight-binding molecular dynamics simulations and an experimental 
study of the structure of bias-enhanced and ion beam-nucleated films. The 
model is also applicable to the nucleation of other materials by energetic 
species, such as cubic boron nitride. 

The exciting possible applications of dia- 
mond (1-3) motivated its high-pressure, 
high-temperature production half a century 
ago (4). Since then, chemical vapor deposi- 
tion (CVD) methods have been developed to 
facilitate diamond growth at sub-atmospheric 
pressures, typically applying a hydrocarbon- 
hydrogen plasma (<1% hydrocarbon) over a 
substrate held at -700? to 800?C. Diamond 
growth on diamond is relatively well under- 
stood and controlled. Diamond growth on 
non-diamond surfaces requires a nucleation 
step that is much less understood (5) and 
relies largely on trial and error. 

The most controlled diamond nucleation 
method is biased enhanced nucleation (BEN) (6, 
7), in which the substrate is negatively biased to 
-100 to 200 V and exposed to the CVD plasma. 
The impingement of energetic plasma species 
induces the nucleation of diamond (8-12). Nu- 
cleation can be achieved in a similar way with 
direct ion beam bombardment (13). 

Two nucleation sites associated with dia- 
mond formation in BEN have been identified: 
graphitic edges (8, 11, 14), for randomly orient- 
ed diamond, and steps, for heteroepitaxial (ori- 
ented) growth on Si (12). The actual nucleation 

1Center of Super Diamond and Advanced Films and 
Department of Physics and Materials Science, City 
University Hong Kong, Hong Kong SAR. 2Universitate/ 
Gesamthochschule Paderborn, D-33095 Paderborn, 
Germany. 3Department of Chemistry, Technion, Haifa 
32000, Israel. 

*To whom correspondence should be addressed. E- 
mail: apshay@cityu.edu.hk 
ton leave from Soreq NRC, Yavne 81800, Israel. 
fPresent address: Soreq NRC, Yavne 81800, Israel. 

species, such as cubic boron nitride. 

The exciting possible applications of dia- 
mond (1-3) motivated its high-pressure, 
high-temperature production half a century 
ago (4). Since then, chemical vapor deposi- 
tion (CVD) methods have been developed to 
facilitate diamond growth at sub-atmospheric 
pressures, typically applying a hydrocarbon- 
hydrogen plasma (<1% hydrocarbon) over a 
substrate held at -700? to 800?C. Diamond 
growth on diamond is relatively well under- 
stood and controlled. Diamond growth on 
non-diamond surfaces requires a nucleation 
step that is much less understood (5) and 
relies largely on trial and error. 

The most controlled diamond nucleation 
method is biased enhanced nucleation (BEN) (6, 
7), in which the substrate is negatively biased to 
-100 to 200 V and exposed to the CVD plasma. 
The impingement of energetic plasma species 
induces the nucleation of diamond (8-12). Nu- 
cleation can be achieved in a similar way with 
direct ion beam bombardment (13). 

Two nucleation sites associated with dia- 
mond formation in BEN have been identified: 
graphitic edges (8, 11, 14), for randomly orient- 
ed diamond, and steps, for heteroepitaxial (ori- 
ented) growth on Si (12). The actual nucleation 

1Center of Super Diamond and Advanced Films and 
Department of Physics and Materials Science, City 
University Hong Kong, Hong Kong SAR. 2Universitate/ 
Gesamthochschule Paderborn, D-33095 Paderborn, 
Germany. 3Department of Chemistry, Technion, Haifa 
32000, Israel. 

*To whom correspondence should be addressed. E- 
mail: apshay@cityu.edu.hk 
ton leave from Soreq NRC, Yavne 81800, Israel. 
fPresent address: Soreq NRC, Yavne 81800, Israel. 

process (the formation of a diamond cluster and 
its subsequent growth to form a stable crystal- 
lite) remains unresolved. Here we propose a 
model of the diamond nucleation process from 
energetic species (e.g., BEN). Each step in the 
model is substantiated by experimental data and 
molecular dynamics (MD) simulation results, as 
well as reported data and simulations for carbon 
systems not associated with BEN. 

