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Diamond chemical vapour deposition (CVD) thought of as a crystal growth process, is

a thermodynamic paradox because it violates fundamental principles of thermodynamics.
The most astonishing violation is the experimental observation that CVD diamond can form
in gaseous environments that are carbon under-saturated with respect to diamond. A new
concept of CVD diamond formation that describes the process in terms of thermodynamics,
without any violation of the latter, is presented. According to the present concept the
diamond formation is a chemical process consisting in accretion of polymantane
macromolecules. The process proceeds on surfaces of polymantane seed macromolecules
which are identical to diamond crystals which have H-terminated surfaces. Chemical
thermodynamics insist that the Gibb’s energy of reaction describing the process, AG, has
a large negative value for the process to be able to proceed. However, under certain
conditions, the diamond CVD may not proceed even if AG < 0, because the process may be
kinetically hindered. Such a situation occurs at “low’’ temperatures at which the abstraction
of hydrogen atoms from H-terminated diamond seed crystal surfaces by free hydrogen atom
impact followed by the addition of new carbon atoms to the diamond lattice, is

a rate-limiting step. The kinetic parameter determining the rate of this step is correlated with
thermodynamic instability, 7/, of H-terminated diamond seed crystal surfaces. Using AG and
T/ functions, one can derive correlations between the film-phase composition as well as the
growth-rate and process variables. The dependencies predicted by the present model are in
excellent agreement with reported experimental data. © 7998 Kluwer Academic Publishers

1. Introduction

Chemical vapour deposition (CVD) of diamond,
thought of as a crystal growth process is, from the
thermodynamic point of view, a paradox because it
contradicts fundamental principles of chemical
thermodynamics. The most astonishing and most dif-
ficult to explain violation of thermodynamics is the
experimental observation that CVD diamond can
form in gaseous environments that are carbon under-
saturated with respect to diamond [1]. Although the
number of experimental data which support this ob-
servation is already large and is still growing, this
observation gains the general acceptance only with
difficulty. The following experimental results provide
unquestionable evidence that, indeed, diamond is for-
med in gaseous environments that are carbon under-
saturated with respect to diamond.

(a) In. the so-called low-pressure solid-state source
(LPSSS) experiments performed by Roy et al. [2-4]
diamond was formed by the reaction of graphite with
pure hydrogen that was activated to the state of
microwave plasma. It is absolutely obvious that the
gas phase was carbon under-saturated because it con-
tained no carbon at all.
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(b) Similarly, in the sequential diamond CVD ex-
periments performed by the group of Stanford re-
searchers [5], graphitic carbon deposited in the first
stage by sputtering a graphite target was converted
into diamond in the second stage by its reaction with
atomic hydrogen that was created in pure hydrogen
with the aid of a hot filament.

(c) Diamond was deposited under conditions under
which graphite was simultaneously etched [6, 7]. The
graphite etching indicates that the feeding gas phase
was carbon under-saturated with respect to graphite.
Because the chemical potential of carbon in diamond
is higher than that in graphite, the carbon under-
saturation for diamond was even greater than that for
graphite.

From the thermodynamic point of view diamond
etching but not diamond deposition should take place
in gascous environments that are carbon under-
saturated with respect to diamond. Because of the
above inconsistency, diamond CVD cannot be con-
sidered, to be a crystal growth process. This view is
supported by the fact that diamond, contrary to other
crystalline materials, is deposited at temperatures
(typically in the 700—1000°C range) which are not
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higher but, on the contrary, much lower than its
Debye temperature (~2340K).

Aimed at understanding the mechanism of depos-
ition of metastable diamond, several theoretical dia-
mond CVD models have been created. None of them,
however, has received a general acceptance because all
these models suffer from being inconsistent with at
least some experimental results. Some of these models
have attempted to explain the CVD diamond forma-
tion exclusively within the aid of kinetics, ignoring
thermodynamics in order to avoid thermodynamics
problems. To our understanding, however, a chemical
process cannot proceed if it is not possible from the
thermodynamics point of view, even though it is kin-
etically favoured. Kinetics should be pursued within
thermodynamics and never go against thermo-
dynamics [§8].

