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A Nucleation Site and
Mechanism Leading to Epitaxial

Growth of Diamond Films
S. T. Lee,* H. Y. Peng, X. T. Zhou, N. Wang, C. S. Lee,

I. Bello, Y. Lifshitz†

A diamond nucleation site responsible for epitaxial growth of diamond on
silicon by chemical vapor deposition (CVD) is identified in high-resolution
transmission electron microscopic images. Other sites in the same sample
leading to polycrystalline growth, but deleterious to epitaxial CVD growth, are
also described. A mechanism for the heteroepitaxial growth of diamond is
suggested, in which etching of the nondiamond carbon binder exposes and
removes nonadherent nanodiamond nuclei, leaving intact only those directly
nucleated on the silicon substrate. This work enhances our understanding of
diamond nucleation and heteroepitaxial growth and its potential applications.

The quest for artificial methods of diamond
production is motivated not only by its gem-
stone quality, but also by its unique set of prop-
erties, which make it an excellent candidate for
numerous important applications (1–3). Dia-
mond was successfully produced in the 1950s
by the high-pressure, high-temperature (HPHT)
method (1, 2). An alternative method, CVD of
diamond at low pressure (typically with the use
of an excited CH4/H2 mixture on substrates held
at ;700° to 800°C), has also been applied suc-
cessfully over the last 15 to 20 years (1–3). The
homoepitaxial growth of diamond on a diamond
substrate by CVD methods is relatively well
understood (1–3). Experimental methods for di-
amond nucleation on nondiamond substrates

(the first necessary step of a heteroepitaxial
growth process) have also been developed (4–
7). The most effective method uses bias-en-
hanced nucleation (BEN) (4, 6–10), in which
the target is biased, with a relatively methane-
rich CH4/H2 mixture (several percent methane)
as a first step, followed by a conventional CVD
step (typically 1% methane or less). However,
the nucleation mechanism of diamond on non-
diamond substrates remains poorly understood
(11), largely because of the tremendous difficul-
ty of locating and identifying the nucleation
sites. This is a major obstacle to further advanc-
es in diamond science and technology.

Here we present direct high-resolution
transmission electron microscopy (HRTEM)
evidence that a step on a single crystalline Si
surface serves as a nucleation site for hetero-
epitaxial diamond growth, and we propose a
scheme for the growth of epitaxial diamond
films on Si wafers.

A BEN treatment with a double-bias–assist-
ed hot filament CVD was used (12). In this
process, a negative-bias voltage is applied to the

Si substrate and a positive-bias voltage is ap-
plied to a grid that is placed on top of the hot
filament (13). The samples were analyzed by
HRTEM (13), high-resolution scanning electron
microscopy (HRSEM), and micro-Raman spec-
troscopy. Transmission electron microscopy
(TEM) observations were made along the [110]
direction of the Si substrate.

HRSEM images of the samples show a
rough, granular morphology, with an average
grain size of about 200 nm. Raman spectrosco-
py shows a dominant graphitic structure that has
no detectable 1330 cm21 diamond peak, but that
does have a small peak indicative of “nanodia-
mond precursors” at ;1100 cm21. Cross-sec-
tional HRTEM (Fig. 1) shows a grooved Si
morphology onto which a predominantly amor-
phous C (a-C) film is deposited, which explains
the Raman data. Diamond crystallites with di-
ameters of about 2 to 6 nm (small enough to
identify the nucleation sites) are either embed-
ded in the a-C matrix (white arrows in Fig. 1) or
attached to different sites of the Si (black ar-
rows). Selected-area electron diffraction pat-
terns confirmed the diamond structure of the
nanocrystallites. No SiC crystallites were found.
The diamond crystallites grew randomly (Fig.
2), partially epitaxially (Fig. 3), or perfectly
heteroepitaxially (Fig. 4) with respect to the Si
surface. In Fig. 3, a set of diamond {111} planes
is parallel to the Si {111} planes, which indi-
cates a partially oriented diamond nucleus on Si.
The interface between the nucleus and Si near
the (001) plane of Si could not be resolved. In
Fig. 4, two nuclei have grown epitaxially on
stepped areas of the Si substrate. Five to 10 such
nuclei have been observed in each of the six
samples studied. The diamond crystallites were
identified by measuring the spacings of the lat-
tice fringes and the angles of the intersecting
lattice planes. This measurement is very precise
because the Si (111) lattice in the same image
can be used as an internal reference. In Fig. 4A,
the interfaces between the diamond crystallite
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(;2 nm) and the Si substrate are (111) and (111)
for both diamond and Si crystals, intersecting at
an angle of 109.5° (Fig. 4A). The (111) plane of
the diamond crystallite deviates by about 1° to
2° from the (111) plane of the Si crystal. This
deviation may be due to the small size of the
diamond crystallites and the large mismatch be-
tween the lattice parameters of diamond and Si.
In contrast, the diamond crystallite that nucle-
ates on the {111}-{001} intersecting steps of the
Si substrate shows perfect epitaxial orientation
(Fig. 4B). A Fourier transform of this sample
(inset in Fig. 4B) confirms the diamond nature
of the [110]-oriented crystallite and the epitaxial
relation between the diamond nucleus and the Si
substrate. No misorientation between the crys-
tallite and the Si substrate was detected, which
shows that the epitaxial diamond crystallite is
grown directly on the stepped {111} and {001}
surfaces of the Si substrate.

