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Experiments with local gas feeds of methane or acetylene indicate that both C,H, and CH; contribute
to the growth of (111) surfaces, whereas only CH; contributes to that of the (100) surface. High-
resolution electron-energy-loss spectroscopy has been used to investigate the termination modes of
grown diamond (111) and (100) facets. The diamond (111) facets grown at 800°C and 0.2% CH, consist
of (111) faces and {110} steps; atomic deuterium first replaces the hydrogen atoms adsorbed on (111)
faces, and the growth rate of (111) facets is controlled by the concentration of C,H, at the film surface.
After further growth of grown diamond (111) facets at 0.2% CH, of local feed for 30 min, CH; vibration-
al modes on (111) facets have been detected. The diamond (100) facets grown at 800°C and 1.0% CH,
are terminated with CH, radicals. Besides the CH, vibration loss, CH bend loss of monohydrogenated
dimer is detected for the (100) facets grown at 1000°C. Based on the above results, it is suggested that
the morphology of diamond film is controlled by the ratio of C,H, to CH; concentration at the film sur-
face. The higher the ratio, the faster the (111) facets grow, and thus (100) facets will be shown. Other-
wise, (111) facets appear. This explains the rule of diamond crystalline appearance very well.

I. INTRODUCTION

The mechanism of chemical-vapor-deposited (CVD) di-
amond film has attracted more and more attention of
researchers in recent years, both because further techno-
logical advancement requires a detailed understanding of
the fundamental phenomena responsible for diamond
growth, and the study of diamond growth offers a truly
unique opportunity for understanding the chemistry of a
CVD process. The Russian school of Derjagin and co-
workers!=3 developed a model for diamond nucleation
and growth based on macroscopic concepts of classical
nucleation theory and adsorption-deposition kinetics and
equilibrium, but their theory did not predict possible
growth species or specific reactions taking place at the
surface. For several years, the prevalent view for growth
in hot filament* (HF) and microwave plasma’ environ-
ments has been that the methyl radical is primarily re-
sponsible for diamond growth.®-® But there has been a
dispute about whether it is suitable for the growth of dia-
mond (111) surfaces. The first mechanism describing dia-
mond (111) growth in detail was proposed by Tsuda,
Nakajima, and Oikawa,”!* but this mechanism involved
CH, " cations or a positively charged surface. Later Chu
et al.'! proposed that the methyl radical is the dominant
growth precursor under HF CVD conditions for all (111),
(100), and (110) facets. Martin and co-workers!>!
showed that methyl or methane is much more effective
than acetylene for growing diamond films and acetylene
produces lower-quality films than methyl or methane.
However, Frenklach and co-workers!*~!” proposed that
acetylene, which is present in greater quantities than CH;,
under typical HF CVD conditions,'®-%° is the primary
growth precursor on diamond (111).

For the growth of diamond (100) surfaces Harris?! re-
cently proposed a growth mechanism involving only neu-
tral CH; and hydrogen atoms using a nine-carbon model
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compound [bicyclononane (BCN)], and the predicted
growth rate on (100) surface agreed well with experiment.
But the steric repulsion for the H-H site on BCN is
different from that on the diamond (100) surface. On the
diamond (100) surface terminated by CH, radicals, Ehere
is only an internuclear H-H spacing of about 0.77 A, or
nearly the same as that in the H, molecule, 0.74 A. As
this has to be a nonbonding interaction, very strong steric
repulsions between neighboring hydrogen atoms would
be expected. Mehandru and Anderson?? proposed that
the strain on the (100) surface is relieved to a certain de-
gree by the H moving apart with the result that the CH,
angles decrease about 25° from the ideal tetrahedral an-
gle. This will affect the growth of the diamond (100) sur-
face strongly.

Kobashi et al.?® found that the film surface consists of
triangular (111) diamond faces for CH, concentrations
¢ <0.4%, whereas square (100) faces are predominant
above 0.4% CH,. Matsumoto, Sato, and Tsutsumi?*
showed that diamond crystals with cubic habit appeared
at high substrate temperatures. Other researchers have
studied the morphologies of diamond films at different O,
concentrations, temperatures of substrate and filament,
pressures, and filament geometries.?>~32 ‘

According to Hartman’s® periodic-bond-chain (PBC)
theory, which successfully described the morphology of
natural diamond (ND), the (100) faces of diamond have
the highest growth rate, and should not appear as dia-
mond facets. However, the experimental data ob-
served?3~32 strongly contradict this prediction. The mor-
phology of diamonds synthesized by  high-
pressure—high-temperature (HPHT) methods** shows
that cubic habit appears at low temperature, or
equivalently, at supersaturation, and it is also not valid
for CVD methods because (100) faces appear at high tem-
peratures in the HF CVD device.?* The key factor of
controlling facet appearance is still unknown; this is be-
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cause the mechanism of diamond growth is unclear so
far.