In this paper we present a new concept of CVD
diamond formation which enabled us to avoid the
above-mentioned thermodynamic problems. Accord-
ing to our present concept, diamond CVD is not
a physical process consisting in growth of diamond
crystals, but a chemical process resembling, to some
extent, polycondensation, consisting in accretion of
macromolecules of polycyclic saturated hydrocarbons
belonging to the family of organic compounds called
the “cage molecules”, the smallest representatives of
which are, in growing order, adamantane (tricyclo-
decane CioH;¢), diamantane (Cy4H,,), triamantane
(C,gH54) and so on [9]. The members of this family
can be generally called polymantanes.

The proposed approach is not controversial be-
cause polymantane macromolecules are, in fact, iden-
tical with diamond single crystals the surfaces of
which are H-terminated. It should be noted that, un-
der ordinary conditions, surfaces of diamond crystals
are terminated with chemisorbed foreign atoms or
atom groups, typically with hydrogen atoms. A poly-
mantane macromolecule like a typical diamond single
crystal, consists of a carbon core with the diamond
crystal structure and a H-terminated surface. From
the thermodynamics point of view, however, the ac-
cretion of macromolecules is a process different from
the growth of crystals, and consequently must be de-
scribed in a different way, because some thermo-
dynamics functions are defined in a different manner
for solid phases and for molecules.

With the aid of the present model, eight different
correlations between the film-phase composition as
well as the film growth rate and process variables have
been derived. All of them are very consistent with
experimental data. Such an excellent agreement for as
many as eight functions cannot be fortuitous, and
gives a good reason to believe that the present concept
is correct.

2. Growth mechanism of the diamond
lattice

According to the present concept, the CVD diamond

formation is a surface process proceeding on surfaces

of polymantane seed/substrate macromolecules (dia-

mond seed/substrate crystals) at constant substrate
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temperature and total pressure. It follows from results
of our previous investigations on processes proceeding
on surfaces of growing diamond crystals [10-12] that
the process consists of several cyclically recurring con-
secutive surface reactions. Although in real systems
the reactions never occur in such an idealized form as
presented in this paper, a division of process into
stages is often used, especially in thermodynamic con-
siderations, because the examination of the mecha-
nisms of separate stages enables one to understand the
features of the process as a whole.

In the above-mentioned detailed surface model
[10-12], the following three consecutive surface reac-
tions were distinguished. They will be exemplified in
this paper by some reactions proceeding on diamond
(011) face [12] which has been selected by way of
example. It should be noted that analogous reactions
proceed on other diamond crystal faces during dia-
mond crystal growth.

1. Chemisorption of carbon dissolved in the gas
phase and subsequent formation of unsaturated (i.e.
containing sp> bonds) carbon-hydrogen clusters on
a H-terminated diamond seed crystal surface (poly-
mantane seed macromolecule)

2H(#) + 2C(slt) = C,H, (2 #) )

II. Hydrogenation of the unsaturated clusters, i.e.
conversion of the latter into saturated (i.e. containing
only sp® bonds) clusters, by atomic hydrogen impact

CHy(2#) + 2H(g) = C:H4(2#) 2

IT1. Coalescence of the saturated clusters resulting
in the formation of a new layer of sp*-hybridized
carbon with diamond structure, and simultaneous rec-
reation of the original H-terminated diamond crystal
surface on it

C,H,(2#) = 2C(dia) + 2H(#) + Hy(g)  (3)

where C(slt) is the carbon dissolved in the gas
phase, ‘slt’ standing for solute, C(dia) the new carbon
epitaxial layer consisting of sp*-hybridized and
tetrahedrally coordinated carbon atoms. Because
this layer is, in every respect, identical to diamond,
we assume that its properties, including thermo-
dynamic ones, are identical with those of bulk dia-
mond. For the same reason, “dia”, the abbreviation
for diamond, is used in the symbol representing this
layer;

