The Korean Journal of Ceramics, 8 [3] 155 - 158 (1997)

Three-dimensional TEM Characterization of Highly Oriented
Diamond Films on a (100) Silicon Substrate

Scung-Joon Jeon, Arun Kumar Chawla*, Young-Joon Baik** and Changmo Sung

Center for Advanced Materials, Department of Chemical and Nuclear Enginecering,
University of Massachusetts, Lowell, USA
*Center for Advanced Materials, Depariment of Physics and Applied Physics,
Unwersity of Massachusetts, Lowell, USA
**Thin Film Technology Research Center Korea Insfitute of Science and Technology, Seoul, Korea
(Received November 5, 1996}

Highly oariented diamond films were deposited on a (100} silicon substrate by bias enhanced nucleation technigue.
Both plan-view and cross-section TEM were applied to study the nucleation and growth mechanism of diamond
grains. Randomly oriented pelycrystalline diamond graing with internal microtwins were observed at the nu-
cleation stage while defect free regions were retained at the grewth stage and were apparently related with the ep-
itaxy of diamond films From our experimental results, the nucleation and texture formation mechanism of di-

amond films is discussed.
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I. Introduction

ighly oriented diamond films have heen extensively
H studied due to its extraordinary thermal and elec-
tronic properties. Great progress has been made in ep-
itaxy of diamond films on silicon in the past few years.
Recently, Stomer et al” and Jiang et al” synthesized
[100] oriented diamend filmg on Si subsirate hy
biasenhanced MPCVD. Various microstructural studies
on oriented diamond films have been reported to und-
erstand the mechanisms which are responsible for the
oriented growth on silicon. Wolter ef al.,” Schaller et ol ”
and Maeda et al.” have reported the presence of B-8iC in-
terlayer between the film and the substrate. They have
speculated that the texture is due to SiC which has heen
epitaxially formed on silicon. On the other hand, Lin ef
al” and Chen et al.” have reported the evidence of direct
epitaxy between the diamond film and the silicon sub-
strate synthesized by HFCVD.

In the present study we have employed transmission
electron microscopy (TEM) and scanning electron mi-
croscopy  (SEM) to study three-dimengional mi-
crostructures of epitaxial diamond films.

I1. Experimental Procedure

Epitaxial diamond films were deposited on single cry-
stal (001) silicon substrates by plasma-assisted CVD
which has been discussed in detail elsewhere.” Nu-
cleation was induced by applying a DC bias of -200V to
the substrate. The experimental condition in each step is

given in Table 1.

Plan-view and cross-section TEM specimens were
prpared by a standard technique of polishing and dim-
pling followed by ion milling. Plan-view TEM specimens
were prepared by a precisely controlled hack-thinning
technique to reveal the microstructures near the silicon/
diamond interfacial area and film surface area as a fune-
tion of film thicknesses. However, crogs-section TEM
sample preparation was not successful since a glued lay-
er formed hetween film and substrate due to its poor
adhesion., TEM observations were carried out in a Phi-
lips. EM400 microscope operated at 120 kV. The surface
morphelogy of the films was examined by an AMBAY
1400 SEM.

II1. Results

Highly oriented diamond films were sucessfully grown
by the MPCVD technique. Figure 1 shows the S8EM sur-
face image of a 10 pm thick film. The film surface shows
well-developed (001) diamond surface with crystallite
size of 0.6x0.6 pm®. A large percentage of the crystal
edges are aligned parallel to one another which are ap-
proximately parallel to the [110] direction of the silicon
guhstrate.

TEM micrographs in Fig. 2 show the plan-view mi-
crostructure of the specimen near the diamond/silicon in-
terface. In Fig. 2(a), the dark area shows the overlapped
image of diamond grains and silicon substrate. An over-
lapped diffraction pattern of (100} single crystal silicon
and polyerystalline diamond grains is shown in Fig. 2(h).
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Table 1. Deposition Conditions in Each Step
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Val 3, Nao.d

Nucleation stage Growth stage
M. W. power (W) 700 700
(as concentration 4% CH,-H, 2% CH,-H,
Pressure (Tarr) 20 90
Temperature (°C} 600 970
Time 25 min. 4 hrs.

Fig. 1. SEM micrograph of a highly oriented diamond film
showing the alignment of the diamond grains.