In this paper, we first investigate the termination
modes of diamond (111) and (100) facets deposited at
different conditions using high-resolution electron-
energy-loss spectroscopy (HREELS) and discuss the
growth mechanism of diamond (111) and (100) facets, and
then study the rule of diamond crystalline appearance.

II. EXPERIMENT

The HF CVD design is similar to that of Chu et al.!!
and Yarbrough, Tankala, and Debroy.>> In typical ex-
periments premixed mixtures of CH,+H,/CH,+0O,+H,
were fed to the chamber. This is called remote feed. In
the experiments that are used to measure the growth
rates of diamond (100) or (111) surfaces, a 3-mm-o.d.
stainless-steel tube was put just above the substrate so as
to direct gas of CH, or C,H, to substrate surface immedi-
ately. This is called local feed. This arrangement makes
concentrations at film surface rely not solely on diffusion
from hot filament, and reduces the extent of gas-phase
chemistry. The substrates used were two diamond single
crystals, cubic and half octahedral, respectively, about
1.5 mm in size. They were slightly pressed side by side
on a platinum ribbon. Scanning electron microscopy
(SEM) identified that the surfaces of the single crystals
were smooth. Before and after growth, the diamond sin-
gle crystals were weighed. The growth rates were calcu-
lated according to the effective surface areas of single
crystals. The effective surface areas did not include the
area of the bottom surface attached to the Pt ribbon. The
typical experimental parameters were as follows: pres-
sure, 50 torr; filament temperature, 2000 °C; substrate
temperature, 800 °C; gas flux, 100 SCCM (SCCM denotes
cubic centimeter per minute at STP); filament to sub-
strate distance (D /s ), 8 mm; and CH, concentration,
0.6%. Hereafter, if there is no special note, the experi-
ment parameters are those listed above.

HREELS measurements were performed in a Leybold
ELS-22, which attained a base vacuum of 1X 107 !° mbar.
When dosing the sample with atomic hydrogen, deuteri-
um, and oxygen at 1X10~° mbar, the H,, D,, or O,
leaked into the 220-mm-i.d. chamber is dissociated by the
filament at 2000°C. Temperature measurement was
made by a thermocouple (NiCr-NiAl) spot-welded to the
Ta side of the support fixture, and the sample was heated
to 700 °C when dosing. Diamond films were deposited on
Si(100) substrates at different conditions, and HREELS
was used to analyze the samples.

III. RESULTS AND DISCUSSION

A. Growth rates of diamond (100) and (111) facets

Figure 1 shows the growth thickness of diamond (111)
and (100) surfaces against deposition time. The growth
thickness is directly proportional to the deposition time.
The diamond growth rate is defined as a thickness incre-
ment per unit time. From Fig. 1, it is known that the
growth rates of the (100) surface with 0.8% CH, and
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FIG. 1. Diamond film thickness against deposition time.
Solid squares, (100) surface with 0.8% CH, local feed; open
squares, (111) surface with 0.8% CH, local feed; solid triangles,
(100) surface with 0.4% C,H, local feed; open triangles, (111)
surface with 0.4% C,H, local feed.

0.4% C,H, are 1.4 and 0.2 um/h, respectively, whereas
the growth rates of the (111) surface with 0.8% CH, and
0.4% C,H, are 0.9 and 1.0 um/h, respectively. The
growth rate of the (100) surface with 0.8% CH, local feed
is much higher than that with 0.4% C,H, local feed,
whereas the growth rate of the (111) surface with 0.4%
C,H, local feed is almost the same as that with 0.8% CH,
local feed. If the concentration of C,H, is equal to that
of CH,, it is believed that the growth rate of (111) facets
with C,H, local feed is higher than that with CH, local
feed. In fact, the growth rate of (111) facets with 0.8%
C,H, local feed reached 1.5 pum/h. Because there is
much amorphous carbon in the film, the measured
growth rate is not used to compare with that of (111)
facets with 0.8% CH,. It is believed that when one hy-
drocarbon species is fed locally, the concentrations of
other hydrocarbon species at the film surface are very
low. So the above results indicate that both C,H, and
CH, contribute to the growth of the diamond (111) sur-
face, whereas only CH, to the growth of the (100) sur-
face.

