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An investigation is made of the surface morphology and growth of polycrystalline diamond films
deposited on Si substrates using the microwave plasma chemical-vapor-deposition (CVD) method.
For the source gas, CH, and H, gases mixed in different concentrations are used. Scanning electron
microscope pictures of the diamond films synthesized for 7 h show that the film surface consists of
triangular (111) diamond faces for CH4 concentrations ¢ < 0.4 vol %, whereas square (100) faces are
predominant above ¢ ~0.4 vol %. For ¢ > 1.2 vol %, the number density of (100) faces decreases
with ¢ and finally at ¢ ~ 1.6 vol % the film surface becomes entirely structureless, consisting of mi-
crocrystallites only. For characterization of the films, x-ray and electron diffraction are measured
along with Raman and infrared spectra. In the study of the evolution of surface morphology during
film growth, it is found that diamond particles grown on the substrate initially increase their size al-
most uniformly until the substrate is entirely covered. Then a secondary growth takes place, fol-
lowed by surface-restructuring processes such as “fusion” and “absorption” among secondary crys-
tallites. As a result, well-defined diamond faces are formed progressively on the film surface.
Higher-order growths followed by the restructuring processes occur periodically as the CVD syn-

thesis proceeds.

I. INTRODUCTION

During the past few years, significant progress has been
made on experimental techniques for synthesizing dia-
monds by the decomposition of hydrocarbon gases. Par-
ticularly notable is the finding by Setaka and colleagues!
that, using three different chemical-vapor-deposition
(CVD) methods, diamonds can be grown from a
methane-hydrogen mixed gas on various substrates such
as Si, and of course on bulk diamonds, at a rate of about
0.2-0.5 um/h. X-ray and electron diffraction, Raman
scattering, and other analyses indicate that the properties
of the CVD diamonds are very similar to those of
impurity-free, type-Ila bulk diamond. In this respect, the
CVD diamonds are clearly distinct from the amorphous
hydrogenated carbon (a-C:H) which is often called i-C or
diamondlike carbon (DLC). This finding instigated ex-
tensive research on the CVD syntheses of diamonds in
Japan, and more recently also in the United States, aimed
at the applications of the CVD diamonds to abrasive
coatings, heat sinks, and high-performance electronic de-
vices. In the following, the history and current status of
the synthesis of diamonds using CVD techniques will be
briefly reviewed for readers not familiar with this
research field, as no such work is available so far.

Attempts for man-made diamonds have been made
since the 19th century, and a new era was opened up in
1954 by Bundy and co-workers,> who established the
high-pressure-high-temperature (HP-HT) technology for
diamond synthesis. After three decades of extensive
studies, the following methods have been established: (1)
direct conversion from graphite to diamond using shock
waves, (2) direct conversion under HP-HT conditions, (3)
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HP-HT conversion using metal solvents, and finally (4)
deposition of diamonds on substrates from hydrocarbon
gases. A characteristic of the gas-phase synthesis (4) is
that the thermodynamic conditions in the synthesis are
favorable for graphite, and diamond is only metastable.
Therefore, co-deposition of graphite has to be suppressed
by atomic hydrogen excessively present in the reaction
chamber, as will be described later. This is in strong con-
trast to the shock-wave and HP-HT methods in which di-
amond is thermodynamically more stable than graphite
in the conversion processes.

It is well known that diamond has a number of excel-
lent properties:>* most important, it is the hardest ma-
terial known. The elastic constant is large (107.6x 10'!
dyn/cm?), but the specific density is small (3.31 g/cm?).
Also the thermal expansion coefficient is small
(4.50x107® K~! at 750°C). Optically, it is transparent
from the infrared to the visible region, and the refractive
index is as large as 2.417. The thermal conductivity of
type-1la diamond (20 W/cm K) is the highest of all ma-
terials at room temperature, about 5 times larger than the
value for Cu. Electrically, it is a good insulator and the
band gap associated with the indirect transition between
the covalent and conduction bands is as large as 5.47 eV.
The dielectric constant is small (n =5.58). Diamond is
chemically inert and resistant to high temperatures, par-
ticularly in an oxygenless environment. It is also resis-
tant to x radiation, y radiation, ultraviolet light, and nu-
clear particles.

Diamonds synthesized by CVD have all these proper-
ties,’ and moreover, either p- or n-type diamond films can
be formed on substrates simply by mixing impurity gases
such as diborane (B,Hg) or phosphine (PH;), respective-
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ly, in the reactant gas.® It is thus expected that diamond
films have a vast area of applications, particularly in the
field of electronics, and this is why the gas-phase syn-
thesis has attracted so much attention recently. Perhaps
our final goal is to synthesize single-crystalline diamond
films with controlled dopings for microelectronic devices.
Such a field may be called diamond electronics.

The first successful diamond synthesis from the gas
phase was reported by Eversole in 1958.” In this method,
a carbon-containing gas was passed over seed crystals (di-
amond powder) at a temperature of around 1000°C and a
pressure of a few Torr. New diamond was formed on the
seeds until it was hampered by the accumulation of black
carbon (graphite and a-C), which was then removed by
heating the diamond-deposited seed crystals in hydrogen
gas at about 1000°C and 50 atm. For continuous dia-
mond growth, this deposition-cleaning cycle was repeat-
ed. It was found that the diamond growth occurred only
when using reactant gases containing a methyl group
(CH;—) such as methane, ethane, propane, methyl
chloride, methyl mercaptane, and acetone, and that hy-
drocarbon gases not containing methyl groups, such as
benzene, did not grow diamonds by this thermal process.
However, the estimated growth rate was only about 1
A/h, and thus the increase in the growth rate was one of
the major issues to be solved in the subsequent studies.
Useful conclusions obtained from Eversole’s experiments
are summarized as follows: First, a temperature of about
1000 °C is necessary for the diamond growth. Second, the
methyl radicals generated by the dissociation of the reac-
tant gases are needed for the diamond growth in the
thermal CVD process. Finally, hydrogen at 1000°C
effectively removes the black carbon component codepo-
sited with diamond.

On the basis of Eversole’s findings, a Russian group,
headed by Derjaguin, has been investigating the diamond
synthesis since the 1960s using a variety of experimental
methods. =2 These are (1) the usual thermal decomposi-
tion of hydrocarbon gases, (2) thermal decomposition us-
ing a Xe lamp,®~1° (3) a thermal pulse method using a Xe
lamp,"> (4) the glow-discharge method,'®?? (5) a hot-
filament method,'® (6) a chemical transport reaction
(CTR) method,?"?* and (7) a laser method.?* Unfor-
tunately, it is not possible to repeat the experiments as no
experimental setup and conditions are described in their
papers. However, the observed results on diamond for-
mation seem to be useful and therefore are summarized
below. Reviews by Fedoseev and Varnin®® and by
Fedoseev et al.?® should also be consulted.

(1) Filamentary diamonds.®~'° In the thermal decom-
position of hydrocarbon gases, filamentary diamonds
were formed on single-crystal diamond substrates (the di-
ameters of the filaments were 10-20 um and the max-
imum length was 400 um). A possible mechanism of the
filament growth is VLS (vapor-liquid-solid) due to ac-
cidental precipitation of metal particles on the substrates
before the experiments.

