
PHYSICAL REVIEW B VOLUME 51, NUMBER 4 15 JANUARY 1995-II

Interface study of heteroepitaxial diamond films on silicon (001) substrates

Ke-an Feng, Jie Yang, and Zhangda Lin
The State Ikey Laboratory ofSurface Physics, Institute ofPhysics, Chinese Academy ofScience,

Bejiing 100080, People's Republic of China
(Received 17 June 1994; revised manuscript received 12 September 1994)

Locally epitaxia~ diamond films on mirror-polished Si(001) substrates have been prepared by using
surface-biasing pretreatment in a hot-filament chemical-vapor-deposition system in our laboratory. The
diamond is in epitaxial alignment with the silicon substrate, with approximately diamond (001) parallel
to Si(001) and the [110]directions of the epitaxial layer parallel to the silicon surface. High-resolution
cross-sectional electron microscopy clearly shows that there are about 40 rows of carbon-atom planes on
25 rows of silicon-atom planes in the observed epitaxial interface. The dislocation density is very high in
the interface, but the diamond (111)planes are shown to be continuous across the interface with 7.3' to-
wards [001]. The three components of dislocations that are formed at the interface are discussed. The
interfacial tilting and azimuthal rotational misorientation are shown to come from these dislocations.
The relationship between the tilting angles and high-misfit-dislocation density is analyzed.

I. INTRODUCTION

The heteroepitaxy of diamond films via chemical vapor
deposition is required for the practical use of diamond of
various forms in various applications. ' Single-crystal
thin films of diamond have great potential for high-
temperature electronic devices, if the films can be grown
heteroepitaxially on an Si substrate. But the growth of
diamond deposited on all nondiamond substrates is im-
peded by the difficulty of nucleation, due to lattice
mismatch or lack of chemical bonding at the interface,
so it is necessary to explore the heteroepitaxial technolog-
ical conditions and to understand the physical and chemi-
cal processes of the heteroepitaxial interface.

Recently Yoshikawa et al. reported that cubic boron
nitride (c-BN), which has almost the same lattice parame-
ter as that of diamond, could be used as a substrate for
the epitaxial growth of diamond. Unfortunately, c-BN
substrates of sufficient size that make the diamond
growth process practical are unavailable at the present
time. The epitaxial diamond film growth on single-
crystal SiC via bias-enhanced microwave plasma chemi-
cal vapor deposition was performed by Stoner and co-
workers. ' Zhu et al. presented the micrograph of the
scanning electron microscopy of the diamond grown at
the center or the edge regions of a P-SiC(001) substrate.
The epitaxial relationship between the diamond and SiC
was confirmed by cross-sectional transmission electron
microscopy (TEM) and transmission electron diffraction
(TED). The epitaxial growth of local diamond films on
(100)Si substrates has been reported. ' Recently, Jiang
and co-workers' '" reported successful synthesis of con-
tinuous diamond films grown heteroepitaxially on a
mirror-polished single crystalline silicon (001) substrate
by microwave plasma chemical vapor deposition from a
methane/hydrogen gas mixture, and the morphology of
the deposited diamond film was characterized by using
scanning electron microscopy, Raman spectroscopy, and
x-ray analysis. Their results demonstrated that the dia-

mond crystallines are oriented to the silicon substrate
with both the (001) planes and the [110]direction parallel
to the silicon substrate, although the big lattice mismatch
(diamond/Si) existed in the local epitaxial interface. But
information of the detailed heteroepitaxial film for the di-
amond (001)/Si(001) interface has not been presented pre-
viously.

We have presented' the local epitaxial diamond film
on a mirror-polished Si(001) substrate with surface bias-
ing pretreatment prepared by hot-filament chemical-
vapor-deposition (HFCVD) mix gas flow H2/CH4, in
terms of the lattice image of high-resolution cross-
sectional electron microscopy (HREM) and the interface
pattern of the selected area TED. Results about the in-
terface arrays were obtained: the diamond film was
oriented to the silicon substrate with approximately both
(001) planes and [110] directions parallel to the silicon
substrate, very high misfit dislocation density existed at
the interface; it is shown as a 7.3 angle on the diamond
(001)/Si(001) interface. Here, we will explain the rela-
tionship between the tilting angle 7.3' on diamond
(001)/Si(001) and a very high misfit dislocation density on
the heteroepitaxial interface (001).