B. Growth mechanism of diamond (111) facets

Figure 2(a) shows diamond film morphology at 0.2%
CH, remote feed and 800°C. The film morphology con-
sists of triangular (111) facets. The vibrational loss spec-
trum for grown diamond (111) facets of this sample is
shown in Fig. 3(a). Intense losses occur at 155 and 365
meV, with smaller losses at 110, 310, and 460 meV.
Compared with characteristic frequencies of molecular
subgroups CHy,* the spectrum is consistent with that of
CH radicals. We assign 155-meV loss to CH bend vibra-
tion, 365-meV loss to CH stretch, 110-meV to C-C
stretch, and 310 and 460 meV to the first and second
overtones of CH bend, respectively. The morphologies of
diamond films deposited at 0.2% CH, remote feed and
900 and 1000°C, respectively, also demonstrate the tri-
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FIG. 2. SEM surface morphology of diamond films deposited
at 800°C and (a) 0.2% and (b) 1.0% CH, remote feed.

angular facets. The HREELS spectra of these samples
are shown in Figs. 3(b) and 3(c). They have loss peaks
similar to that grown at 800°C, but with the increase of
substrate temperature the loss peaks of CH stretch
strengthen.

For the diamond (111) surface terminated by CH radi-
cals, CH stretch vibration moment is normal to the sur-
face and CH bend vibration moment is parallel to the
surface. According to the selection rule,?’ the vibrational
mode with only parallel moment should be absent. Is the
selection rule not valid? When atomic deuterium dosed
the grown diamond (111) facets for 10 min, the HREELS
spectrum [Fig. 4(a)] shows only strong C-D stretch (270
meV) and C-H bend (155 meV) losses. The loss peaks of
C-D bend (112 meV) and C-H stretch (365 meV) are very
weak. This indicates that there are two kinds of CH radi-
cals on grown diamond (111) facets: one C-H stretch vi-
bration moment is perpendicular to the (111) facet, and
another C-H stretch vibration moment is parallel to the
(111) facet. If we suggested that the grown diamond
(111) facet consists of (111) faces and {110} face steps,
the above experiment results can be explained very well
because the C-H bond on the (110) face is approximately
parallel to the (111) facet. This suggestion agrees remark-
ably with Frenklach’s mechanism;!'* along its grown path
the (111) surface consists of (111) face and {110} steps.
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FIG. 3. High-resolution electron-energy-loss spectra of
grown diamond (111) facets with 0.2% CH, remote feed and at
(a) 800°C, (b) 900°C, and (c) 1000°C.
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FIG. 4. HREELS of (a) grown diamond (111) facets dosed

with atomic deuterium for 10 min, (b) dosed again for another 5
min, and (c) yet again dosed for 10 min.

After atomic deuterium had reacted with (111) facets
for another 5 min, an intense loss peak of C-D bend (112
meV) appeared, and the intensity of the C-H bend vibra-
tional loss peak lessened [Fig. 4(b)]. Proceeding again for
another 10 min, dosing with atomic deuterium, the C-H
bend loss disappeared [Fig. 4(c)]. The above results show
that atomic deuterium first reacts with hydrogen atoms
adsorbed on (111) faces and then replaces hydrogen ad-
sorbed on {110} steps. According to Frenklach’s mecha-
nism,'* the growth of the (111) surface included the ker-
nel formation and propagation stages. In the kernel for-
mation the first event was the activation of a surface car-
bon by the H abstraction, and then the C,H, or
CH,;/CH, species was added. But in the propagation
stage, the (111) surface was grown along the [011] direc-
tion with only acetylene, and hydrogen atoms are not
consumed but only migrate from a lower to an upper lay-
er. The fact that atomic hydrogen atoms in the gas phase
prefer to react with hydrogen adsorbed on the (111) face
also supports Frenklach’s mechanism. The growth of the
diamond (111) surface along the [011] direction with
C,H, species avoids steric repulsion and reduces surface
energy because the (111) surface is always terminated by
CH radicals during the growth.