(2) Isotope partition. In the thermal decomposition of
hydrocarbon gases labeled with '3C, the isotope was con-
tained in the synthesized diamond more richly than in
the deposited graphite.

KOBASHI, NISHIMURA, KAWATE, AND HORIUCHI 38

(3) Partial carbon pressure.** Let p,(D) and p,(G) be
the partial pressures of carbon in equilibrium with dia-
mond and graphite, respectively; then an approximate re-
lation, p,(D)~2p,(G)~10"" Torr, holds at tempera-
tures between 1000 and 2000°C. Under usual thermal
CVD conditions, the carbon partial pressure p is about
10~7 Torr, roughly 10 times more supersaturated than
Pe(D).

(4) Nucleation.'>'® Let J(D) and J(G) be the nu-
cleation rates of diamond and graphite, respectively, then
the ratio J(D)/J(G) becomes the maximum J(D)/
J(G)=2atp/p,(G)=3.2.

(5) Atomic hydrogen.'>?>% As observed by Eversole,’
hydrogen gas at high temperature actively removes the
black carbon co-deposited with diamond. The Russian
group found that atomic hydrogen can etch graphite a
few orders of magnitude faster than diamond, so that the
introduction of atomic hydrogen on the substrate surface
could greatly suppress the co-deposition of graphite.
Atomic hydrogen in excess of the equilibrium concentra-
tion can be generated by passing hydrogen gas over a
heated tungsten filament or by glow discharge. It was re-
ported that diamond films with a thickness of a few mi-
crometers were obtained by the hot-filament method.

(6) Graphitic clusters.'»?® Graphitic carbon clusters
tend to take two-dimensional planar forms, because they
grow along the ab plane of the corresponding graphite
crystal much faster than along the ¢ axis.

(7) Growth rate of the clusters. The order of the cluster
growth rates is as follows: Diamond cluster growth on
diamond is faster than graphitic cluster growth on dia-
mond, which is greater than graphitic cluster growth on
graphite.

(8) Epitaxial growth. In the glow-discharge
method of diamond deposition on (111) surfaces of bulk
diamond crystals, new diamond film grows epitaxially in
the earliest stage, but when the film thickness reaches
about 0.1 um, polycrystalline diamonds with particle
sizes of 50-200 A begin to grow. After the film thick-
ness reaches 1-2 um, the surface becomes either poly-
crystalline or well-textured with [110] axes oriented per-
pendicular to the substrate, depending on experimental
conditions.

(9) The CTR method.'"** This is the most successful
technique of diamond synthesis in the Derjaguin group.
Although the experimental setup is not described, it is
presumably such that a solid carbon source and a sub-
strate were placed in a radio-frequency (rf) heated reac-
tion vessel under a hydrogen gas flow, so that chemically
active hydrocarbon species, generated by chemical reac-
tions between hydrogen and carbon, were transported
over the substrate, thus producing a diamond deposit.
The co-deposition of graphite was greatly reduced as it
was continuously removed by atomic hydrogen excessive-
ly present in the reaction vessel. The growth rate of dia-
mond was about 1 um/h, much faster than in the Ever-
sole method. When bulk single-crystal diamonds were
used for substrates in the CTR method, either polycrys-
talline diamond films with grain sizes of 15-20 A or
single-crystalline films were formed. Spontaneous nu-
cleation of diamonds occurred on surface defects, e.g.,
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scratches, grain boundaries, and dislocations. On the
other hand, when foreign materials such as Cu, Si, and W
were used for substrates, only diamond particles were
grown. The nucleation density of diamonds on carbide-
forming substrates, e.g., Si, Mo, and W, was 1 or 2 orders
of magnitude higher than the densities on non-carbide-
forming substrates, e.g., Cu and Au. In the latter case,
diamond particles had well-defined crystal habits of regu-
lar polyhedra with lower halves of the particles being cut
by the substrate surface. From the crystal habits, the ra-
tio of the growth rates in the [111] and [100] directions,
V100/V111, Was determined. Upon increasing the substrate
temperature, the crystal habits changed from regular oc-
tahedral (v,p/vy;; >3) to cubic (v,09/vy; <1/V'3) via
intermediate cubo-octahedrals as shown in Fig. 1. Dia-
mond particles with twin structures were also observed.
Furthermore, p-type semiconductive diamond films were
deposited on bulk diamonds by introducing a small
amount of boron-containing gas in the reaction vessel.
The activation energy for the electric conduction in the
films changed from 0.37 to 0.1 eV as the doping concen-
tration was increased from 10!” to 10! cm 3. For other
works not described here, readers should see Refs. 27-30.

On the basis of these data and other information, as
well as their own research over a decade about the syn-
thesis of diamond from gas phase, Setaka and co-
workers!3!~36 found three different CVD methods for di-
amond synthesis using hot-filament, rf-wave, and mi-
crowave methods as shown in Figs. 2(a)-2(c). The most
crucial aspect of their findings is that in order to obtain
almost pure, crystalline diamonds, the hydrocarbon gas,
e.g., methane, used in the synthesis has to be diluted by
hydrogen to as low as about 1%. With the use of these
methods, diamonds were deposited on various substrates
such as Si, SiC, WC, Si;N,, Al,0;, Ta, Mo, and W at a
rate of 0.3-0.5 um/h.

Figure 2(a) schematically shows the apparatus of the
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FIG. 1. Polyhedrals of diamond.
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FIG. 2. CVD methods for diamond synthesis proposed by
Setaka and co-workers (Refs. 1 and 31-36): (a) hot-filament
method, (b) rf plasma CVD method, and (c) microwave plasma
CVD method, which is used in the present article.
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hot-filament method.?~3* A tungsten filament is placed
about 10 mm above the substrate and electrically heated
to about 2000°C. The quartz-tube reaction chamber is
placed in an electric furnace and heated to about 600 °C.
Because of the thermal radiation from the filament and
the furnace, the temperature at the substrate surface
reaches more than 1000 °C, and surface processes such as
molecular dissociation, diffusion, and chemical reactions
are activated. More importantly, the hot filament gen-
erates atomic hydrogen and chemically active fragmenta-
ry hydrocarbons (ions and radicals) by dissociating
molecular hydrogen and methane, respectively. These
chemically active species have unexpectedly long life-
times and can travel to the substrate surface, causing
spontaneous growth of diamonds.

Diamonds can also grow on substrates immersed in a
hydrocarbon-hydrogen mixed-gas plasma generated by
an irradiation of rf waves®® or microwaves,* as shown in
Figs. 2(b) and 2(c). In the microwave method [see Fig.
2(c)], which is used in the present paper, a substrate is
placed in a quartz tube which penetrates perpendicularly
to a rectangular wave guide, and microwaves of 2.45
GHz (the frequency allowed for industrial use), generated
by a magnetron, are guided to the quartz tube, producing
a plasma. The position of the plunger is adjusted so that
the substrate is entirely immersed in the plasma. In both
hot-filament and plasma CVD methods, the gas pressure
in the reaction chamber is about 40 Torr and the gas flow
rate is 10-100 sccm (standard cubic centimeters per
minute).