II. EXPERIMENTS

For the heteroepitaxial film between diamond and sil-
icon, due to the big mismatch of 35/o between diamond
(a=3.57 A) and silicon (a=5.44 A), the epitaxial film is
formed directly from the Si substrate without any inter-
mediate layer in the real interface, although the disloca-
tions and deformation of the diamond atoms array rela-
tive to Si atoms in the interface exist. The epitaxial array
in Fig. 1 show clearly that at least 40 rows of diamond
atoms on diamond (001) planes are consistent with 25
rows of silicon atoms on Si(001).

The misorientation and epitaxial relationship are de-
scribed in Fig. 2. In this [110] projection, the diamond
(111)planes are shown to be continuous across the inter-
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FIG. 1. Micrograph of HRETM about the epitaxial
diamond/Si interface. The specimen was observed in the [110]
direction.

face (001), but the 7.3 tilting of the diamond (111)planes
towards the [001]direction was noted.

The pattern of TED in Fig. 3 display that the diamond
(111) spots are rotated with the angle 10.7 about the
Si[110]axis relative to the silicon (111)spots.

Kobayashi, Kardsawd, and Watanabe reported' that
TEM studies of the diamond/Si interface have found a
2-nm-thick amorphous layer between the Si and the poly-
crystalline diamond, which was also observed in some
parts of the interface in our sample.

The local epitaxial layer in Fig. 1 clearly shows that di-
amond epitaxy on Si occurs not only on an intermediate
silicon carbide layer but also directly on the Si substrate
under suitable conditions.

III. THEORETICAL ANALYSIS

The structures of the amorphous and twin regions in

Fig. 1 are complicated. Here we focused only on the
morphological analysis of the local epitaxial layer.

If the mismatch on the heteroepitaxial growth film is
within about 20%, the Hooke law on elastic mechanics

[001)
]~

FIG. 2. Diagram of a relationship between misorientation
and tilting angle at the interface (001).

FIG. 3. Selected-area pattern of TED on the diamond/Si in-

terface. Here, D indicates diamond.

can be applied: the strains of the adsorption atom array
are proportional to the tensile stress in the film plane. A
common conclusion' for elastic deformation of heteroep-
itaxial interface is that the misfit dislocation density is
about 14%, which is equivalent to the dislocation spacing
measured as, on average, one misfit dislocation every
seven lattice planes. In the case of the lattice parameter
mismatch of 18% for the diamond (a=3.57 A)/P-SiC
(a=4.36 A) interface, the elastic deformation mechanism
is valid, so that the misfit dislocation density of 14% is
shown in the HRTEM of a diamond/P-SiC interface. '

Stoner et aI. have explained the 5' tilting angle of the di-
amond (111)planes towards the [110]direction when the
diamond (111)planes are continuous across the interface
in terms of 14% dislocation density and 60' mixed type
dislocation interface. '

The local array (40 rows/25 rows) on a small
diamond/Si epitaxial interface in Fig. 1 demonstrated
that one misfit dislocation relates to an average of 2.67
lattice planes, corresponding to the dislocation density
0.375 in the interface regions. Obviously, the misfit dislo-
cation density is larger than 14%.