From Fig. 3(a) it is known that both the losses of C-H
bend on {110} steps and C-H stretch on (111) faces are
strong. The more the kernels grow, the more the steps
form, and the stronger the loss peak of C-H bend vibra-
tion becomes. The faster the propagation process, the
fewer the steps, and relatively the larger the intensity of
loss peak of C-H stretch on (111) faces. So the rate of the
formation of kernel is on the same order of magnitude
with that of the propagation stage. Frenklach and
Wang!® argued that the reaction “bottleneck” of dia-
mond (111) facet growth is the formation of active sites.
However, from Fig. 3(a) the intensity of C-H bend of
{110} steps is twice that of C-H stretch on (111) faces.
This means that there are many steps on the grown dia-
mond (111) facets, and the initiation process, the forma-
tion of active sites, is not the reaction bottleneck. Since
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acetylene addition is assumed to proceed without activa-
tion energy,!® it turns out that the growth rate of dia-
mond (111) facets is controlled by the concentration of
C,H, at film surface. Of course the C,H, concentration
should not be too high because C,H, easily forms nondia-
mond carbon.®

From the above discussion, it is explained very well
that with the increase of substrate temperature the loss
peak of CH stretch strengthens. When the substrate tem-
perature increases, the concentration of C,H, at the film
surface increases, and that of CH, decreases.’® So with
the increase of the substrate temperature, the amount of
steps decrease, the rate of the propagation process in-
creases, and consequently the loss peak of CH stretch
strengthens. It should be noted that when (111) facets
appear, the concentration of C,H, at film surface is lower
than that of CH,. (This will be discussed in detail in Sec.
IIID.) This is possibly the reason that the growth rate of
the (111) surface is controlled by C,H, concentration at
the film surface.

Waclawski et al.*’ measured the vibrational modes of
hydrocarbon on polished natural diamond (111) surfaces
using HREELS and found the ND (111) surface is ter-
minated by CHj; radicals [Fig. 5(a)]. If all carbon sites on
the (111) surface are covered by CHj, this should cause
strong steric repulsion and hence shift the frequencies of
CH, vibration. However, there was no detectable shift of
CH; loss peaks observed compared with the CH; sub-
group.®® It seems that the absence of a detectable shift is
due to the existence of high density of defect on the (111)
surface by polishing. Defect “dilutes” the population of
CH; on the surface. The grown diamond film with (111)
facets was deposited again for 30 min at 0.2% CH, local
feed and 800°C substrate temperature. SEM showed no
change of film morphology. HREELS spectrum is shown
in Fig. 5(b). Compared with the characteristic frequen-
cies of molecular subgroup CH,,*® the three loss peaks
near 160 meV are identical to those of CH; s deformation
(167 meV), CH; d deformation (179 meV), and CH; rock
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FIG. 5. High-resolution electron-energy-loss spectra of (a)

ND (111) (Ref. 40), (b) sample of Fig. 3(a) grown proceedingly
with 0.2% CH, local feed for 30 min.
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vibration (127 meV). This means that the (111) facets de-
posited with 0.2% CH, local feed are terminated by CH,
radicals. The reason that the (111) facets grown with
0.2% CH, local feed differ from that with 0.2% CH, re-
mote feed is possibly that in the experiment of 0.2% CH,
local feed only CH,;/CH, species are the primary precur-
sor, but in that of 0.2% CH, remote feed, the concentra-
tions of CH, and C,H, are almost the same.*! For the
growth of diamond (111) surfaces with CH; radicals,
Harris, Belton, and Blint*® proposed a simple H-
abstraction/CHj3-addition mechanism. According to this
mechanism, there are enough CHj radicals on grown dia-
mond (111) surface. Frenklach and Spear'# also proposed
that CH;/CH, form kernels on (111) surfaces. So we pro-
pose that when only CH;/CH, contributes to the growth
of diamond (111) facets, the (111) facets are terminated by
CH; radicals. From Sec. III A, it is known that
CH,/CHj; indeed contributes to the growth of the (111)
surface. But if all carbon sites on the (111) surface are
covered by CHj, this should cause a strong steric repul-
sion and hence would shift the frequencies of CH; vibra-
tion. However, there was no detectable shift of CHj; loss
peaks observed compared with the CH; subgroup.*® Due
to the strong steric repulsion between neighboring CHj,
radicals on the (111) surface, the formation of one CH,
kernel adjacent to another CHj is difficult, and the
CH;/CH, species in the gas phase prefer to form kernels
at nearest-neighbor sites of present kernels. So we sug-
gest that the diamond (111) facets deposited at 0.2% CH,
local feed consist of nearest-neighbor CH; kernels, for the
(111) surface rough on atomic scale avoids the steric
repulsion during the growth of the (111) surface with
CH,/CH, species. This kind of surface is similar to the
polished ND surface in some case. From our experiment
it is uncertain whether C,H, species contribute to the for-
mation of kernels.

