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Abstract

Deposition of heteroepitaxial diamond on substrates of 6H-SiC single crystal by a d.c. voltage biased-enhanced microwave
plasma chemical vapor deposition method has been attempted. Various concentrations of methane (CH4) up to 10% in hydrogen
(H2) was used to evaluate its effect on epitaxy. Characterization of cross-sectional transmission electron microscopy with electron
energy loss spectroscopy shows that an interlayer can form between diamond 6H-SiC, depending on the CH4 concentration. With
low CH4 concentration, diamond was directly nucleated on 6H-SiC with an orientation relationship of diamond {111}//6H-SiC
{0001} and diamond 110�//6H-SiC 112:0�. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction clarify the nucleation process of diamond without SiC
formation which occurs with deposition on Si substrates.
In addition, 6H-SiC single crystal substrate is nowDeposition of heteroepitaxial diamond is vital to

electronic applications. In the past, heteroepitaxial dia- commercially available, while b-SiC is not. The possi-
bility of local epitaxty of diamond on 6H-SiC has beenmond growth on Si and b-SiC has been demonstrated

by the bias-enhanced nucleation method in microwave demonstrated in previous work using MPCVD [7,8].
Recently, Li et al. have shown heteroepitaxial growthplasma chemical vapor deposition (MPCVD) [1–5]. It

is often found that diamond growth on Si is preceded of diamond on 6H-SiC using hot filament CVD [9]. In
the present work, we report the results of diamondby the formation of b-SiC as an interlayer [3–5]. The

b-SiC interlayer thus plays an important role on the growth on 6H-SiC using the bias-enhanced method in
MPCVD with different concentrations of CH4. Theorientation of subsequently nucleated diamond.

Recently, diamond growth on a b-SiC substrate also orientations and interfaces between diamond and
6H-SiC substrates were characterized by cross-sectionalhas been shown to exhibit extremely high quality as a

result of heteroepitaxy in which the epitaxial relationship transmission electron microscopy (TEM).
of diamond with b-SiC is diamond [110]//SiC[110] and
diamond (100)//SiC(100) [6 ]. Among SiC polytypes,
b-SiC or 3C-SiC is a cubic structure in which the

2. Experimental detailsstacking sequence in the 111� direction is ABCABC…,
and 6H-SiC is hexagonal in which the stacking sequence

Deposition was carried out in an ASTEX microwavein [0001] is ABCACB…. As the b-SiC {111} plane has
plasma CVD reactor. The negative d.c. bias was appliedthe same closed packing structure as 6H-SiC basal plane
on the sample holder at −200 V for 24 min. The pressureof {0001}, it is of interest to investigate diamond growth
was at 20 Torr. The CH4 concentration in H2 was variedon 6H-SiC substrates. In particular, 6H-SiC substrates
from 4% to 10% during biasing. The input microwaveare more stable than Si during biasing, which may
power was 700 W. The temperature on the substrate
was measured to be in the range 760–790°C by an
optical pyrometer. After biasing, continuous growth was* Corresponding author. Fax: +886-3-5724727.

E-mail address: lichang@cc.nctu.edu.tw (L. Chang) followed for 30 min using 1% CH4 without bias. The
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6H-SiC substrates in 10×3 mm strips were obtained about 60 nm, suggesting that the nucleation density of
diamond is close to 1010 cm−2. An amorphous interlayerfrom Cree Research, USA. Prior to being loaded into

the CVD reactor, the substrates were dipped into a 10% 40 nm thick can be seen between the diamond and the
6H-SiC substrate. EELS indicates that it is amorphousHF aqueous solution for 30 s to remove surface oxide.

Before deposition, the substrates were further cleaned carbon. High resolution TEM (HRTEM) in Fig. 2
reveals the details around the interfacial region. Fromby H2 plasma for 30 min.

TEM characterization was performed on a JEOL the lattice images, in which the b-SiC lattice stacking
sequence is ABCABC, compared with ABCACB inJEM 2010F microscope. An electron beam with 0.5 nm

diameter was used for nanobeam diffraction and electron 6H-SiC, it is identified that several b-SiC particles, in
island shape, epitaxially grow on the 6H-SiC substrate.energy loss spectroscopy (EELS). Cross-sectional TEM

specimens were prepared by a conventional method Nanobeam diffraction patterns from these areas also
confirm that they are b-SiC. The orientation relationshipconsisting of gluing and grinding, followed by ion milling

to perforation. TEM observations of each specimen is determined to be b-SiC 110�d6H-SiC 112:0� and
b-SiC{111}//6H-SiC {0001}. Also, a few nanocrystallinewere done at several positions where the thin areas were

over a range of 10 mm. diamond particles are found embedded within the amor-
phous layer. For 5% CH4 specimens, diamond grains
are in a columnar structure with lateral size 100 nm, as
shown in Fig. 3. Similar to the 10% CH4 case, a 30–3. Results and discussion
40 nm thick interlayer of amorphous carbon is seen
around the interfacial region. Also, there are someFig. 1 shows the typical TEM image of diamond

deposited with 10% CH4. The diamond film exhibits epitaxial b-SiC regions on the 6H-SiC, and some dia-
mond grains are nucleated on b-SiC as seen in thepolycrystalline characteristics with randomly oriented

diamond grains, as shown by the diffracted ring of the HRTEM micrograph in Fig. 4. In contrast with 5% and
10% CH4 conditions, the diamond films formed withdiamond {111} plane in the selected area diffraction

(SAD) pattern. The average grain size in the lateral is 4.5% CH4 concentration show a distinct grain morphol-

Fig. 1. TEM micrograph showing the microstructure of diamond deposited with 10% CH4. The SAD pattern is given in the inset.
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Fig. 2. HRTEM micrograph from a specimen deposited with 10% CH4.