H(g) and H,(g) are atomic and molecular hydrogen,
respectively, “g” standing for gas; H(#) is the H-ter-
minated diamond (01 1) face or more precisely a hy-
drogen atom chemisorbed on the diamond (0 1 1) face;
C,H,(2#) and C,H4(2#) are surface-bound un-
saturated ethene-like and saturated ethane-like car-
bon-hydrogen clusters which can be formed on the
diamond (01 1) face [12], respectively; and # repres-
ents carbon atoms on the diamond (011) face, to
which hydrogen atoms or carbon—hydrogen clusters
are chemically bonded.

It is important to note that in the present model
only these unsaturated clusters which are chemically



bonded to the substrate surface are converted into
saturated clusters that subsequently coalesce and
finally form a new diamond layer. Other unsaturated
clusters and possible sp?-hybridized carbon struc-
tures, e.g. graphite or graphitic carbons, which can be
formed on the substrate surface but are not chemically
bonded to it are etched, i.e. removed from the surface,
by free hydrogen atom impact, and for this reason
cannot participate in diamond formation. When the
deposition is faster than the etching of such sp?-hy-
bridized carbon structures, the remaining part is in-
corporated into the film as a second phase along with
diamond.

Alternating/sequential experiments reported in the
subject literature [5,13-17] show that the diamond
CVD process not only in theory but also in practice
can be divided into stages. This is especially clearly
demonstrated in the sequential experiments per-
formed by the researchers from the Stanford Univer-
sity [5,15-17], in which distinctly separated carbon
and atomic hydrogen fluxes were directed alternately
onto the substrate surface. By the separation of the
fluxes in space and time the Stanford researchers were
able to control the fluxes completely independently of
each other.

From the sequential deposition, the Stanford re-
searchers [17] deduced a mechanism of CVD dia-
mond growth. According to their model, the diamond
growth is a cyclical process consisting of the following
surface reactions:

(1) the carburization of the diamond surface;

(i1) the deposition of highly disordered carbon on
the top of the carburized surface;

(iii) the etching of disordered carbon by atomic hy-
drogen;

(iv) the conversion of the carburized diamond sur-
face to diamond at growth sites by atomic
hydrogen.

It should be noticed that the above cycle deduced
by the Stanford researchers [17] from their experi-
mental investigations is, in reality, identical to the
cycle deduced from our theoretical investigations
[10-12] except for some insignificant details. In
fact, the formation of the unsaturated carbon-hydro-
gen clusters in our stage I represents the same
elementary process as the carburization of the
diamond surface in their stage (i). Similarly, the
conversion of the unsaturated clusters into the
saturated ones in our stage II, followed by the coales-
cence of the latter resulting in the formation of a new
carbon layer with the diamond structure in our stage
III, represents the same elementary process as the
conversion of the carburized diamond surface to dia-
mond in their stage (iv).

The difference between the two cycles resolves itself
into the following fact. In our cycle, no reactions
appear which could be the equivalents of the reactions
proceeding in stages (ii) and (iii). We have not included
such reactions in our model because in our opinion
the highly disordered carbon does not take part in the
diamond formation because it is not chemically
bonded to the surface and therefore cannot be incorp-
orated into the diamond lattice. Indeed, it can be

inferred from the mechanism proposed by the Stan-
ford researchers that the highly disordered carbon,
which is deposited in stage (ii), is removed from
the substrate surface in stage (iii) by atomic hydrogen
etching before it could be converted into diamond
in stage (iv). The Stanford researchers [17] clearly
declare that “CVD diamond growth involves only
the action of atomic hydrogen on surface-bound
carbon”.