C. Grown diamond (100) surface

The morphology of diamond film deposited at 1.0%
CH, of remote feed and 800 °C consisted of square (100)
facets [Fig. 2(b)]. The vibrational loss spectrum for dia-
mond (100) facets grown at 800°C is shown in Fig. 6(a).
Intense losses occur at 156, 180, and 372 meV, with three
smaller losses at 110, 310, and 530 meV. Compared with
the characteristic frequencies of molecular subgroups
CHy,’® the spectrum is consistent with that of the CH,
radical, which has its scissor vibration at 179 meV, wag
at 157 meV, twist at 150 meV, rock at 108 meV, and
stretch at 370 meV. We assign 372-meV loss to CH,
stretch, 110 meV to CH, rock, 180 meV to scissor, and
156 meV to the overlapping of wag and twist. The loss at
310 meV is the overtone of the loss at 156 meV, and the
loss at 530 meV is the combination of CH, wag and
stretch. But it is very interesting to note that there is no
detectable shift of the losses of CH, on the diamond (100)
surface compared with CH, subgroups.

The HREELS spectrum of the diamond film deposited
at 1000°C is shown in Fig. 6(b). The spectrum is similar
to that of the diamond film deposited at 800 °C, and there
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FIG. 6. High-resolution electron-energy-loss spectra of (a) di-
amond (100) facets grown at 800°C and 1.0% CH,, (b) (100)
facets grown at 1000°C, (c) the sample of (a) dosed with atomic
hydrogen, and (d) dosed with oxygen.

is also no detectable shift about CH, vibrations, but a
medium loss appears at 140 meV. For diamond (100) sur-
face, Hamza, Kubiak, and Stulen® found a 1X1 low-
energy electron-diffraction (LEED) pattern on warming
from 500 to 750 K which was assigned to the dihydro-
genated surface. On heating to over 1300 K, hydrogen
desorbed and a 2X1 surface structure developed which
was believed to be due to a monohydrogenated surface
with elongated surface C-C dimer bonds.?? Tsuno et al.®
and Sutcu® recently observed grown diamond surfaces
on atomic level resolution by scanning-tunneling micro-
scopy (STM) and atomic-force microscopy (AFM), re-
spectively, and found a (2X 1) reconstruction on the (100)
surface grown at 1000°C. According to Mehandru’s
structure model,?? the C-H bond of the monohydrogenat-
ed dimer is similar to that of

=C<H >

and its C-H bend loss should shift down relative to the
sp>-hybridized C-H bend but should be higher than that
of

=c<H .
The bend vibration of the C-H bond of the monohydro-
genated dimer has moment normal to the surface. Ac-
cording to the selection rule,” its loss peak will be
present. Shimanouchi’s results®® indicated that the fre-
quency of

=c<H
bend vibration is at about 129 meV. So we assign the loss
at 140 meV to the C-H bend vibration of the monohydro-
genated dimer. From Fig. 6(b), it is known that the C-H
bend loss of the dimer is lower than that of the CH, wag;
the amounts of dimers should be similar to that of CH,
radicals. Also, no detectable shift of CH, vibration was
observed. If the monohydrogenated dimers are not
separated uniformly, there must be at least several CH,
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radicals at adjacent sites. In this case, the repulsion
among neighboring hydrogen atoms still exists, and there
should be detectable a shift of CH, losses. So it turns out
the monohydrogenated dimers should be dispersed uni-
formly.