If a commercially available mirror-polished Si wafer is
used for the substrate, only diamond particles are grown,
as seen in Fig. 3. Setaka et al., however, found that if the
Si wafer was polished with diamond powder of a few mi-
crometer size, the nucleation density was markedly in-
creased, and as a result, polycrystalline diamond films are
formed, as seen in Fig. 4. It is therefore inferred that the
surface defects produced on the wafer surface by polish-
ing provide active sites for diamond nucleations.

The mechanism of diamond formation is not fully un-
derstood yet, but Setaka’’ proposed a conceptual diagram
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FIG. 3. Diamond particles grown on si substrate.
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FIG. 4. A broken edge of a polycrystalline diamond film
grown on a Si substrate at the CH, concentration ¢ =1 vol %
for 7 h. Note that the film exhibits a columnar growth.

for diamond formation as shown in Fig. 5 for the case of
the microwave method. Here, methane and hydrogen are
dissociated in the plasma, and chemically active fragmen-
tary hydrocarbon ions and radicals, as well as atomic hy-
drogen, are generated. The hydrocarbon species spon-
taneously diffuse and are adsorbed on the substrate. In
the earliest stage of the synthesis, when the substrate is
not covered with diamonds, carbon clusters are formed
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FIG. 5. A mechanism of diamond formation proposed by Se-
taka (Ref. 37).



38 SYNTHESIS OF DIAMONDS BY USE OF MICROWAVE PLASMA . ..

on the substrate surface, as a result of numerous chemical
reactions releasing hydrogen. The majority of the clus-
ters have thermodynamically stable graphitic and amor-
phous structures, but metastable diamond structures are
also formed due to thermodynamic fluctuation. Since the
chemical reaction rate of graphite with atomic hydrogen
is about 20 to 30 times faster than that of diamond, gra-
phitic carbon clusters are removed rapidly from the sub-
strate surface, and as a result, only clusters with diamond
structure stay and grow. Furthermore, atomic hydrogen
attacks unsaturated sp! and sp? bonds between carbon
atoms in the clusters to convert them into the tetrahedral
sp> bonds. Thus, atomic hydrogen facilitates the forma-
tion of diamond clusters with only sp* bonds, suppressing
other forms of clusters having unsaturated bonds.

The growth mechanism of diamond clusters is perhaps
purely chemical. It is supposed that chemically active
species such as methyl radicals arriving at the surface
release hydrogen to form C—C covalent bonds with the
carbon atoms of the cluster. Thus, the surfaces of CYD
diamonds are terminated by C—H bonds. For detailed
theoretical investigations on microscopic processes of ep-
itaxial diamond growth at the (111) diamond surface, see
work by Tsuda et al.3®%

For the source gas in the diamond synthesis, usually a
mixture of CH, and H, is used. Other hydrocarbon gases
such as ethane, ethylene and acetylene can be used in the
microwave plasma CVD method. This is in strong con-
trast to the thermal CVD and hot-filament methods, in
which only CHj-containing gases can grow diamonds.
Hirose and his co-workers,* however, found using the
hot-filament method at pressures below atmospheric that
organic compounds such as acetone (CH;—CO—CH,;),
ethanol (CH;CH,0OH) and many other organic com-
pounds, including CH;— groups and O atoms, can grow
diamonds at a rate of 8 um/h, about 20 times faster than
when CH, is used. The marked increase in the growth
rate is attributed to the high density of methyl radicals in
the plasma and the presence of hydroxyl radicals (—OH)
which can etch graphite very rapidly.

Concluding this review, it is suggested that the reader
should consult Refs. 41 and 42 for the electron-assisted
chemical-vapor-deposition (EACVD) method, Refs. 43
and 44 for plasma diagnostic, and Refs. 45 and 46 for the
microwave plasma CVD.

A unique characteristic of the diamonds synthesized by
CVD is that they have well-defined crystal habits, which
strongly depend on experimental conditions. Thus, as a
first step toward fully understanding the properties of di-
amond films, an investigation is made in this paper of the
morphology and growth of the diamond films deposited
on Si from a microwave-generated plasma of methane-
hydrogen mixed gas. The characterization of the films is
made using scanning electron microscopy (SEM), x-ray
diffraction, reflection high-energy electron diffraction
(RHEED), Raman scattering, and infrared absorption.
In the next section, experimental setup and procedure are
described. Section III presents the results of film mor-
phology and characterization. The SEM results on the
film growth are presented in Sec. IV. Finally, a discus-
sion is given in Sec. V.
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II. EXPERIMENT

The setup of the experimental apparatus, schematically
depicted in Fig. 6, is similar to that established by Kamo
et al.> [see Fig. 2(c)] except that the quartz-tube reaction
chamber is placed horizontally. The 2.45-GHz mi-
crowave used is guided through an isolator and a three-
stub tuner to the quartz tube chamber of 44 mm i.d.,
which penetrates perpendicularly through the rectangu-
lar wave guide. A plunger is attached to the end of the
waveguide.

A Si substrate, 2 1 cm? in area and 0.5 mm thick, was
placed in the middle of the quartz-tube—-waveguide inter-
section and held vertically by a quartz holder with a sub-
strate face directed toward a viewing port. The substrate
temperature was measured by an optical thermometer,
monitoring the 900-nm emission. Since the emissivity of
the substrate during the synthesis is not known, the
blackbody radiation was assumed for temperature estima-
tion, and no correction was made for the absorption due
to the quartz viewing port. Therefore, “temperature” as
used in this paper simply denotes the indicator output of
the thermometer and does not represent the real tempera-
ture. In all experiments described here, the substrate
temperature was kept at 800°C, and it is assumed that
the real temperature was somewhat hi8her than this for
the reasons stated above. The effect of the radiation from
the plasma was negligibly small. For the source gas, H,
and a mixture of 5 vol% CH, and 95 vol % H, gases
were used. These were mixed at a desired concentration
using mass-flow controllers. The gas pressure was moni-
tored by a diaphragm-type pressure sensor.

The start-up procedure of the experiment is as follows:
After the substrate was positioned, the reaction chamber
was evacuated to a minimum pressure with a main valve
fully opened. The reaction gas was then introduced into
the chamber at a rate of 100 sccm with the main valve
now closed, and the microwave radiation of 400 W was
supplied at the same time. The plasma was spontaneous-
ly turned on when the gas pressure reached a few Torr.
The gas pressure was finally adjusted and maintained at

Power monitor
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FIG. 6. Microwave plasma CVD system.
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30 Torr using a flow control valve. The microwave
power was then reduced to 300-350 W to keep the sub-
strate temperature at 800°C. The position of the plasma
was adjusted by the plunger so that the substrate was en-
tirely immersed in the plasma. Finally, the reflected mi-
crowave power was minimized to less than 10 W by the
three-stub tuner. Under these experimental conditions,
the plasma did not touch the quartz wall. The substrate
temperature depends strongly on the microwave power
and gas pressure, and less strongly on the gas flow rate, as
the microwave induction heating and the plasma-gas col-
lision are responsible for the substrate heating.