We propose that diamond nucleation via 
BEN is an internal (bulk) process that occurs 
in subsurface layers, -1 to 2 nm below the 
surface, and advances as follows: 

1) Step a. Formation of a dense amor- 
phous hydrogenated carbon (a-C:H) phase 
(-1 to 2 nm thick) via a subplantation (15- 
17) process, wherein energetic carbon, hy- 
drocarbon, and hydrogen species bombard 
the surface and are subsequently stopped and 
incorporated in subsurface layers. The densi- 
ty of this phase increases with subplantation 
until it reaches saturation. 

2) Step b. Spontaneous precipitation of pure 
sp3 carbon clusters containing tens of atoms in 
the a-C:H phase, induced by the "thermal 
spike" (15-17) of the impinging energetic spe- 
cies. Most clusters are amorphous, but a few 
(-1 in 104 to 106) are perfect diamond clusters. 
The formation probability of diamond clusters 
is increased by favorable boundary conditions 
of nucleation sites 

3) Step c. Annealing of faults in defective 
clusters by incorporation of carbon "intersti- 
tials" in reactive sites and by hydrogen termina- 
tion. Carbon interstitials and hydrogen atoms 
are provided through the subplantation pro- 
cess. Note that the amorphous matrix contains 
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-20 to 30% of hydrogen by atom (at%H). 
4) Step d. Growth of diamond clusters to 

several nm (104 to 3 X 104 atoms) through 
transformation of amorphous carbon to dia- 
mond at the amorphous matrix-diamond inter- 
face. The transformation is induced by a "pref- 
erential displacement" mechanism (15-17) 
caused mainly by the impact of energetic hy- 
drogen atoms. In this process, loosely bound 
amporphous carbon (a-C) atoms move to new 
diamond positions, leaving the more rigid dia- 
mond atoms unchanged. Under typical BEN 
conditions, the number of energetic hydrogen 
atoms is two orders of magnitude larger than 
that of energetic carbon ions, so each carbon 
atom in the amorphous phase should be bom- 
barded and displaced many times. 

Our model differs in two respects from pre- 
vious attempts to understand the BEN process. 
First, we suggest that nucleation is a bulk not a 
surface process, which makes boundary condi- 
tions (15-17) important rather than surface en- 
ergy effects. We also emphasize that diamond 
clusters growing on the substrate surface would 
be annihilated or graphitized by the bombarding 
energetic species. Second, we assume diamond 
nucleation to be a highly improbable event, 
which means the diamond may precipitate even 
under conditions in which the thermodynamic 
stability of diamond is lower than that of graphite. 

Several major obstacles have previously 
hampered the elucidation of diamond nucle- 
ation mechanisms. First, small diamond clus- 
ters of -30 atoms cannot be observed by 
experimental techniques, leaving simulation 
as the only means to observe them. Second, 
the very low probability of the formation of a 
perfect diamond cluster (which is still suffi- 
cient to facilitate the experimental nucleation 
densities) requires a large number (>104) of 
cell calculations for it to be observed, calcu- 
lations that cannot be performed by currently 
available computers. We overcome these 
problems by suggesting that the formation of 
a perfect diamond cluster among many other 
faulty sp3 clusters is statistically possible. 