When the surface of diamond film grown at 800 °C was
dosed with atomic hydrogen for 10 min [Fig. 6(c)], the
loss peak at 140 meV also appeared and the losses of CH,
scissor, wag, and twist lessened. But further dosing with
atomic hydrogen did not produce the further change of
the loss peaks. If only one hydrogen is abstracted among
CH, radicals, there is only one vacant site and recon-
struction should not be expected. If more hydrogen
atoms are abstracted, adjacent vacant sites would dimer-
ize.”2 During the process of diamond growth, the hydro-
gen atoms in gas phase abstract the adsorbed hydrogen.'®
Growth at higher temperature and dosing only with
atomic hydrogen both cause more adsorbed hydrogen to
be abstracted. Because the situation of separated C-H
radicals is between that of the dihydrogenated (100) sur-
face and the monohydrogenated dimer, it is suggested
that there are many separately sp2-hybridized C-H radi-
cals each with one vacant site on the diamond (100) facets
grown at 800°C. Its C-H bond is normal to the surface
and its C-H bend has no normal moment. According to
the selection rule,’’ the loss peak of the C-H bend does
not appear. It is consistent with the experimental result.
From Fig. 6(a) it is known that there is no detectable shift
of CH, loss and the loss of the bend of the monohydro-
genated dimer is not observed. So it is suggested that
sp2-hybridized C-H radicals on grown diamond (100) sur-
faces are in enough quantity and are uniformly dispersed.
The uniformly dispersed C-H radicals relax greatly the
repulsion between the neighbor hydrogen atoms on the
(100) surface. After the growth, the sample was exposed
to the atmosphere and then measured by HREELS. In
general, the sp2-hybridized C-H radicals are active. But
the above results show that the CH,-terminated (100) sur-
face with uniformly separated CH radicals is relatively
stable. This kind of structure avoids the strong steric
repulsion on the (100) surface between adjacent hydrogen
atoms and the vacant sites will offer the active site for the
next addition of suitable hydrocarbon species.

When the (100) facets grown at 800 °C were dosed with
oxygen for 10 min, the spectrum [Fig. 6(d)] shows that
the losses of CH, wag and scissor lessen clearly, the loss
of C-H bend of monohydrogenated dimer strengthens,
and an intensive loss at 110 meV appears. Oxygen causes
more adsorbed hydrogen atoms on (100) surface to be
abstracted. Compared with the characteristic frequency
of C-C stretch,’ the loss peak at 110 meV is assigned to
the C-C stretch. The role of oxygen causing more hydro-
gen to be abstracted will speed the diamond growth.

D. Principal factor controlling morphology
of diamond film surface

The morphologies of diamond films deposited at
different CH, concentrations are identical to those of
Kobashi et al.,” i.e., the film surface consists of (111)
facets for CH, concentration ¢ <0.4%, whereas (100)
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facets are predominant above 0.4% CH,. With 0.2% and
0.4% oxygen addition at 3.0% CH, [Figs. 7(a) and 7(b)],
(100) facets are predominant. At 0.6% O,, the film shows
crystal with both (111) and (100) facets [Fig. 7(c)]. At
0.8% O,, the film is made up of (111) facets only [Fig.
7(d)]. Baik and Eun?’ obtained similar results. The
change of distance between filament and substrate also al-
ters the morphology of diamond films. SEM shows that
at Dy =7 and 10 mm with 0.6% CH,, the (100) facets
dominate the surfaces of diamond films [Figs. 8(a) and
8(b)]. When D, =14 mm, the film surface consists of
both (100) and (111) facets [Fig. 8(c)]. At D, =18, tri-
angular (111) facets are the predominant surface mor-
phology [Fig. 8(d)].

Harris and Weiner™ measured the gas-phase composi-
tion at the surface of a growing diamond film as a func-
tion of the initial CH, fraction and, for a 2% CH, frac-
tion, as a function of added oxygen [Fig. 9]. From Fig.
9(a) it is known that the concentrations of C,H, and CH,
both increase with the initial CH, fraction. When the ini-
tial CH, fraction is larger than 0.5%, the concentration
of C,H, at the film surface is higher than that of CH,.
From the tendency of concentration change, it can be ra-
tionally proposed that the concentration of CH, is higher
than that of C,H, when initial the CH, fraction is lower
than 0.5%. Hsu’s results® verified this tendency. When
the fraction of added O, is lower than 0.8%, the concen-
tration of C,H, at the film surface is higher than that of
CH, [Fig. 9(b)]. It can also be expected rationally that
the concentration of CH, is higher than that of C,H,
when fraction of added O, is larger than 0.8%. Harris
et al.*® also measured the concentrations of CH,, C,H,,
and other species at the substrate surface at different D
(Fig. 10). When the distance was less than 15 mm, the
concentration of CH, at substrate surface was lower than
that of C,H,; otherwise the concentration of CH, was
higher than that of C,H,. We found that there is a re-
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FIG. 7. SEM morphology of diamond films deposited at 3%
CH, and (a) 0.2%, (b) 0.4%, (c) 0.6%, and (d) 0.8% O,.