As stated in the preceding section, the nucleation den-
sity of diamond is greatly increased by polishing sub-
strates with a diamond powder. In the present experi-
ment, Si wafers were polished with a diamond paste of +
um size for 1 h, cut to size, washed by distilled water, al-
cohol, and acetone using an ultrasonic cleaner, and finally
dried in the air. It is using such substrates that polycrys-
talline diamond films were grown, as shown in Fig. 4.

When the film growth was studied, the polished sub-
strates were annealed at 800 °C for 3-5 min in a H, plas-
ma before the diamond synthesis in order to decrease the
nucleation density. Otherwise, diamond films were
formed only within 1 h and the detailed crystal habits of
the diamond particles could not be observed by SEM as
they were too small.

The syntheses were usually carried out for 7 h in the
investigation of the surface morphology. On the other
hand, in the investigation of the film growth, the syn-
thesis was interrupted every few hours for SEM observa-
tion, and the specimen was returned to the chamber for
further growth.

It should be noted that there exists a nonuniformity of
the morphology across the substrate: Generally, the
grain sizes along the long edge of the substrate were
much larger than those in the central part. Moreover,
well-defined crystal habits were present along the long
edges even at such a high CH, concentration as 2.0 vol %
(all subsequent concentrations ¢ are in vol %), in which
case only a microcrystalline structure was observed in the
central part of the specimen. Thus, for the study of the
film morphology in Sec. III, SEM pictures of only the
center of the specimen are presented. On the other hand,
for the study of the film growth in Sec. IV, SEM pictures
of either the center or near the edge of the specimen are
shown.

III. MORPHOLOGY OF THE FILM SURFACES

This section presents the morphology of the diamond
films deposited for 7 h on Si(100) substrates at different
CH, concentrations (hereafter denoted by c¢) below 2%.
Properties of the films were analyzed using x-ray
diffraction, RHEED, Raman scattering, and infrared ab-
sorption. Figure 4 shows a side view of a film deposited
on a Si(100) substrate at ¢ =1.0%. It is clearly seen that
the film undergoes a columnar growth. Figure 7 plots the
film thickness as a function of the CH, concentration.
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FIG. 7. Film thicknesses after 7 h of the CVD synthesis. The
substrates used are Si(100).

The thickness increases rapidly with ¢ up to ¢ =0.6%
and then increases only slowly to about 1.5 pum at higher
concentrations. It should be noted that at ¢ =0.2%, only
diamond particles are formed on the substrate, as seen
later in Fig. 8(a), so that the thickness in this case means
the average height of the particles. In Fig. 7, the
‘“growth rate” on the right ordinate stands for the film
thickness divided by the synthesis time, 7 h. Since the
growth rate during the nucleation stage is low, it is ex-
pected that if the synthesis was carried out longer than 7
h, the growth rate would be larger. In fact, the growth
rate after 60 h of synthesis at ¢ =1.2% is 0.35 um/h,
about 40% larger than the value shown in Fig. 7. It
should be emphasized that given the wide range of mor-
phology structures and the existence of the nucleation
stage, the film thickness and the growth rate shown here
are at best semiquantitative.

Figures 8(a)-8(i) show the SEM pictures of the film
surfaces. At ¢ =0.2% [see Fig. 8(a)], only particles are
obtained which have various cubo-octahedral shapes as
shown in Fig. 1. At ¢=0.3% [see Fig. 8(b)], the film
thickness is only about 0.9 um (see Fig. 7) and the sub-
strate is thinly covered with diamond particles having tri-
angular (111) crystallographic planes. Most particles are
not single crystals but have twin structures as described
in Ref. 32. The surface morphology changes markedly at
¢ =0.4% [see Fig. 8(c)], where the majority of the crys-
tallographic planes appearing on the film surface are
(100), characteristic of the planar square surfaces, over-
lapped by the secondary growth of diamonds. At
¢ =0.6% [see Fig. 8(d)], the film surface consists of (100)
faces only, and there are considerable distributions for
the areas and directions of (100) faces.

The (100) features become more prominent as c¢ in-
creases to 1.0% [see Figs. 8(e) and 8(f)]. It should be not-
ed here that the square (100) face does not correspond to
one of the faces of a diamond cube as shown in Fig. 1, be-
cause the sides of the (100) face are very rough and no
well-defined crystallographic planes of diamond are ob-
served. This means that (100) faces undergo an aniso-
tropic growth, almost perpendicularly to the Si substrate
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plane. However, (100) faces are not directed exactly nor-
mal to the substrate plane but there is a certain distribu-
tion of the direction angles within roughly 30° about the
substrate normal. Although it is not apparent in Figs.
8(e) and 8(f), there exist small grains with well-defined
crystallographic planes [perhaps (100)] behind the prom-
inent (100) faces. Therefore, it is presumed that the
prominent (100) faces are the result of growth competi-
tion between the grains. Notice also that some of the
(100) faces are overlapping the others as a consequence of

(b)0.3%

(h1.4%
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the interference during the growth. It has been report-
ed*’ that when two grains undergoing a columnar growth
are intersecting, the one which is more perpendicular to
the substrate plane takes over the other. If this is the
case for the diamond films, the (100) faces appearing on
the film surface would be more parallel to the film surface
as the synthesis proceeds. Indeed, there is an indication
observed by Setaka et al. that this actually happens.*®

As the concentration increases beyond ¢ =1%, the
density of (100) faces decreases and the square feature

(c)0.4%

(1)1.6%

5um

FIG. 8. Surface morphology of the diamond films observed by SEM: (a) 0.2%, (b) 0.3%, (c) 0.4%, (d) 0.6%, (e) 0.8%, (f) 1.0%, (g)
1.2%, (h) 1.4%, and (i) 1.6%. The films are deposited on Si(100) for 7 h.
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gradually fades as seen in Fig. 8(g). It is noted that there
are considerable fluctuations in the surface morphology
for each run. For instance, in some specimens syn-
thesized for ¢ =1.2%, the film surfaces have well-defined
(100) faces like the one shown in Fig. 8(f), but in other
runs, they have a morphology as shown in Fig. 8(g). A
primary cause for the fluctuation is perhaps that the sub-
strate could not be placed at exactly the same position
with respect to the plasma in each experiment. The inho-
mogeneity of temperature over the substrate seems to
have only a minor effect on the fluctuation, because the
substrate temperature is quite uniform except for the
edges of the substrate. For concentrations higher than
¢ ~1.4%, the film surfaces become totally microcrystal-
line and no crystallographic planes of diamond are ob-
served within the resolution of the SEM used. Although
the film surfaces at ¢ =1.4% [see Fig. 8(h)] and 1.6% [see
Fig. 8(i)] are both microcrystalline, the surface of Fig. 8(i)
has a so-called “cauliflower” structure already reported
in films of other materials such as graphite.*’

Similar experiments were repeated using Si(111) sub-
strates, and basically the same results were obtained.
Thus, the present results can be summarized as in Fig. 9.
The fact that the surface morphology changes from (111)
to (100) in a very narrow range of the CH, concentration
around ¢ =0.4% indicates how critically the morphology
depends on ¢, and presumably also on other thermo-
dynamic conditions of the plasma. This is in strong con-
trast to the fact that the microcrystallization of the film
takes place over a relatively wide concentration range
above 1.2%.