From these figures, it is apparent that diamond film is
composed of randomly oriented polycrystalline grains
with an average grain size aboul 0.2 um. There seems to
be no macroscopic scale interlayer like a B-SiC between
the film and substrate within this specimen., However,
the cross-gsection TEM micrograph in Fig. 3 clearly
shows that some continuous interlayer with a thickness
of 10 nm exists between the film and substrate as in-
dicated by arrow. Thig layer can be crystalline B-SiC or
amorphous C layer as reported elsewhere. High reso-
lution electron microscopy will be applied to identify this
phase in the near future. A cloger examination at higher
magnification shows that the diamond grains contain

Fig. 3. Cross-section TEM micrograph showing contimuous
interlayer {dark contrast) hetween silicon substrate and di-
amand grains.

several sets of microtwing as shown in Fig. 4(a). The mi-
crographs clearly reveal that at least two different sets
of twins esxst and the angle between different twin
planes is about 72". Figure 4(b) shows the diffraction pat-
tern obtained from these microtwins. There are a large
mumber of forbidden reflections due to double diffraction
generated at the twin-matrix boundaries. Each {111}
plane acts as a twin plane and the streaks lie in a direc-
tion normal to the twin planes, In gome areas, separa-
tions between the grains are evident as shown in Fig.
3(a). The separation was continuous along the houn-
daries. There seems to be no distinct phase in this gap,
but there is some possibility of an amorphous phase.
Figure 5 shows a plan-view TEM micrograph near the
middle of the film layer. The distance from the film/sub-
strate interface of this area is about 1 pm. Well-defined
rectangular-type defect free regions were formed with
highly defected boundary areas in every grain. The
amount of separation gap was much less ag compared
with the previous sample. There seems to be some orien-
tation relationship among these defect free repions.
Figure 6 shows plan-view TEM micrographs near the

() Diffraction pattern from the overlapped area.
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Fig. 4. (a) Plan-view TEM micrograph of a diamond film
showing imternal twins and separation between the grains.
(b) Diffraction pattern from the internal twins (D: diamond,
T: twin).
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Fig. 5. Plan-view TEM micrograph showing well-defined de-
fect free regions and highly defected boundaries.

highly oriented film surface area. Well-aligned diamond
grains are shown in ihis figure with a representative
[001] zone axis diffraction pattern from grain A. Nearly
all of the boundaries are parallel to the [110] divection
and contain a high density of dislocations. Fig. 6(b) is a
weak beam dark field image showing the individual dislo-
cationg at the boundary. The misorientation was measur-
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Fig. 6. Plan-view TEM micrographs showing (a) highly
arienfed diamond graing and (b) boundary dislocations,

ed from several grains by diffraction technique. The larg-
est nisorientation hetween different graing was es-
timated to be less than 10°

IV. Discussion

It has been an established theory that epitaxial SiC
formed during the carburization andfor biasing step
plays an important role in highly oriented diamond films.
A portion of overgrown diamond nuclei, which have a
specific orientation relationship with SiC, dominate the
texture of the films.

In the present study it has been identified that d&i-
amond grains formed during nucleation stage, do not
have any orientation relationship. Some interlayer
between diamond and silicon was identified in eross-sec-
tion TEM. It is possible that this layer is a C-containing
amorphous phase because the continuous erystalline SiC
layer has not been reported. Even if this is a erystalline
phasge, it is obvious thal this phase has no specific orien-
tation relationship with the diamond nuclei.

This experimental result supports the theory of Evo-
hationary selection rule” The film texture is determined
by growth condition, ie. o=(mvn)V3, according to this
theory. Morever, Tamor ef al.” have reported that the
growth of twin followed this selection rule very well. In
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our experiment it is evident that microtwing in diamond
nuclei disappear when the diamond grains have some
orientation relationship. This reult suggests that the
grain rotation through twinning can be related with tex-
ture. It is possible to form (100} texture by overgrown
twins whose (100) plane is parallel to the film surface.
The separation gaps between grains observed in the ear-
ly stage of nucleation can make the grain rotation much
easier, The misorientation between grains can be further
decreased by intergranular misfit dislocations as the di-
amond film developes to grow.

V. Conclusions

Highly oriented diamond films have been synthesized
by bias-enhanced MPCVD technique. At the nucleation
stage mon-epitaxial diamond graing formed with internal
microtwins., As the diamond grains grew, rectangular-
shaped defect free regions formed with high density de-
fect regions at boundary areas. At the later stage of
growth these defect free regions were well aligned to de-
velop highly oriented films. We suggest that FEvo-
lutionary selection rule can be a main controlling factor
to dominate the epitaxy. Grain rotation by twinning and
misfit dislocations can be a cause of the (100) texture.
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