FIG. 8. SEM morphology of diamond films deposited at
0.6% CH, and 800°C. Distances between filament and sub-
strate are (a) 7 mm, (b) 10 mm, (c) 14 mm, and (d) 18 mm.
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tage, (b) initial O, percentage for an initial 2% CH, mixture.
C,H,: open circles (experiment) and dashed line (model); CH,:
open squares and dashed line (Ref. 41).
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FIG. 10. Mole fractions at the platinum foil as a function of
distance from the substrate/probe to the filament. Open circles,
C,H,; open squares, CH, (Ref. 46).

markable coincidence between the morphologies of dia-
mond films and the ratio of C,H, to CH, concentration at
the substrate surface measured by Harris and co-
workers.*"*¢ When the concentration of C,H, at the film
surface is higher than that of CH,, (100) facets dominate
the diamond film surface; otherwise (111) facets appear.
Matsumoto, Sato, and Tsutsumi?* showed that diamond
crystals with (100) facets appeared at high substrate tem-
peratures. This fact just matches the results that the con-
centration of C,H, increases with substrate temperature,
and that of CH, decreases with the substrate tempera-
ture.>®

The faces that have the slowest growth rate in the
direction of their normal determine the crystal morpholo-
gy. In fact the crystal morphology is determined by the
symmetry of crystal structure, applied force between
structure units, defects of crystal lattice, and environmen-
tal phase. Considering the effect of crystal structure on
the crystalline, Hartman3® proposed a PBC theory. In his
theory, an uninterrupted chain of C-C bonds in diamond
is called a PBC, and (111), (110), and (100) faces corre-
spond to F (flat), S (step), and K (kinked) faces, respec-
tively. The K face (100) has no PBC, and is predicted to
have the highest growth rate, so the (100) faces should
not appear as diamond facets, and the facets, even if they
appeared, should be rough because they are K facets.
This theory described successfully the morphology of
ND. In HPHT conditions it was found that the growth
rates were related to the environmental phase. At low su-
persaturation of carbon, diamond crystals with cubic ha-
bit appeared.** In the conditions of HPHT and the for-
mation of natural diamond, diamond is stable thermo-
dynamically.

But in the CVD conditions in which diamond films are
deposited, diamond is metastable thermodynamically.
This condition determines the dangling bond on the dia-
mond surface is energetically unfavorable. When hydro-
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gen adsorbed on a diamond surface, the surface exhibited
a 1X1 LEED pattern,*” and surface carbon atoms main-
tained sp> hybridization.*® If the lattice is not terminated
by hydrogen atoms, the surface will be reconstructed.
Pandey*® proposed a m-bonded chain model for the
reconstructed diamond (111)-(2X 1) surface, where the
dangling bonds form zigzag m-chains. Cluster calcula-
tions*® indicate that the 7 bond is a possible structure for
(100)-(2X 1) reconstruction. The reconstructed surface
with 7 bonds is not suitable for diamond growth.®® Dur-
ing diamond growth in the metastable conditions, the di-
amond surface must be covered by hydrogen atoms. But
this brings about another problem. For a (100) surface
terminated by CH, radicals, there is very strong steric
repulsion between neighboring hydrogen atoms. The dia-
mond (111) surface can be terminated by monolayer CH;
or monolayer CH radicals. Strong steric repulsions also
exist for CH; radical coverage. If the diamond (111) sur-
face is covered by CH radicals, it is sure that the (111)
surface will be terminated by CH; radicals after one
monolayer growth along the [111] direction and steric
repulsion cannot be avoided. The steric repulsions be-
tween adjacent hydrogen atoms cause surface strain and
make the surface energy increase. These will strongly
affect the growth paths and slow down the growth rates
of diamond (100) and (111) surfaces.