X-ray diffraction measurements were carried out for
the films synthesized. Table I lists the observed result for
the film synthesized at ¢ =1.0%, which indicates that the
lattice spacings of the CVD diamonds have the same
values as those of natural diamond within experimental
error. Figure 10 shows the x-ray spectra of the films syn-
thesized for different c. At low CH, concentrations, the
intensities of x-ray diffraction lines are similar to the
standard pattern of diamond powder. As the CH, con-
centration increases, the intensity of the (111) line at
20=43.9° decreases, whereas the intensity of the (220)
line at 26=75.4° remains almost the same. This fact im-
plies, first, that the diamond component in the film de-
creases with ¢, and second, that the orientations of the di-
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FIG. 9. Morphology of the diamond films with respect to the
CH, concentration.

amond grains are almost random at low CH, concentra-
tions, whereas (110) crystallographic planes of diamond
tend to be more parallel to the substrate surface at higher
concentrations. The diffraction intensity of (400) at
20=119.6° is extremely weak at low ¢, but becomes
detectable around ¢ =1% in accordance with the uni-
directionally ordered orientations of (100) faces. No
discrete change in the x-ray intensities is observed at
¢ =0.4% in spite of the discrete change in the surface
morphology.

Figure 11 shows a RHEED pattern of the film syn-
thesized for 7 h on a Si(111) substrate at ¢ =1.0%. The
lattice spacings deduced are also listed in Table I, which,
like the x-ray data, are in good agreement with the Amer-
ican Society for Testing Materials (ASTM) values. Fig-
ure 11 is characterized by intense spot patterns for (111),
(220), and (311) diffractions, indicating that fairly large
grains are contained in the film. Such spot patterns are
observed from about half of the specimens and the rest
have ring-type diffraction patterns, consisting of small
spots only. The diffraction of (400) is very weak despite
the fact that (100) faces of diamonds appear on the film
surface, as seen in Fig. 8(f). This is presumably because
the (100) faces are not oriented exactly normal to the film
surface but somewhat tilted, as discussed before. From
the selection rule of the first-order diffraction, the (222)
diffraction is not allowed. However, such diffractions

TABLE 1. Interplanar spacings (in units of A) of diamonds synthesized at ¢ =1.0% for 7 h.

ASTM Diamond films
hkl d Intensity X ray* RHEED*
111 2.06 100 2.058 S 2.089 §
220 1.261 25 1.260 M 1.265 S
311 1.0754 16 1.074 M 1.079 S
222 (1.030)° 1.038 W
400 0.8916 8 0.891 W 0.893 M
331 0.8182 16 0813 W

2S, M, and W stand for relative intensities: .S strong; M medium; and W weak.
®This line is not allowed by the first-order selection rules.



38 SYNTHESIS OF DIAMONDS BY USE OF MICROWAVE PLASMA . .. 4075

(1) (220)

@

(a)0.3%

\K\/\\N ]
:‘E \_L
‘e |(b)0.4% \\J\M’w
3
oy
o
S [©0.6% \\j\‘w
L0
= — N
s
o
‘®
S |o.8%
L
£ N
(€)1.0%
(f1.2%
— ]
€)1.4%
et PN
(M1.6% \A\L
—_— ]
(1)2.0% \\,}\\‘\_
n 47 73 78 89 94
20 (deg)

FIG. 10. X-ray diffraction spectra of diamond films deposited
on Si(100) substrates at different CH, concentrations: (a) 0.3%,
(b) 0.4%, (c) 0.6%, (d) 0.8%, (e) 1.0%, (f) 1.2%, (g) 1.4%, (h)
1.6%, and (i) 2.0%. A weak diffraction of (400) is seen at 119.6°
for c =1.0% and 1.2%.

have been reported in Refs. 35 and 40, and are attributed
to higher-order diffractions which can appear in the
specimens that have a good crystallinity. No discrete
change in the diffraction pattern was observed around
¢=0.4% and c =1.2%.

Figure 12 depicts the Raman spectra of the diamond
films. The assignments of the bands are as follows:** 52
a sharp line at 1334 cm™! arises from diamond, while a
broad band around 1500 cm™! arises from graphite and
other forms of carbon including amorphous. Although
not prominent in all the spectra, a weak, broad band ex-
ists at about 1350 cm™~!, overlapping the diamond line.
This feature is attributed to a disordered structure or to
reduced grain sizes of graphite. This size effect has been
discussed in great detail in Ref. 53. Finally, a weak band
at 1140 cm ™! is assigned to C—C and C=C stretching
modes of polyenelike molecules.>* >

As seen in Fig. 12, the intensity of the 1500-cm~! band

(331)
(400)
 (222)
2 (311)
(220)
(111)

FIG. 11. RHEED pattern of a diamond film deposited on a
Si(111) substrate at ¢ =1.0% for 7 h. The lattice spacings eval-
uated from the pattern are listed in Table 1.

increases relative to the 1334-cm~! band with c. This re-
sult demonstrates that the concentration of nondiamond
components in the film increases as the CH, concentra-
tion increases. It should, however, be noted that the ratio
of the intensities of the two Raman bands is not propor-
tional to the ratio of diamond to nondiamond concentra-
tions because the magnitude of the Raman scattering ten-
sor is 30 times larger for graphite and a-C than for dia-
mond.* Therefore, even though the 1332-cm~! intensity
is weaker than the 1550-cm ™! intensity, as seen in Fig.
12(f), for instance, the actual diamond-to-nondiamond
concentration ratio is much higher than the 1332/1550
intensity ratio. This is consistent with the x-ray and elec-
tron diffraction results that the diamond diffraction pat-
tern is still observed even for ¢ =2%. Like other data, no
discrete change in the spectra is found at ¢ =0.4% or
around ¢ =1.2% where the film morphology changes
markedly.