The opinion that only these carbon structures,
which are chemically bonded to the substrate surface,
can participate in the diamond formation, is also con-
sistent with results of experiments recently performed
by Roy et al. [2-4]. They showed that a fine-powdered
non-diamond carbon, e.g. graphite, carbon black or
charcoal, could be converted into diamond by its
reaction with atomic hydrogen created in a microwave
hydrogen plasma in the so-called low-pressure solid-
state source (LPSSS) process. It should be stressed,
however, that the conversion took place only when the
non-diamond carbon powder was intimately mixed
with a fine diamond powder. The small diamond par-
ticles acted as seed crystals [2-4]. We believe that they
provided surfaces on which the surface-bound clus-
ters, necessary for diamond formation, were formed.
Carbon atoms needed to form the surface-bound clus-
ters were supplied to the surfaces of the seed crystals
either by direct contact with the non-diamond carbon
particles or possibly by a short-distance vapour trans-
port [2-4].

When, instead of diamond, certain other fine-
powdered crystalline materials, e.g. c-BN, SiC, Si
(but not ZrO,, Al,0O3), were admixed to the non-
diamond carbon powder, the latter was also converted
into diamond by atomic hydrogen impact [2-4].
These results prove that certain crystalline materials
which possess some specific structural and chemical
properties can also play the role of seed crystals
for diamond growth. This opinion is consistent
with results of Badzian et al. [6] who found that
silicon particles etched from the reactor walls and
carburized to B-SiC on the graphite surface catalysed
diamond nucleation on (0 0 0 1) graphite, which
normally exhibited no nucleation. It can be conjec-
tured that the diamond nucleation on graphite can
proceed if the latter is at least locally contaminated
with substances which can act as seed crystals for
diamond growth.

The experiments of Roy et al. [2—4] prove that the
diamond CVD is a surface process that cannot occur
in the absence of appropriate seeds/substrates which
provide necessary surfaces for formation of a new
carbon layer with the diamond crystal structure. This
conclusion is consistent with the well-established fact
that scratching/abrading of the substrate surface with
a diamond powder/paste or certain other powdered
hard materials, e.g. MoB, LaBg, TaB, can significantly
enhance the growth of diamond film on heterogeneous
(non-diamond) substrates [18, 19]. The role of ab-
rasion is found to consist in implanting fine fragments
of the abrading material into the substrate surface
[18-20]. These fragments then act as growth sites for
diamond deposition [18, 20].
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3. Generalization of the detailed

surface model
By adding together and then dividing by two, Reac-
tions 1, 2 and 3 are reduced to the single reaction

C(slt) + H(g) = C(dia) + 0.5H,(g) 4)

which represents the overall diamond CVD process.

The representation of the overall process by only
one reaction has its disadvantages and advantages.
First of all, Reaction 4 does not inform us about the
fact that it can proceed only on surfaces of appropriate
seeds/substrates. In addition, among the disadvan-
tages one can count the fact that all details referring to
the mechanism of carbon atom addition to the sub-
strate surface, are lost. For this reason it is impossible
to gain any insight into the mechanism of structural
defect formation on different substrate crystal faces or
into the development of crystal morphology. On the
other hand, among the advantages one can count the
fact that Reaction 4 includes only substances the
thermodynamic properties of which are very well es-
tablished and easily available. The H-terminated sur-
faces, e.g. H(#), and carbon-hydrogen clusters, e.g.
C,H,(2#) and C,H4(2+#), the thermodynamic prop-
erties of which can only be estimated, are eliminated.
Owing to this, a reliable thermodynamic analysis of
the diamond CVD process according to the surface
Reaction 4 can be performed.