We propose that both nucleation sites in Fig.
4 contribute to the epitaxial growth of diamond
on Si. The direct observation of these small
diamond crystallites enables the reliable deter-
mination of the location of the nucleation site,
which seems to be the Si step. Even for a high
nucleation site density, say 1010/cm2, it would
be very difficult to locate the original nuclei
(one 2- to 6-nm-diameter crystallite per 100 nm
by 100 nm). This explains why previous studies,
to the best of our knowledge, have failed to
locate such a nucleation site. Moreover, the
probability of simultaneously observing by
HRTEM two different interfaces between the
diamond nucleus and the Si substrate is still
smaller than the probability of observing the
diamond nucleus itself. The poor epitaxial qual-
ity of the crystallite in Fig. 4A compared with
that in Fig. 4B may be related to the different
growth planes [(111) compared with (001), re-
spectively]. Thus a step appears to be needed for
nucleation, but the epitaxial quality may be de-
pendent on the Si planes on which the diamond
is grown.

We propose a sequence of events that should
lead to a heteroepitaxial growth of diamond
films. On the basis of the above observations
and on previously reported processes, BEN re-
sults in the formation of a variety of different
nucleation sites, some that are related to the Si
substrate and some that are located in the C
matrix, which is an inhomogeneous composite
of C structures. Because the subsequent CVD
growth process is characterized by a smaller
CH4/H2 ratio than the BEN process, the nondia-
mond C matrix should be chemically etched by
atomic hydrogen. This etching would produce a
dust of diamond particles, which would proba-
bly not adhere to the surface, in contrast to the
diamond crystallites nucleated on Si steps,
which should adhere. The quality of the hetero-
epitaxial growth of diamond on Si after BEN
would thus be dependent on the relative number
of epitaxial nucleation sites on the Si. The Si
substrate is a single crystal, and diamond growth

on all the aligned nucleation sites located on Si
(that is, the steps) should therefore lead to the
coalescence of the crystals as experimentally
observed with BEN. The growth of crystallites

of exactly the same orientation is a constructive
process, as far as the coalescence of these crys-
tallites is concerned, but is a destructive process
for the growth of other orientations, which leads

Fig. 1. A low-magnifica-
tion planar view of the in-
terface between the Si
substrate and the C film
indicates small (2 to 6 nm
in diameter), randomly
dispersed diamond crys-
tallites. Some have grown
on the Si (black arrows)
and some are embedded
in the a-C matrix (white
arrows). Neither a SiC lay-
er nor SiC crystallites are
present.

Fig. 2. HRTEM image of a
diamond crystallite (di-
ameter ;6 nm) grown
directly on Si with a ran-
dom alignment.

Fig. 3. HRTEM image of a
diamond crystallite (di-
ameter ;3 nm) grown
directly on Si with a par-
tially epitaxial alignment.
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to their suppression. This selective growth effect
is enhanced when deposition conditions for
which the diamond growth rate is larger in
specific directions are chosen (14). The effect of
other (nonaligned) sites would be the deteriora-
tion of the epitaxial quality of the CVD dia-
mond. Thus the way to achieve a better hetero-
epitaxy should be to increase the number of
epitaxial nuclei with respect to others in the
nucleation stage, and then to enhance the elim-
ination of others in the growth stage.

A variety of previous works addressed the
diamond nucleation mechanism, especially
when using BEN. The suggested mechanisms
include (i) subplantation of C-containing spe-
cies into subsurface sites to form a stress-in-
duced sp3 cluster, which serves as a precursor
to the diamond nucleus formation (4); (ii) nu-
cleation of diamond on steps of graphitic planes
formed by the BEN process (10, 15); (iii) for-
mation of diamond nuclei in an epitaxial SiC
layer deposited on Si (8); and (iv) induction of
plasma chemistry changes by biasing (6). The
nucleation of a diamond crystallite on the spe-
cific Si step identified here could be a result of
a “mold effect,” that is, the boundary conditions

imposed by at least two Si surfaces on the
evolution of the C phase, as suggested by Lif-
shitz et al. (16). This study is also relevant to
other debated issues in diamond nucleation.
One is the critical size of the diamond nuclei,
which is found to be less than ;2 nm (the
smallest crystalline size detected by us). Anoth-
er issue is the role of SiC in diamond nucleation
(8). Like a Si nucleation site, a SiC site may
deliver the necessary information on the Si
registry to the diamond nuclei, starting with an
epitaxial growth of SiC on Si and followed by
the epitaxial growth of diamond on SiC. No
SiC crystallites were detected here, which indi-
cates that their existence is not vital for the
nucleation process. Nevertheless, this does not
exclude the role of SiC in other deposition
schemes.
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Fig. 4. (A) HRTEM im-
age of a diamond crys-
tallite (diameter ;2
nm) grown directly on a
Si step with an epitaxial
alignment. The interfac-
es between the Si and
the diamond are (111)
and (111), intersecting
at an angle of 109.5°.
(B) HRTEM image of a
diamond crystallite (di-
ameter ;6 nm) grown
directly on a Si (001)
surface with an epitaxial
alignment. No misori-
entation between the
diamond nucleus and
the Si substrate was de-
tected. (Inset) The Fou-
rier transform of the di-
amond crystallite and
the interatomic spac-
ings confirm the dia-
mond nature of the
crystallite. (C and D)
Ball-and-stick diagrams
illustrate the interfaces
between the diamond
crystallites and the Si
substrate in (A) and (B).
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