Evidence for each of the above steps is 
found both in new [supporting online material 
(SOM) Notes 1 to 3] and previously reported 
data. We first focus on the precursor material 
(step a) in which diamond later precipitates 
(step b) under optimal BEN conditions (18). 
High-resolution transmission electron microsco- 
py (HRTEM) measurements (Fig. 1) prove the 
precipitation of diamond crystallites in this ma- 
trix and the formation of nucleation sites [silicon 
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steps (12) or graphitic edges SOM Note 4]. 
Elastic recoil detection analysis (ERDA) mea- 
surements show that films with a large concen- 
tration of diamond nuclei contain substantial 
amounts of hydrogen. The films with the highest 
nucleation density (-1010 crystallites per cm2) 
were deposited at 880?C, contained -19 at%H, 
and had a density of 2.8g/cm3 (SOM Note 5). 

We now address step b, the spontaneous 
precipitation of sp3 carbon clusters. We have 
calculated the structure of an a-C:H cell consist- 
ing of 128 carbon and 43 hydrogen atoms with 
a density of 3g/cm3 and 25 at%H with density 
functional tight binding (DFTB) molecular dy- 
namics (MD) simulations (SOM Note 3) (19- 
22). The calculations (Fig. 2A) show that the 
cell is predominantly tetrahedral, with an aver- 

Fig. 1. (A) Cross-sectional HRTEM image of a 
film grown by prolonged hot filament bias- 
enhanced nucleation. (B) Planar view transmis- 
sion electron diffraction (TED) pattern of the 
same film showing the diamond spacings. (C) 
Cross-sectional TED pattern of an ion beam- 
deposited film. In (A), -5- to 10-nm diamond 
crystallites are embedded in the amorphous 
carbon matrix. Graphitic lobes in (C) are orient- 
ed graphitic planes associated with the dia- 
mond crystallites. 

Fig. 3. A possible pathway from 
the diamondlike cluster to a per- 
fect diamond cluster, derived 
from simulations. (A) The origi- 
nal cluster with the arrows indi- 
cating the reactive sites. (B) 2 C 
atoms (black balls) are added to 
the reactive sites. (C) The C at- 
oms are bonded to their neigh- 
bors. (D) Previous bonds are bro- 
ken and eliminated. (E) H termi- E 
nation is added (white balls) to 
all atoms with dangling bonds. 
(F) The structure relaxes to a 
perfect diamond cluster. (G) A 
rotated view of (F). 

age C-C coordination number of 3.5 (compared 
with 4 for a fully tetrahedral structure). The 
number of sp3-sp3 C-C bonds (178) exceeds 
that of sp3-sp2 (34) and sp2-sp2 (7) bonds. The 
cell is nevertheless highly inhomogeneous. The 
marked hydrogen-free cluster in Fig. 2A con- 
taining 27 carbon atoms resembles a small dia- 
mond crystallite. It has a mean C-C bond length 
of 1.52A and an average bond angle of 109.14? 
(compared with 1.54 A and 109.5? for dia- 
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Fig. 2. (A) Structure of an a-C:H cell with 128 C 
atoms (gray) and 43 H atoms (white) (density 
3 g/cm2, 25 at%H) derived using tight-binding 
density functional calculations. A diamondlike 
cluster is observed in the center. The rest of the 
cell is less dense and the hydrogen tends to 
decorate the boundaries of the clusters. (B) The 
diamondlike cluster and its electronic density 
of states. 
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mond). The local electronic density of state 
(LDOS) of this cluster (Fig. 2B) shows a clear 
semiconducting gap of >5 eV (compared with 
2.85 for the entire cell and 5.5 eV for diamond). 

Thus, our calculations show that a dia- 
mond-like sp3 cluster could spontaneously 
form in an a-C:H matrix with a density and H 
concentration experimentally shown to be op- 
timal for diamond nucleation (step a). The 
formation of this cluster is sensitive to the 
density and hydrogen concentration. Similar 
calculations performed for hydrogen-free a-C 
(different densities up to 3 g/cm3) and for 
a-C:H with lower densities (1.3 to 2.4 g/cm3) 
did not yield the spontaneous nucleation of a 
diamond-like cluster. The hydrogen is con- 
centrated in the more porous parts of the cell 
and decorates the surface of the sp3 clusters, 
mainly forming sp3 C-H bonds. The validity 
of our DFTB simulations is strongly support- 
ed by recent ab initio simulations not related 
to diamond nucleation (23), which showed 
the same trends in smaller a-C:H cell with a 
density of 2.9 g/cm2 and a 19 at%H. 