Infrared absorption spectra in the C—H vibrational re-
gion were measured. However, as seen in Fig. 13(a), the
absorption intensity of the films synthesized for 7 h are so
weak that no systematic trend with ¢ was found. The
spectra of thicker films, synthesized for 97 h at ¢ =0.3%
and for 52 h at ¢ =1.2%, shown in Figs. 13(b) and 13(c),
respectively, have stronger absorption intensities, and the
detailed feature of the spectra are now detected.’®>” The
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FIG. 12. Raman spectra of diamond films deposited on
Si(100) substrates for 7 h. For bulk diamond, only a single,
sharp line is observed at 1332 cm ™.

infrared bands have a main peak at 2920 cm~! and a
broad band around 2850 cm~!. The former arises from
CH and CH, vibrations where the C atoms have sp*
bonds with adjacent C atoms, whereas the latter arises
from CH, vibrations where the C atoms also have sp*
bonds. A rough estimate based on Ref. 58 shows that the
specimens of Fig. 13(b) and 13(c) contain only 3-4 at. %
of hydrogen. The hydrogen content in the diamond films
is much smaller than in ¢-C:H films, which usually con-
tain more than 10% of hydrogen, because the substrate
temperature for the diamond deposition in the present
work was maintained at a temperature as high as 800°C
during the synthesis. It is argued by Setaka et al. that
the hydrogen is chemisorbed only at the film surface and
grain boundaries, and not contained in the diamond
grains.® ‘

Briefly summarizing the results presented in this sec-
tion, it is found that the film morphology changes from
(111) to (100) at ¢ =0.4% and from (100) to microcrystal-
line at ¢ =1.2-1.6 %, as seen in Fig. 9. X-ray and Ra-
man data show that as ¢ increases the diamond concen-
tration decreases, whereas graphitic and a-C components
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FIG. 13. Infrared absorption spectra of diamond films in the
C-H vibrational region: (a) ¢ =1.0%, synthesized for 7 h, (b)
¢ =0.3% for 97 h, and (c) ¢ =1.0% for 52 h.

increase. The observed data exhibit continuous changes
with c in spite of the discrete changes in the surface mor-
phology at ¢ =0.4% and above ¢ =1.2%.

IV. GROWTH OF DIAMOND FILMS

The purpose of this section is to investigate how the
surface structures observed in the previous section are
formed in the course of the diamond synthesis. To this
end, the following method was used: The CVD synthesis
was interrupted every few hours and the specimen was
taken out of the reaction chamber to examine exactly the
same position on the film surface by SEM. Among
several runs undertaken for different experimental condi-
tions, the results of ¢ =0.3%, 0.8%, and 1.2% are
presented below. It may be noticed that the morphology
observed in the present method is possibly influenced by
the following nonintrinsic effects: first, the specimens
were exposed to 800°C during the synthesis and to
room-temperature in the SEM observation so that they
were subject to a significantly large thermal hysteresis.
Secondly, every time the samples were taken out of the
chamber, they were exposed to the air, resulting in an ad-
sorption of gases. Since there is no good reference to
compare in order to see these effects, it is difficult to in-
vestigate them any further. However, the experimental
results showed no such extrinsic effect on the morpholo-
gy. Nevertheless, it should be kept in mind that the
present results were obtained under these conditions.

As already described in Sec. II, the Si substrates used
in this section were polished by a diamond paste and
furthermore, they were immersed in the H, plasma for
about 5 min at 800 °C before the syntheses in order to de-
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crease the nucleation density. This pretreatment is need-
ed, because otherwise the crystal habits of the diamond
particles, which were formed in the early stage of the syn-
thesis, cannot be observed clearly within the SEM resolu-
tion.

Figures 14(a)-14(c) show an overview of the growth
process for ¢ =0.5%. The dark portion in the center of
each picture is a cleaved area on the Si substrate surface
made by a diamond pen before the deposition. In the ear-
liest stage [see Fig. 14(a)], diamond particles are grown
on the substrate surface polished by the diamond paste.
In contrast, there is no nucleation on the cleaved Si area.
As the synthesis goes on, the diamond particles become
bigger, covering the entire Si surface except the cleaved
area [see Fig. 14(b)], and then the film thickness begins to
increase [see Fig. 14(c)]. It is known that diamond nu-
cleation density on mirror-polished Si substrates is
small,>' =37 as described in Sec. I. Figures 14(a)-14(c)
show that it is also the case for the cleaved Si surface.
However, it is still a controversy from where and how di-
amond nucleations start on the substrates.

Figures 15(a)-15(f) show an evolution of the diamond
film surface during the synthesis at ¢ =0.3%. The loca-
tion of the pictures is close to the long edge of the sam-
ple, where the grain sizes are much larger than in the
center. Initially, the diamond particles have cubo-
octahedral shapes [see Fig. 15(a)], and some particles
have twin structures. Then the particles increase their
sizes almost uniformly [see Fig. 15(b)]. Notice that there
is a one-to-one correspondence between the particles of
Figs. 15(a) and 15(b), and that no nucleation newly starts
on the substrate surface. This implies that at this stage,
surface diffusion is responsible for the growth of diamond
particles. As seen in Fig. 15(c), the substrate surface is
then covered entirely by the particles, and the film sur-

(@2h

(b) 14 h
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face consists of (111) and (100) diamond faces, originally
possessed by the discrete particles. Subsequently, the
areas of the well-defined faces become larger, and at the
same time, step structures become visible on the (100)
faces [see Fig. 15(d)]. They are more prominent in Figs.
15(e) and 15(f). In contrast, no growth structure is seen
on the (111) faces, and unlike the (100) faces, it appears
that (111) faces are not flat, as seen in Figs. 15(e) and
15(f). Thus, it is possible that the growth mechanism of
(111) faces could be different than that of (100). Further
investigation of the (111) faces would be necessary to re-
veal the growth pattern using a high resolution SEM.
The synthesis was continued to 97 h and basically the
same features as shown in Fig. 15(f) persisted, although
the surface structure was significantly modified due to the
evolution of the surface morphology.

Figures 16(a)-16(e) show the growth process in the
center of the specimen for ¢ =0.8%. In Fig. 16(a), a for-
mation of diamond particles is seen. The rough substrate
surface on the lower-left corner is part of a scratch mark,
and no diamond is seen on it. The particles then increase
their sizes, as shown in Fig. 16(b), where only (100) faces
are clearly seen, and other faces, perhaps (111), are
covered entirely by small grains. This indicates that in
the CH, concentration the growth rate of (111) faces is so
high that they are no longer stable. After the substrate is
covered with diamonds, a secondary growth takes place
between the particles [see Fig. 16(c)]. It is of interest that
the (100) faces tend not to be covered by the secondary
grains. After 27 h [see Fig. 16(d)], all grains have well-
defined (100) faces. Note that the location of Fig. 16(d) is
slightly shifted to the left from the location in the previ-
ous figures: the large (100) faces in the upper left and
upper middle of Fig. 16(d) correspond to the (100) faces
in the upper middle and upper right of Fig. 16(c), respec-

(c) 36 h

— Sum

FIG. 14. Overview of a formation process of diamond film: (a) after 3 h, (b) after 12 h, and (c) after 30 h. The substrate is Si pol-
ished with a diamond paste. The dark area in the center is a scratch mark given on the substrate before the synthesis, and it is seen
that the nucleation density of diamond particles is very low on the fresh Si surface.
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FIG. 15. Growth process for ¢ =0.3%: (a) after 6 h, (b) after 13 h, (c) after 25 h, (d) after 31 h, (e) after 49 h, and (f) after 61 h.

tively. After 31 h [see Fig. 16(e)], the surface structure
changes markedly, and the areas of the diamond faces be-
come larger. This run was continued to 53.5 h and basi-
cally the similar features as observed in Fig. 16(e) persist-
ed.