Because the (110) surface is a S (stepped) face and has
no repulsion between adjacent hydrogen atoms, the (110)
surface should have the highest growth rate, and does not
appear as diamond facets. In fact, the growth rate of the
(110) surface with the CVD method is the highest among
low-index surfaces,'! and either methyl-radical- or
acetylene-species-based mechanisms can be postulated.*®

From Sec. III B, it is known that if the mixture of C,H,
and CH, is fed, the grown (111) facet is consisted of (111)
faces and {110} steps, C,H, species contribute to the
growth along the [011] direction and CH,/CH, to the
formation of kernels, and the growth rate of (111) facets
is controlled by the concentration of C,H, at the film sur-
face, rather than by the creation of active sites. If only
CH,/CHj; contributes to the growth of (111) facets, the
grown facets are made up of uniformly dispersed CHj;
kernels. From Sec. IIIC, it is known that grown (100)
facets consist of CH, radicals and uniformly dispersed
sp2-hybridized CH radicals and monohydrogenated di-
mers.

From Sec. IIT A, it is known that if only CH,/CHj; are
primary precursors, the growth rate of the (111) surface
is lower than that of the (100) surface. Acetylene does
not contribute to the growth of the (100) surface. If the
mixture of C,H, and CH,/CH; are primary precursors,
the growth rate of the (111) surface will rise relative to
that of the (100) surface. Because the growth rate of the
(111) surface is controlled by the concentration of C,H,
at the film surface, and CHj; contributes to the growth of
(100) facets,?! the higher the concentration of CH; at the
film surface, the higher the growth rate of (100) facets,
whereas the higher the concentration of C,H,, the higher
the growth rate of (111) facets. Because the CH; radical
is mainly created by the reaction of
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CH,+H=CH;+H,,' the concentration of CHj is pro-
portional to that of CH,. From the above experimental
results it is known that the morphology of diamond films
is related to the ratio of C,H, to CH, at the film surface.
So it is suggested that which facets appear between the
(100) and (111) facets is determined by the ratio of C,H,
to CH; concentration at the film surface. When the ratio
is higher than a certain value, (111) facets grow faster
than (100) facets, and thus (100) facets appear. Otherwise
(111) facets appear. There are two steps which determine
the morphology of diamond films. First, the different
facets of one grain grow competitively, which is con-
trolled by the ratio of C,H, to CH; concentration.
Second, when the adjacent grains are crowded, the com-
petitive growth between grains begins. The grains whose
appeared facets are nearly parallel to the film surface
have enough space to grow, and take over those with less
favorable orientations. So the appeared facets are ap-
proximately parallel to the film surface. This prediction
is consistent with the above experimental data.

IV. CONCLUSION

For diamond (111) surfaces, it is suggested that both
C,H, and CH;/CH, contribute to the growth of diamond
(111) surfaces, C,H, to the growth along the [011] direc-
tion, and CH;/CH, to the formation of kernels. The
growth of diamond (111) surfaces is controlled by the
concentration of C,H, at the film surface. The diamond
(100) surface grown at 800°C consists of CH, radicals
and uniformly dispersed sp2-hybridized CH radicals,
whereas the diamond surface grown at 1000°C is made
up of CH, radicals, separated CH radicals, and locally
monohydrogenated dimers. These structures are stable
and avoid the steric repulsion between neighboring hy-
drogen atoms on the (100) surface. It is suggested that
which facets of diamond crystal appear is determined by
the ratio of C,H, to CH; concentration at the film sur-
face. When the ratio is higher than a certain value, (111)
facets grow faster than (100) facets, and thus (100) facets
appear. Otherwise (111) facets appear.
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FIG. 2. SEM surface morphology of diamond films deposited
at 800°C and (a) 0.2% and (b) 1.0% CH, remote feed.



FIG. 7. SEM morphology of diamond films deposited at 3%
CH, and (a) 0.2%, (b) 0.4%, (c) 0.6%, and (d) 0.8% O,.



FIG. 8. SEM morphology of diamond films deposited at
0.6% CH, and 800°C. Distances between filament and sub-
strate are (a) 7 mm, (b) 10 mm, (¢) 14 mm, and (d) 18 mm.