Our MD calculations and those of Bilek et 
al. (23) show that the sp3 cluster density is larger 
than 1014/cm2. The maximal observed nucle- 
ation density is 1010 nuclei/cm2. The maximal 
formation probability of a perfect diamond clus- 
ter necessary for BEN is therefore 10-4. This 
number cannot be substantiated by DF-based 
MD calculations but seems reasonable to 
achieve experimentally. We also expect that 
graphitic edges (8, 11, 14) (Fig. 1) and Si steps 
(12), form a "mold" for the perfect diamond 
clusters, increase the probability of their forma- 
tion, and stabilize them. 

In additional simulations, we found that the 
diamond-like sp3 cluster can be annealed to a 
perfect diamond cluster. In the pathway shown 
in Fig. 3, interstitial carbon atoms are incorpo- 
rated into the cluster, which is then terminated 
by either sp3 C or H and forms a flawless 
diamond crystallite (24). The substantial diffu- 
sion of C interstitials and vacancies in diamond 
at 880?C (16) and the existence of C interstitials 
and H atoms in the evolving matrix (Fig. 2) 
strongly support such a mechanism and substan- 
tiate our suggested step c. (For further discus- 
sion of the substrate temperature effect, see 
SOM Note 6.) 

In the final step d, the diamond cluster grows 
from -30 atoms to -2 X 104 atoms. Banhart et 
al. (25) have shown that a graphitic layer cov- 
ering a diamond crystal is transformed to dia- 
mond by MeV electron impact. They explained 
this transformation by preferential displacement 
(15, 16). The displacement energy of sp2 bond- 
ed atoms is considerably lower than that of sp3 
bonded atoms. The MeV electron bombardment 
(equivalent to H atoms with several hundred eV 
in the momentum transferred to carbon atoms), 
therefore, leaves the diamond atoms intact but 
displaces the graphitic atoms, which can then 
occupy diamond positions. On the basis of these 
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experimental findings, we suggest that the con- 
tinuous bombardment of the evolving film dur- 
ing the BEN process induces the further growth 
of the diamond embryo by preferential displace- 
ment and transformation of amorphous carbon 
to diamond at the interface between the two 
phases. 

Under typical BEN conditions, the H2 con- 
tent in the plasma is >90 to 99%, so that each 
deposited carbon atom is bombarded by 20 to 
200 H atoms. The energy transferred by the 
colliding H atoms (<1/3 of the H energy) is 
below the displacement energy of diamond of 
-35 to 40 eV (25) but larger than that of 
graphite [-25eV (25)]. Even if the displace- 
ment efficiency of one H atom is low [-10% 
per 200 eV (16)], each graphitic atom will be 
displaced several times by the total number of 
the bombarding H atoms and imparted a con- 
siderable probability of occupying a diamond 
position. Further support for this picture of dia- 
mond growth in the bulk by transformation of 
a-C atoms at the diamond-a-C interface comes 
from our TEM (Fig. 1) and near edge x-ray 
absorption fine structure (NEXAFS) (8, 11) ob- 
servations, which show that the diamond crys- 
tallites formed in BEN are always embedded in 
an a-C matrix and the diamond crystallite sur- 
face is never exposed in BEN. We could not 
find any evidence for diamond surface 
nucleation. 

Once the diamond nucleus has reached a 
critical size, The BEN is stopped and the plasma 
is switched to nonbiased regular CVD condi- 
tions, in which the diamond crystallite grows via 
a CH3/C2H2 radical surface growth mechanism 
(1-3), whereas the sp2 bonded phases are etched 
by the harsh atomic hydrogen environment, ex- 
posing the buried perfect diamond crystallites 
for further growth. We have performed such a 
nonbiased CVD process for all the three sets of 
films reported here, and we have succeeded in 
growing polycrystalline diamond films. 