4. Thermodynamic requirements
for diamond formation

The formation of a new carbon layer with the dia-
mond structure on the diamond core of a polyman-
tane macromolecule according to Reaction 4 is a
surface process proceeding at a constant substrate
temperature, T, and a constant total pressure, Py,
The Gibb’s energy change, AG, is a criterion for chem-
ical affinity of such isothermal and isobaric processes.
If AG = 0, the reaction describing the process cannot
proceed because the system is at thermodynamic equi-
librium. If AG < 0, the reaction can process forwards,
whereas if AG > 0, the reaction can proceed back-
wards. The Gibb’s energy of Reaction 4, AG4(T,), can
be calculated from Equation 5 [21]

AGYT,) = AGy(T,) + RT InIl. (%)
that after expansion turns into the equation
AG4(Ty) = — RT {Ina[C(slt)] — In a[C(slt)]gia
+ In[ p(H)/p**(H,)]
— In[ peq(H)/pSs (H2)} (©)

where AG4(T ) is the standard Gibb’s energy of Reac-
tion 4 at temperature T, R is the Universal gas con-
stant, I1, is the product of activities of reactants and
products of Reaction 4 in the activated feeding gas
phase reaching the substrate surface, a[C(slt)] the
carbon activity in the feeding gas phase, a[C(slt)]y;,
the carbon activity in the gas phase which is in ther-
modynamic equilibrium with metastable diamond or,
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more precisely, with the sp*-hybridized and tetrahed-
rally coordinated carbon layer C(dia) at temperature
T, p(H) and p(H,) are partial pressures of atomic and
molecular hydrogen, respectively, in the activated
feeding gas phase reaching the substrate surface, and
Peq(H) and p.,(H,) are the partial pressures of atomic
and molecular hydrogen, respectively, in the feeding
gas phase being in thermodynamic equilibrium at
temperature T

It has been ascertained many times that graphite,
C(gra), and/or other forms of sp>-hybridized carbon
can be simultaneously co-deposited with diamond in
the CVD process. The deposition of all graphitic car-
bons, including graphite, can be represented to the
first approximation by the reaction

C(slt) = C(gra) N

The Gibb’s energy of Reaction 7, AG+(T,), is ex-
pressed by the equation

AG(T,) = — RT{Ina[C(slt)] — In a[C(slt)],ca} (8)

where a [C(slt)],., denotes the activity of carbon dis-
solved in the gas phase which is in thermodynamic
equilibrium with graphite at temperature T.

It should be noted that the differences {In a[C(slt)]
— Ina[C(slt)]yin} and {Ina[C(slt)] — Ina[C(slt)]sr} in
Equations 6 and 8 are identical with the thermodyn-
amic carbon super-saturation of the gas phase with
respect to diamond, o(dia), and graphite, a(gra), re-
spectively.

It is obvious that AG,(T,) can assume negative
values only for positive values of g(gra) . This implies
that graphite can be deposited only from such gas
solutions which are carbon super-saturated with re-
spect to graphite. In addition, the super-saturation
o(gra) must be greater than (or at least equal to) the
so-called critical super-saturation G;(gra). If o(gra) is
less than o;(gra), graphite is not deposited. Unfortu-
nately, o..,(gra) is not known. Hence, it is impossible
to make a comparison with corresponding experi-
mental data. Nevertheless, it has been found that
graphite is not co-deposited below a certain concen-
tration of carbon in the feeding gas phase. For in-
stance, Zhu et al. [22] have ascertained that at the low
methane concentration of 0.5%, the film consisted
totally of diamond crystals without any detectable
graphite phase or other non-diamond components.

In contrast to Reaction 7, Reaction 4 is driven not
only by the carbon super-saturation o(dia), but first of
all by the super-equilibrium concentration of atomic
hydrogen. Remarkably, AG4(T,) can assume large
negative values even though o(dia) is negative;
however, this is only on the condition that p(H)/
P °(H2) » peq((H)/p%> (H),. Such a situation occurs
only when the gas phase reaching the substrate surface
is in an activated/excited state. This implies that dia-
mond can be deposited not only from gas solutions
which are carbon super-saturated but also from gas
solutions which are carbon under-saturated with re-
spect to diamond; however, this is on the indispens-
able condition that the gas phase is activated to
a sufficiently high degree. Indeed, it results from



reported experimental data that the deposition of
diamond from activated carbon under-saturated gas
solutions has been accomplished many times [1]. Re-
cently we have demonstrated that diamond is depos-
ited from carbon under-saturated gas solutions also in
the carbon/water pseudobinary system [23].

