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Deposition of highly textured diamond films on Si(001) has been achieved by using
positively bias-enhanced nucleation in microwave plasma chemical vapor deposition.
During the biasing period, an additional glow discharge due to the dc plasma effect
appeared between the electrode and the substrate. The discharge is necessary for
enhanced nucleation of diamond. X-ray diffraction, scanning electron microscopy, and
cross-sectional transmission electron microscopy (XTEM) were used to characterize the
microstructure of the diamond films on Si. The results show the morphology of
diamond grains in square shape with strong diamond (001) texture. XTEM reveals that
an amorphous interlayer formed on the smooth Si surface before diamond nucleation.

Diamond synthesis on various substrates by chemicalensity shown in their study could reach®1®n 2 under
vapor deposition is a well-developed technique. To obthe positive bias condition, but no continuous diamond
tain highly oriented diamond films, it is necessary tofilm was formed. Also the morphology of the
generate a high density of diamond nuclei during thediamond film and interfacial region between diamond
initial stage of diamond deposition. In general, diamondand substrate were not report€d=urthermore, no study
nucleation densities on mirror polished silicon substratesn the orientation of diamond on positively biased Si has
without any pretreatment are rarely low, less thanbeen published. In this letter, we report that (001) highly
10* cm™2. Using the so-called bias-enhanced nucleatiororiented diamond films can be deposited on mirror pol-
(BEN) method in microwave plasma chemical vaporished silicon by applying gositive bias onto Si sub-
deposition (MPCVD) developed by Yuggt al.,the nu-  strates. Electron microscopy shows that nucleation
cleation density of 1% cm ™2 can be achieved. They re- density of diamond is higher than 16m™2.
ported that a high density of diamond was obtained at Diamond films were synthesized on mirror polished
-100 V, but no growth of diamond was obtained at theSi(001) wafers by positive BEN in a MPCVD reactor,
positive bias conditiort. Stoneret al. reported the for- using methane diluted in hydrogen as reactant gases. A
mation of an interfacial layer o8—SiC and amorphous schematic diagram of the MPCVD system under the
carbon on Si during the negative bias treatnfe@toner  positive dc-biased condition is shown in Fig. 1. The re-
and Glass also demonstrated that locally epitaxial diaaction chamber is a quartz tube with 50 mm in diameter.
mond films could be successfully obtained @aSiC3*  After reactant gases (4% GCHdiluted in hydrogen)
Jiang and Klages first reported heteroepitaxial growthflowed into the quartz tube, 2.45-GHz microwaves with
diamond on Si by negative BENSince then, the nega- 500-W power were input to excite the plasma. A positive
tive BEN method in MPCVD has been widely used todc voltage of 300 V was then applied to Si substrates.
obtain heteroepitaxial diamond films on various sub-The electrode and substrate holder in a size of 2.cm in
strates by many researchér€Instead of using negative diameter are made of molybdenum. After a 20-min bi-
BEN, positive BEN in MPCVD has rarely been men- asing pretreatment, the diamond deposition was followed
tioned. The reason could be that the result of positiveoy growth for 0.5—-20 h with 0.667% CHn H,. The total
BEN is not so good as negative BEN? Katochet al.  gas pressure was fixed at 20 torr. For the preparation of
have investigated both positive and negative bias effectsross-sectional transmission electron microscopy (TEM)
on the nucleation of diamond in MPCVD. The nucleationspecimens, the epoxy was used to glue a sample with a
dummy Si wafer as a sandwich. The sandwiched specimen
was mechanically ground to a 10n-thick foil, followed
by Ar ion milling to perforation. A JEOL JEM 2010F mi-
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During the positive biasing at +300 V once the sub-that a highly oriented (001) diamond film is ob-
strate holder was positioned within a distance of 3—5 mniained. The size of diamond grains is in the range of 1 to
from the electrode, there appeared in the plasma an a&um. The thickness of the diamond film is about &
ditional glow discharge in purple color as the positiveas measured from cross-sectional SEM, indicating that
column often observed in direct current (dc) plasmathe deposition rate is about Qu9n/h in average. Figure 3
chemical vapor deposition (CVD) between two parallelshows the x-ray diffraction (XRD) pattern of the same
electrodes! The purple glow discharge took on a shapespecimen. The four peaks of diamond were seen in the
like a truncated cone between the electrode and the subxRD pattern. The peaks abangles of 119.4° and 44.3°
strate holder as shown in Fig. 1. The electrode was sare identified as the diamond (400) and (111). The ratio
closed to the substrate holder that it was immersed inef integrated intensity of (400) and (111) plane for the
to plasma entirely. When the bias was switched on, theliamond film is 34:100, compared to the ratio of 8:100
plasma shape then was distorted by the electrode because randomly orientated powder diffraction intensity
of the effect of metal exerting on plasma. Under thefrom the JCPDS data fil& The significantly increased
negative bias condition in the same setup, however, nmtensity of (400) peak suggests that the diamond film
such a glow discharge had been observed. From scannipgpssesses (001) preferred orientation, which is consistent
electron microscopy (SEM) observations of the deposwith SEM observation in Fig. 2. The nucleation density
ited films, it is found that the purple glow discharge isis larger than 2 x 19cm ™2 as estimated from SEM ob-
necessary to assist the diamond nucleation. servations of a positive biased sample after 0.5 h growth.