From Fig. 1 and Fig. 3, we confirmed that the diamond
(111) plane not only rotated about the Si[110] axis, but
also the plane has the misfit along [110]. From the lattice
structure of the Si(001) substrate and the experimental
micrograph, we suggest that three components of disloca-
tions may form at the interface: one component [001] of
the Burgers vector perpendicular to the boundary plane
(001) to accommodate tilt (forming the familiar tilt
boundary) and a second component [110]of the Burgers
vector lying in the interface to accommodate interfacial
misfit, the third component [110]-azimuthal rotation.
Both the tilt (b, ) and misfit (b2) components are pure-
edge type dislocations, while the azimuthal rotation com-
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ponent b& involves a pure screw-type dislocation, so that
the Burgers vector of the dislocation at the diamond/Si
heteroepitaxial interface will have a vector b=v'l l a/4
[131];the tilting component b, in the [001] direction will
have an angle 72.45' with b in Fig. 4.

The magnitude of the tilting angle resulting from an
array of pure horizontal dislocations may be written from
the relationship'

sinu =
D

where D is the dislocation spacing with ~bi ~

=0.302 X ~b .
We also have that D =d/p (2), where p represents the
misfit dislocation density per I 111I lattice plane along the
[110]direction and d is the spacing between (111)planes.
With b and d e~xressed as a function of the lattice param-
eter a, ~b~ =Vila/4, d =2a/3, Eq. (1) may be used to
calculate the interfacial tilting angle a to be approximate-
ly 8.08, which is in good agreement with that measured
from HREM in Fig. 1. Therefore, it can be concluded
that the very high dislocation density is most likely re-
sponsible for the observed interfacial tilt. Using a similar
approach and the twist boundary model, the angle of az-
imuthal rotation involving the screw component
~bs~ =0.420~b~ can be obtained as P=11.27', which is also
in good agreement with the measurements in the
diffraction pattern of TED in Fig. 3.

It is interesting to point out that in the elastic deforma-
tion scope, a common conclusion —misfit dislocation
density 0.14—is consistent with the measurements on the
heteroepitaxial interface between diamond and P-SiC,
which have about 20%%uo lattice mismatch. But in the de-
formation of the adsorption atom array with the big lat-
tice mismatch, the Hooke law for elastic deformation
cannot be used; the misfit dislocation density in the inter-
face will be increased as the lattice mismatch increases.
The crystallographic information for diamond
(001)/Si(001) heteroepitaxial interface showed the none-
lastic deformation and the big misfit dislocation density.

In terms of the Auger electron and thermal-desorption
spectroscopies, Jackman, Chud, and Foord discussed'
recently the initial stages of diamond film growth with
hot-filament-activated methane and hydrogen on Si(001).
Under the initial growth conditions, the clear and or-
dered Si(001)-2X 1 substrate is determined by low-energy
electron diffraction and Auger electron spectropy
methods. Owing to the atomic array and lattice strains
on the [110]direction inconsistent with that on [110] for
the Si(001)-2X1 surface, so that two dislocation com-
ponents b2 and b~ are not the symmetric parts of the
Burgers vector b, means that the dislocation which is
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FIG. 4. The decomposition of dislocation at the diamond/Si
interface into tilt (bl), misfit (b2), and azimuthal rotation (b, )

components.

IV. CONCLUSION

The local heteroepitaxial diamond film crystals on a
mirror-polished silicon wafer have been prepared by an
improved HFCVD method involving pretreatment and
growth. In this paper, the micrograph of high-resolution
cross-sectional TEM at the heteroepitaxial interface dia-
mond (001)/Si(001) has been analyzed. The misfit dislo-
cations observed in diamond film not only accommodate
the misfit strain but also cause both interfacial tilting and
azimuthal rotational misorientation. Our studies have
made clear the reason for the experimental results of the
heteroepitaxial diamond film on Si(001).
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showed on the diamond (001)/Si(001) interface does not
belong to the 60 mixed-type dislocation.

Both materials (silicon and carbon) are covalently
bonded crystals. Thus the heteroepitaxial films can be
grown successfully when the correct choice of the nu-
cleation condition is applied, even if a large mismatch be-
tween covalent bond crystals of the adsorption and sub-
strate exists. The local epitaxial diamond film on Si(001)
(in Fig. 1) is a good example. The attempts to understand
the microscopic reactions and the initial growth which
form the diamond film on Si(001) are in progress.
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