In the light of the above discussion, the formation of
diamond in the form of the new carbon layer with the
diamond structure on the diamond core of a polyman-
tane macromolecule in gaseous environment which
are carbon under-saturated with respect to diamond,
is no longer a thermodynamic paradox. Also, the
simultaneous graphite etching and diamond depos-
ition [6, 7] is not a thermodynamic paradox in the
light of the above discussion. Such a situation occurs
when the feeding gas phase is activated to a high
degree and at the same time is carbon under-saturated
with respect to graphite.

If we assume that the mechanism of diamond
formation in the experiments of Roy et al. [2-4] is the
same as in conventional CVD experiments with the
only exception that a solid instead of gaseous carbon
source is used, we can describe this process by the
reaction

C(gra) + H(g) = C(dia) + 0.5H(g) )
Reaction 9 and its Gibb’s energy
AGo(T,) = — RT{Ina[C(slt)]g. — In a[C(slt)]4;,

+ In[p(H)/p°*(H,)] — In[pe(H)/pe’(H)1}  (10)

is obtained by subtraction of Reaction 7 from Reac-
tion 4 and Equation 8 from Equation 6 respectively.
Because a[C(slt)] ., is smaller than a[C(slt)] 4;, the
difference {In a[ C(slt)],., — In a[C(slt)]4:,} in Equation
10 is negative. Consequently, AGy(T) can assume
sufficiently large negative values only if p(H)/p°>(H,)
>> peq(H)/pgtis(HZ)'

It is obvious that the gas phase (pure hydrogen) in
the LPSSS experiments [2—4] is carbon under-
saturated with respect to both graphite and diamond
because it does not contain any carbon. Because
graphite is etched, a carbon gas solution is locally
formed in the proximity of graphite surface. However,
the created gas solution is, at best, only carbon
saturated with respect to graphite [o(gra) = 0]. This
implies that the gas phase is carbon under-saturated
with respect to diamond because the chemical
potential of carbon in diamond is higher than that in
graphite.

Similar to Reaction 9 is the reaction
Clgra) + yH(g) = C(dia) + x/2H(g) (11)

which has been postulated by Wang et al [24, 25].
However, the derivation of Reaction 11 does not sat-
isfy the requirement for thermodynamic coupling of
chemical reactions because it has been obtained by
simply adding together Reaction 12 and a portion y, of
Reaction 13

C(gra) = C(dia) (12)

H(g) = 1/2 H:(g) (13)
which do not have any common reactant or product
[26].

4.1. Comparison with experimental data
AG,, AG, and AGy are functions (of all or some) of the
following process variables:

(a) partial pressures of atomic, p(H), and molecular
hydrogen p(H.,);

(b) substrate temperature T;

(c) carbon concentration, X [C(slt)]; and

(d) total pressure, P,.

The last variable in the above list results from the fact
that both a[C(slt)]4, and a{C(slt)],,, are functions of
P (and T).

To compute AG, and AG, values, it is necessary to
possess the complete set of the above variables. Unfor-
tunately, the number of experimental data which con-
tain all the above listed variables is quite small. This
results from the fact that, for the most part p(H) is not
reported despite the fact that it is the most important
factor in the diamond CVD process.