A typical SEM micrograph shown in Fig. 2 reveals Figure 4(a) shows a typical cross-sectional TEM mi-
the morphology of diamond on Si after 20 h of growth. crograph showing the microstructure of the diamond film
Diamond grains in square shape were observed, suggesting Si. It shows that the diamond film has developed into
a columnar structure after growth, and the substrate sur-
face is smooth. The size of the diamond grains near the

M uteginty interface is in the range of 30 to 50 nm, which gives
the nucleation density of the order of f@m 2. A thin
Gasin e interfacial layer in white contrast was observed between
Plasma the diamond film and substrate. It is noticed that the
N power strain contrast which is often observed in negative biased
Microwaves T supply samples is not seen in Si. Figure 4(b) shows the selected
genM:rvamr A4 Glow area diffraction (SAD) pattern from the region centered
Mo discharge gt the interface in which the Si substrate was oriented to
Substrate™"| holder [110Jzone axis. The selected area from which the dif-
7 Quanz fraction pattern obtained has a size of Q& diameter.
i / A diamond 111 ring can be observed from the SAD
Quartz tooe pattern. It implies that the texture of the diamond film
deposited during the initial stage of deposition is not
Gas out strong. However, a few strong diffraction spots as ar-
FIG. 1. Schematic diagram of MPCVD under the positive bias-rowed in the SAD pattern indicate that there may exist a
enhanced nucleation condition (not scaled). certain percentage of diamond grains which are oriented.
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FIG. 2. SEM micrograph of the diamond film grown on Si(100) for 2 9 (deg.)

20 h. FIG. 3. XRD pattern of the diamond film grown on Si(100) for 20 h.
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Figure 4(c) of a high-resolution TEM micrograph taken
from the interfacial region shows a diamond grain
misoriented with Si within 30°. The high-resolution TEM
image also clearly illustrates that diamond is not directly
deposited on Si. There exists a 7-10-nm-thick amor-
phous interlayer between diamond and Si. In addition,
the image shows that the Si substrate surface is very
smooth with roughness less than 1 nm.

Kotoh et al. have proposed that carbon-containing cat-
ions attack the substrate in the negative bias condition,
while electrons attacked the substrate and then adsorbed
carbon-containing molecules in the positive bias condi-
tion.*° In the present positive BEN condition, a dc glow
discharge in addition to the microwave plasma only ap-
pears when the distance between two parallel electrodes
is close enough. Therefore, it is suggested that the effects
of microwave plasma and dc plasma co-exist in this con-
dition. As the deposition rate in dc plamsa CVD is quite
high (approximately 2qum/h);** it is likely that the nu-
cleation density under the positive bias condition can be
significantly increased due to the dc plasma effect ex-
erted. In the negative BEN method, Si substrates are
often damaged by the incident ions. As the result, the
substrate surface is usually rough, and residual strain in
Si exists near the surface. In contrast, the interface is very
smooth after positive BEN processing, indicating the in-
cident electrons result in litle damage even with the
applied voltage as high as 300%*~° The relatively
high-energy electrons play the major role on enhanced
diamond nucleation in the positively biased method. In
the negatively biased method, the nucleation density can
be enhanced as well. The subplantation effect of ener-
getic ions bombarding the substrate in negative biasing
has been proposed to explain the BEN beha¥idtow-
ever, the electrons with much smaller mass and size than
ions in the plasma are unlikely to result in any subplan-
tation effect on the substrate as evident for the TEM
image showing no strain contrast. Therefore, we specu-
late that the positive BEN might be caused by some
surface-related effects such as enhanced surface diffu-
sion due to electron heating or more carbon-containing
species decomposed near the surface due to the strong
electric field. Further support of this explanation comes
from the results of electron-assisted hot-filament CVD.
In electron-assisted thermal CVD, Sawabe and Inuzuka
have reported that electron bombardment during growth of
diamond increases the nucleation rétdhey suggested
that the role of electron bombardment is to assist the de-
composition of CH and H, at the substrate surface.

Although diamond has not directly nucleated on Si
substrate, a highly oriented diamond film can still be
obtained after growth. The texture becomes more pro-
nounced with growth time. Therefore, a certain percent
of the deposited diamond nuclei might have already ori-
ented in the positive biasing stage. With evolutionary
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