The diamond crystallites that precipitate 
in the a-C:H matrix (sometimes on the gra- 
phitic edge, which serves as a nucleation site) 
are randomly oriented. Epitaxial growth is 
expected and observed for nucleation on Si 
steps, as established in our previous work 
(12). In this case, the epitaxy is a bulk process 
achieved through a "mold effect" (12, 15, 
16), that is, the boundary conditions imposed 
by the crystalline structure of the Si step. 

Previous attempts to understand diamond 
nucleation (9, 26-28) considered either gas 
phase or surface nucleation. Under BEN con- 
ditions, clusters that form on the surfaces or 
nucleate in the gas phase and stick to the 
surface are not likely to survive the harsh 
energetic bombardment. In contrast, a dia- 
mond nucleus precipitated in the bulk is sta- 
bilized and protected from the bombardment 
of energetic species. 
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to the nucleation of a host of metastable high- 
pressure phases of other materials. For example, 
all steps of our present model apply to the 
nucleation of cubic boron nitride (cBN) with 
energetic species, which is readily explained by 
the formation of cBN clusters in the matrix 
formed by subplantation (which includes edges 
of hexagonal BN planes). Similar to BEN of 
diamond, the cBN crystallites are always cov- 
ered by a hexagonal BN layer and are never 
exposed on the surface (29), indicating their 
bulk precipitation nature. 
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Oxidation-Resistant Gold-55 

Clusters 

H.-G. Boyen,l* G. Kastle,1 F. Weigl,1 B. Koslowski,1 C. Dietrich,1 
P. Ziemann,1 J. P. Spatz,3 S. Riethmuller,2 C. Hartmann,2 

M. Miller,2 G. Schmid,4 M. G. Garnier,5 P. Oelhafen5 

Gold nanoparticles ranging in diameter from 1 to 8 nanometers were prepared 
on top of silicon wafers in order to study the size dependence of their oxidation 
behavior when exposed to atomic oxygen. X-ray photoelectron spectroscopy 
showed a maximum oxidation resistance for "magic-number" clusters contain- 
ing 55 gold atoms. This inertness is not related to electron confinement leading 
to a size-induced metal-to-insulator transition, but rather seems to be linked 
to the closed-shell structure of such magic clusters. The result additionally 
suggests that gold-55 clusters may act as especially effective oxidation cata- 
lysts, such as for oxidizing carbon monoxide. 

Oxidation-Resistant Gold-55 

Clusters 

H.-G. Boyen,l* G. Kastle,1 F. Weigl,1 B. Koslowski,1 C. Dietrich,1 
P. Ziemann,1 J. P. Spatz,3 S. Riethmuller,2 C. Hartmann,2 

M. Miller,2 G. Schmid,4 M. G. Garnier,5 P. Oelhafen5 

Gold nanoparticles ranging in diameter from 1 to 8 nanometers were prepared 
on top of silicon wafers in order to study the size dependence of their oxidation 
behavior when exposed to atomic oxygen. X-ray photoelectron spectroscopy 
showed a maximum oxidation resistance for "magic-number" clusters contain- 
ing 55 gold atoms. This inertness is not related to electron confinement leading 
to a size-induced metal-to-insulator transition, but rather seems to be linked 
to the closed-shell structure of such magic clusters. The result additionally 
suggests that gold-55 clusters may act as especially effective oxidation cata- 
lysts, such as for oxidizing carbon monoxide. 

Bulk gold is oxidation-resistant in air even at 
elevated temperatures. Nonetheless, gold can 
react with oxygen. For example, Au203 can 
be prepared electrochemically (1) or by ex- 
posure to highly reactive chemical environ- 
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