Using the complete sets of process variables pub-
lished by Hsu [27, 28] and Harris et al. [29, 30] the
Gibb’s energy values of Reactions 4, 7 and 9 were
computed for reported real experimental diamond
CVD conditions. In these and subsequent calcu-
lations, it was assumed that the feeding gas phase
behaved as an ideal gas solution. This assumption
allowed us to replace activities, a[ C(slt)], by respective
atomic fractions, X [C(slt})], of carbon dissolved in the
gas phase. The results of the computations are listed in
Table I (together with some other quantities which
will be discussed later in this paper). It is clear from the
table that:

1. AG, assumes large negative values. This fact im-
plies that the thermodynamic requirement for dia-
mond formation is satisfied. Hence, from the thermo-
dynamic point of view the conditions reported by Hsu

TABLE I Gibb’s energies, 4G,, 4G, and 4Gy, film phase compositions, r, and thermodynamic instabilities, T (for meaning of the terms
see text), calculated using reported values of methane concentrations, k(CH,), substrate temperatures, T, as well as partial pressures of atomic
p(H), and molecular hydrogen, p(H,). P,, = 2.63 x 1672 atm (1 atm = 101 325 Pa; 1 cal = 4.18J)

k(CH,) Ts p(H)/p®>(H,)  AG, AG, AG, r TI Reference
(vol %) (K) (kcal mol™ 1) (kcal mol™Y) (kcal mol™1)

0.35 1073 3.59%x 1074 —22.13 —2.23 - 1991 8.0x1073 0.83 [27]

0.35 1073 1.95%x10~4 —20.85 —223 — 18.62 1.5x 1074 0.83 [28]

0.5 1200 2.12x1073 —26.02 — 5.87 —20.15 1.9 x 1074 0.95 [29]

0.5 1200 3.02x1074 —-21.39 —5.87 —15.52 1.3x1073 0.95 [30]
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[27, 28] and Harris et al. [29, 30] are favourable for
CVD diamond formation.

2. AG, assumes negative yet considerably smaller
values than AG,. This fact implies that graphite can be
formed simultaneously with diamond. However, the
formation of graphite is much less probable than that
of diamond under conditions reported by Hsu [27, 28]
and Harris et al. [29, 30] ;

3. AG, assumes large negative values only slightly
smaller than AG,. This fact implies that the thermo-
dynamic requirement for diamond formation is satis-
fied and that graphite could be converted into
diamond by the LPSSS process [2-4] under condi-
tions reported by Hsu [27, 28] and Harris et al
[29, 30].

5. Effect of process variables on the
phase composition of deposited films

From Equations 6, 8 and 10 one can compute not only
the respective Gibb’s energy values for the real experi-
mental conditions but also deduce relationships be-
tween the above listed process variables and some
particular characteristics of the process, ¢.g. the film-
phase composition or the growth rate, which then can
be used for comparison with corresponding experi-
mentally determined dependencies or trends.

Using the thermodynamic equilibrium constant of
Reaction 9, Ky, one can calculate the ratio of the
number of carbon atoms which remain unchanged in
the form of graphite to the number of carbon atoms
which can be converted into diamond according to
Reaction 9, as well as the ratio of the number of
carbon atoms in sp2-hybridization to the number of
carbon atoms in sp>-hybridization which can be for-
med in the diamond CVD process according to Reac-
tion 4 or to coexist in quasi-equilibrium under the
given stationary conditions existing at the substrate
surface. This ratio is expressed by the equation

r = n[C(gra)]/n[C(dia)] = {a[ C(s1t)gra/al C(s1t)]asa}
X[peq(H)/p(H)1x[p°-*(H,)/pe’(H)] (15)

The ratio [p°>(H,)/p%>(H,)] in the above equation
assumes values close to 1 and changes very little with
p(H), i.e. with the degree of the gas phase activation,
and T, For this reason it can be ignored in general
considerations without making a significant error.
Also, the activity ratio {a[ C(slt)]./a[ C(slt)]ai} can be
considered constant because it does not change much
with T. Note that the ratio r is independent of P, and
X[C(slt)].