The most important and conclusive results on the film
growth were obtained for ¢ =1.2% as shown in Figs.
17(a)-17(k). In this case, the location of the photographs
is in the center of the specimen. After 3 h [see Fig. 17(a)],
the substrate is already covered with small grains which
have square (100) faces. Also, small crystallites are seen
in the background. In the next step, after 8.3 h [see Fig.
17(b)], a secondary growth takes place and the (100) faces
are being covered with small crystallites. At the same
time, the (100) faces become larger. After 11.3 h [see Fig.
17(c)], the small crystallites have disappeared almost
completely and the surface is covered with (100) faces of
different sizes. This feature persists through 17.3 h [see
Fig. 17(d)] to 26.3 h [see Fig. 17(e)]. Then a tertiary
growth begins in between the (100) faces [see Fig. 17(f)]
and again the film surface is covered with small crystal-
lites [see Fig. 17(g)]. However, the tertiary crystallites
have disappeared completely in Fig. 17(h), and again the

film surface consists of well-defined (100) features only.
In order to confirm the cyclic behavior of the higher-
order growths followed by the conversion to the (100)
structure, the synthesis was continued further. As ex-
pected, a fourth-order growth takes place at 50.8 h [see
Fig. 17()], which is followed by a restructured surface
[see Fig. 17(j)]. A further growth initiates at 59.8 h [see
Fig. 17(k)]. The above observation clearly demonstrates
that the diamond films grow cyclically through the mi-
crocrystal formation due to the higher-order growth fol-
lowed by the formation of well-defined diamond faces. A
similar cyclical behavior has also been observed in the
growth morphology for ¢ =0.3% and 0.8%, as seen in
Figs. 15 and 16, but the changes are less clear, partly be-
cause the periods of this growth cycle are longer than for
c=1.2%.

Figures 18(a) and 18(b) show SEM pictures taken be-
fore and after 3.2 h of time lapse, respectively. The CH,
concentration is 0.6%. In the central part of Fig. 18(a),
there are small grains, which have disappeared in Fig.
18(b) and instead, three relatively large grains have been
formed. It looks as if the small grains have “fused” with
each other to form larger grains. Such changes are also
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FIG. 16. Growth process for ¢ =0.8%: (a) after 2 h, (b) after 5.5 h, (c) after 9 h, (d) after 27 h, and (e) after 31 h.

seen in other areas. In the upper right of Fig. 18(a), there
are small grains on the side of a large face, which have
been ‘““absorbed” into the side as seen in Fig. 18(b). Thus,
on the basis of these results and the others discussed so
far in this paper, it is concluded that during the CVD
synthesis, the following restructuring processes take place
at the film surface: (1) increase of the areas of primary di-
amond faces, (2) overgrowth of small crystallites on well-
defined faces, (3) “fusion” of a group of small crystallites
to form well-defined larger faces, and finally (4) “absorp-
tion” of small crystallites into large faces. Thus, the
changes in the surface morphology during CVD are
viewed as the result of these ‘‘elementary processes” of
surface restructuring.

The results obtained in this section is diagrammatically
shown in Fig. 19. Initially, diamond particles are formed
on the substrate surface, and increase their sizes almost
uniformly until the substrate is entirely covered. Then a
secondary growth occurs and consequently, a consider-

ably large part of the film surface is covered with small
grains. However, well-defined diamond faces are generat-
ed almost “suddenly”, which is then followed by a
higher-order growth of small grains. This cycle is repeat-
ed as the CVD synthesis proceeds. The changes in the
morphology described above are viewed as a consequence
of the “elementary processes” of surface restructuring.

During the observation of the growth at ¢ =1.2%, an
abnormally large grain was found near the edge of the
sample, as shown in Fig. 20. Although a group of grains
are sitting on top of the large (100) face, roughly 20 20
um? in area, a step structure is clearly visible on the pla-
nar area. The step length is about 0.5 um and the height
is about 0.1 um. Taken together with the previously de-
scribed results of ¢ =0.3%, this feature suggests that
(100) faces grow by the step growth mechanism. Al-
though no such feature is seen on the (100) faces in the
center of the specimen, it is only because the step is too
small to be detected by the SEM resolution.
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FIG. 17. Growth process for ¢ =1.2%: (a) after 3 h, (b) after 8.3 h, (c) after 11.3 h, (d) after 17.3 h, (e) after 26.3 h, (f) after 32.3 h,
(g) after 38.3 h, (h) after 44.8 h, (i) after 50.8 h, (j) after 56.8 h, and (k) after 59.8 h.
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V. DISCUSSION

The major concern related to the morphology of the di-
amond films described in the present paper is the appear-
ance of square (100) faces. For CH, concentrations lower
than 0.4%, the faces adjacent to the (100) faces are tri-
angular (111) faces, because the grain shapes comprising
the films are cubo-octahedral as seen in Figs. 8(a)-28(c)

(@)22.4h

— 0.5um

FIG. 18. Restructuring processes for ¢ =0.6%: (a) after 22.4
h and (b) after 25.6 h.
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FIG. 19. Growth process of diamond films.

(see also Fig. 1). On the other hand, for concentrations
from 0.4% to 1.2%, only (100) faces are seen on the film
surfaces. The most striking feature in this case is the fact
that the side faces of the (100) faces are rough and no
longer exhibit well-defined crystallographic planes within
the SEM resolution. Furthermore, the side faces form
large angles with the (100) faces, the angles being almost
perpendicular to the (100) faces. Thus, it seems that (100)
faces result from an anisotropic growth of the film. In
what follows, the above results will be considered more
closely in order to elucidate the physical implications
behind the data.

The appearance of (100) faces on the films is in strong
contradiction with the periodic-bond-chain (PBC)
theory® which successfully describes the morphology of
natural diamonds. According to the theory as applied to
diamonds, an uninterrupted chain of C—C bonds is
called a PCB, and diamond faces are classified into three

— S5um
FIG. 20. Step structure of the (100) face.
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FIG. 21. Projection of the diamond structure along [110]
(Ref. 60).

groups, F, S, and K, depending on the number of PBC’s
contained in a surface layer d,;,, as seen in Fig. 21. The
F (flat) face contains more than two PBC’s in a layer d;.
This face undergoes a layer growth at low carbon super-
saturations. The S (stepped) face has only one PBC. Fi-
nally, the K (kinked) face has no PBC, and is predicted to
have the highest growth rate, because no nucleation is
needed for the growth. The (111), (110), and (100) faces
of diamond correspond to the F, S, and K faces, respec-
tively, as shown in Fig. 21. Thus, from the PBC theory
combined with a general rule that the faces having the
slowest growth rate in the direction normal to the faces
determine the crystal morphology, it follows that (100)
faces should not appear as diamond facets because of the
high growth rate, and even if they appeared, the faces
should be rough because they are K faces.

It is evident that the above predictions strongly
disagree with the experimental data observed here. The
(100) faces observed in the present experiment are smooth
and flat, apart from the step growth structure (see Figs.
15 and 20). This means that the growth rate of the (100)
face is low, particularly for ¢ >0.4%, in the diamond
growth in the microwave plasma. For the facial growth
rates v, these data indicate that vp~v,;; <vy for
¢ <0.4%, and v gy < V11,V fOr 0.4% < ¢ <1.2%.