Fig. 3. TEM micrograph showing the microstructure of diamond deposited with 5% CH4. The SAD pattern is given in the inset.
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Fig. 4. HRTEM micrograph showing the interfacial region between diamond and 6H-SiC. Specimen deposited with 5% CH4.

ogy with a size in the range 200–300 nm as shown in b-SiC formation may be due to the rearrangement of
the 6H-SiC surface. Kawarad et al. reported that a layerFig. 5. This roughly corresponds to a nucleation density

of 109 cm−2. Most of diamond grains exhibit an orienta- of b-SiC formed before epitaxial diamond nucleation in
their study of diamond deposition on b-SiC [6 ].tion of {111} planes parallel to 6H-SiC {0001} basal

planes, as shown by the SAD pattern in the inset of Yamamoto et al. found that the b-SiC layer was etched
off during the negative bias treatments [10]. In theFig. 5. Fig. 6 is an HRTEM image taken from the center

of a grain shown in Fig. 5 where the nucleation occurred. present work, higher carbon concentration results in
amorphous carbon formation initially, followed byIt reveals that no amorphous interlayer exists between

diamond and the 6H-SiC substrate. Heteroepitaxial dia- higher density of diamond nucleation. Therefore, it is
reasonable that the b-SiC formed should have no sig-mond in direct contact with 6H-SiC can be clearly seen

in Fig. 6. Also, it is noted that the interface between nificant influence on the subsequent nucleation of dia-
mond. It is amorphous carbon resulting in the randomlydiamond and the 6H-SiC substrate is smooth. However,

defects of twin and stacking faults are observed within oriented diamond grains. Without an amorphous carbon
interlayer, diamond epitaxial growth can proceed withdiamond grains close to the interface, resulting in loss

of epitaxy. Fig. 7 shows the microstructure deposited diamond {111} close packed planes parallel to the
6H-SiC {0001} basal plane, even though the latticewith the 4% CH4 condition. The grain size is about

100–150 nm. Diamond grains are less oriented than mismatch is high. For {111} b-SiC substrates, similar
behavior would be expected. In our previous study ofthose grown in 4.5% CH4 as shown by the spotty rings

in the SAD pattern. However, some diamond grains can diamond nucleation on 6H-SiC with 2% CH4 deposition
[7], diamond was less oriented than that with 4% CH4be epitaxially oriented with the underlying 6H-SiC sub-

strate. A typical HRTEM image is shown in Fig. 8. As deposition. The fact that no b-SiC is observed in CH4
concentrations less than 5% implies that the plasmaFig. 6, it also shows no amorphous interlayer formed

between diamond and the 6H-SiC substrate. with strong ion impingement from bias causes no recon-
struction of the 6H-SiC surface. At the moment, it isThe epitaxial orientation of diamond in 4.5% CH4

can be attributed to the lower nucleation density and not known why diamond orientation varies with CH4
concentration. With less CH4, the bias effect seems tothe direct nucleation on substrate. The nucleation den-

sity achieved in 10% CH4 is an order of magnitude be incapable of modifying the 6H-SiC surface. It is
speculated that surface diffusion and more H2 couldhigher than in 4.5% CH4. The rate of nucleation and

growth is relatively invariant with the CH4 concentration stabilize the nuclei at low carbon concentration.
Heteroepitaxial diamond on an Si substrate can beas the thickness of all specimens is about 200 nm. The
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Fig. 5. TEM micrograph showing the microstructure of diamond deposited with 4.5% CH4. The SAD pattern is given in the inset.

Fig. 6. HRTEM micrograph showing the interfacial region between diamond and 6H-SiC. Specimen deposited with 4.5% CH4.
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Fig. 7. TEM micrograph showing the microstructure of diamond deposited with 4% CH4. The SAD pattern is given in the inset.

Fig. 8. HRTEM micrograph showing the interfacial region between diamond and 6H-SiC. Specimen deposited with 4% CH4.

deposited directly or through an SiC interlayer. Though the CH4 concentration has a strong effect on the epitaxial
condition. Low concentration of CH4 is favorable forthe SiC interlayer can be in epitaxy with Si, the slight

misorientation of SiC often results in damond not heteroepitaxial growth. To improve the quality of dia-
mond films, further studies on the effects of bias voltageoriented with the underlayer. Therefore, it is favorable

for diamond to nucleate directly on the substrate to and bias time are needed. Also, the surface type of 6H-SiC
can have different influences on heteroepitaxial growth. Itobtain good quality heteroepitaxial diamond.

Many variables may affect heteroepitaxial growth of has been shown that diamond grown on carbon surfaces
has better quality than that grown on Si surfaces [9].diamond on 6H-SiC. The present investigation shows that
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4. Conclusion Research Laboratories of the Industrial Technology
Research Institute for providing the MPCVD facility.

Deposition of diamond on a 6H-SiC single crystal
substrate has been done with bias-enhanced nucleation
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