Diamond films synthesized for 0.4% < ¢ < 1.2% exhib-
it a unique surface morphology: The film surfaces consist
only of (100) faces and which are adjacent to rough sur-
faces. It seems that this structure arises not only from
the fact that the growth rate of (100) is the lowest but
also from the fact that (100) faces undergo an unstable
growth, because such an anisotropic film structure cannot
be accounted for solely by the former reason. However,
we are not able to clearly identify the origin of the insta-
bility. Presumably, it is related to, firstly, relatively high
CH, concentrations which might induce a thermodynam-
ic instability due to a high supersaturation of chemically
active hydrocarbon species, and secondly, the anisotropy
of the environment, for example, the collisional directions

of plasma species.

It is interesting to note that Spitsyn et al.*® concluded
from their CTR experiments at different temperatures
that diamond crystals with a cubic habit appeared at high
substrate temperatures, or equivalently, at low supersa-
turations. This is in contrast to the morphology of dia-
monds synthesized by HP-HT methods,’! in which case
cubic habit appear at low temperatures. Since the low su-
persaturation is also equivalent to low hydrocarbon con-

I. 24

(a) Diamond Surface (111) : H

FIG. 22. Schematic structure of hydrogen-chemisorbed dia-
mond surfaces: (a) (111):H, (b) (111):CH3, and (c) (100):H,.
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centrations, Spitsyn’s data is also different from the
present results, where (100) faces appear at higher hydro-
carbon concentrations. Thus, more detailed investiga-
tions are needed to understand these discrepancies.

It is clearly shown in Figs. 15 and 20 that (100) faces
grow by the step growth mechanism, and the orientations
of the step structures are in conformity with the orienta-
tion of the square (100) faces. On the other hand, no step
structure was observed on (111) faces. This result is also
different from Spitsyn’s data?* in which the step struc-
tures are observed both on (100) and (111) faces of large
diamond grains and the step orientations are different
from the base orientations, exhibiting an initial process of
twin structures. Such differences may arise from different
experimental methods and conditions.

Figures 22(a)-22(c) show schematically two nonrecon-
structed (111) surfaces and a (100) surface of diamond
chemisorbed by hydrogen atoms, respectively. For the
(111) surface, there are two types of surface structures:
hydrogen chemisorbed [(111):H] and methyl chemisorbed
[(111):CH;]. In the former case, there is obviously no in-
terference between hydrogen atoms. In the latter case,
the possible interference between the adjacent CH,
groups can be avoided by the rotations of the CH, groups
about the C—C bonds. On the contrary, for the (100)
surface terminated with hydrogen [see Fig. 22(c)], the
H - -+ H distance between the adjacent CH, groups is
only 1.7 A, which is significantly shorter than the empiri-
cal intercore distance of H atoms, i.e., 2.0 A. Therefore,
it seems very unlikely that the nonreconstructed, fully
hydrogen-chemisorbed (100) surface shown in Fig. 22(c)
really exists, and it is possible that the (100) surface is
reconstructed in a similar manner as shown for a
hydrogen-chemisorbed Si(100) surface.®? Thus, the mor-
phological crossover from (111) to (100) at ¢ =0.4%
should be accounted for by the free energies of the (111)
and (100) surfaces chemisorbed by hydrogen.

In the study of the film growth presented in Sec. IV, it
is seen that the secondary and higher-order growths fol-
lowed by the conversions to well-defined (100) faces occur
periodically with time. Such changes take place con-
currently over the entire film surface across the 2X 1 cm?
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sample. It seems that there is no reason that such mor-
phological changes should occur coherently over the film
surface, because there is no mechanism of cooperativity
in the film growth. It may be suspected that the extrinsic
effects such as the exposure of the substrate to air and the
thermal hysteresis, but not any intrinsic mechanism,
cause such changes in the film morphology during the
growth. If this is the case, it is to be expected that such
extrinsic effects would all the time cause the same
change. However, no such change was observed. There-
fore, it is concluded that the external perturbations are
not attributable to the periodic change in the surface
morphology, and that the real cause of the coherency is
open for further investigation.

Summarizing the results presented in this paper, dia-
mond films were synthesized for different CH, concentra-
tions, and a discrete change in the film morphology was
found at ¢ =0.4% and about 1.2%, as schematically
shown in Fig. 9. The films were characterized using x-ray
diffraction, RHEED, Raman scattering, and infrared ab-
sorption. The evolution of the surface morphology was
studied for ¢ =0.3%, 0.8%, and 1.2%, and a general re-
sult is schematically shown in Fig. 19. It was found that
the morphology of diamond films alternate periodically
between the higher-order growth and the conversion to
the well-defined surface structure. Such changes are a re-
sult of “‘elementary processes” of restructuring of surface
morphology. Similar investigations using different CVD
methods would be useful to further understand the
growth and morphology of diamond films.
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FIG. 11. RHEED pattern of a diamond film deposited on a
Si(111) substrate at ¢ =1.0% for 7 h. The lattice spacings eval-
uated from the pattern are listed in Table I.
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FIG. 14. Overview of a formation process of diamond film: (a) after 3 h, (b) after 12 h, and (c) after 30 h. The substrate is Si pol-
ished with a diamond paste. The dark area in the center is a scratch mark given on the substrate before the synthesis, and it is seen
that the nucleation density of diamond particles is very low on the fresh Si surface.
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FIG. 15. Growth process for ¢ =0.3%: (a) after 6 h, (b) after 13 h, (c) after 25 h, (d) after 31 h, (e) after 49 h, and (f) after 61 h.



FIG. 16. Growth process for ¢ =0.8%: (a) after 2 h, (b) after 5.5 h, (c) after 9 h, (d) after 27 h, and (e) after 31 h.
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FIG. 17. Growth process for ¢ =1.2%: (a) after 3 h, (b) after 8.3 h, (c) after 11.3 h, (d) after 17.3 h, (e) after 26.3 h, (f) after 32.3 h,
(g) after 38.3 h, (h) after 44.8 h, (i) after 50.8 h, (j) after 56.8 h, and (k) after 59.8 h.



FIG. 18. Restructuring processes for ¢ =0.6%: (a) after 22.4
h and (b) after 25.6 h.
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FIG. 20. Step structure of the (100) face.



FIG. 3. Diamond particles grown on si substrate.
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FIG. 4. A broken edge of a polycrystalline diamond film
grown on a Si substrate at the CH, concentration ¢ =1 vol %
for 7 h. Note that the film exhibits a columnar growth.
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FIG. 8. Surface morphology of the diamond films observed by SEM: (a) 0.2%, (b) 0.3%, (c) 0.4%, (d) 0.6%, (e) 0.8%, () 1.0%, (g)
1.2%, (h) 1.4%, and (i) 1.6%. The films are deposited on Si(100) for 7 h.
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FIG. 9. Morphology of the diamond films with respect to the
CH, concentration.