The ratio r can be directly compared with the cor-
responding Raman peak intensity ratio R = I;550/
11333, which is occasionally reported in the current
literature (e.g. [31, 32] ). I1550 and I 333 in the above
ratio denote the intensities of Raman peaks for sp*-
hybridized carbon at 1550 cm ™! and for diamond at
1333 cm™*, respectively [31, 32].

Both the r and R ratios reflect a contamination of
the film with sp?-hybridized non-diamond carbon. It
is clear from Table I that r ratios in films deposited
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under typical diamond CVD conditions which are
known to be favourable for deposition of high-quality
diamond [28] are indeed very low.

5.1. Effect of partial pressure of atomic
hydrogen p(H)

According to Equation 14 the ratio r decreases with
increasing p(H) (strictly speaking with increasing
p(H)/p®3(H,), at a constant T). This conclusion ac-
cords very well with results of the Stanford researchers
[5, 16] who found that the concentration of sp*-hy-
bridized carbon in deposited films decreased (as dem-
onstrated by the disappearance of bands attributed to
sp>-hybridized carbons in the Raman spectra) with
increasing flux of atomic hydrogen. It is obvious that
an increase in the hydrogen flux is equivalent to an
increase in p(H).

Because the number of experimental data which
present the film phase composition as a function of
p(H) in scarce, it is necessary to conclude changes in
p(H) from changes in process variables which are
correlated with p(H), such as the hot-filament temper-
ature, T, the distance between the hot filament and
the substrate surface, L and the power supplied to
the plasma, W,,.

It is obvious and has been confirmed experimentally
[33] that p(H) increases with increasing T, decreas-
ing L, and increasing W,,. Hence, the ratio » should
decrease with increasing Ty, decreasing Ly, and in-
creasing W,. The above predictions are very well
consistent with corresponding experimentally deter-
mined dependencies, which show that indeed R
decreases with increasing Ty, and decreasing L,
[31, 32].

Also, results obtained by Kamo [34] are consistent
with the prediction under discussion. He found that
diamond films deposited at higher microwave (MW)
power supplied to the plasma showed only a sharp
line of diamond whereas films deposited at lower MW
power showed a very weak diamond line and a high
flourescence level in the Raman spectra.

5.2. Effect of substrate temperature T,
According to Equation 14 the ratio r is directly pro-
portional to p. (H) (strictly speaking to p..(H)/
po.3(H,)). Because p.o(H) increases with temperature,
the ratio r should increase with increasing T (at
a constant p(H); strictly speaking at a constant p(H)/
p%>(H,)) as is shown in Table IL

The above prediction is very well consistent with
recently obtained experimental results [31, 35]. It is,
however, inconsistent with earlier experimental results
which showed that the concentration of graphitic car-
bon inclusions in the film decreased (as indicated by
Raman Spectra) with increasing T [22, 36, 37]. Only
at high temperatures (above ~ 1000 °C [22]) did a de-
terioration of the phase purity occur because the
formation of graphite was increasingly favoured [22].
It is our conviction that the above inconsistency re-
sults from the fact that, in the earlier experiments [22,
36, 37], the substrate temperature was controlled not



TABLE II Gibb’s energies, 4G4, AG-, film phase compositions, 7,
and thermodynamic instabilities, T'1, as functions of substrate tem-
perature, T,. Other process variables were constant and were taken
from [27}: P, =263x10"% atm, k(CH,) =035vol% and
p(H)/p*>(H,) = 3.59 x 107*

T, AG, AG, r TI
(K) (kcal mol™ 1) (kcal mol ™ 1)
500 —33.56 4.66 47 %1017 0.00
600 —29.96 5.30 29%x10713 0.00
700 — 2693 5.03 1.5x 10710 0.01
800 —25.01 352 1.7x1078 0.08
900 —23.81 1.51 68x1077 033
1000 —22.82 —0.63 1.3x107° 0.67
1100 —21.88 —2.82 1.5x 1074 0.87
1200 —20.95 —5.02 1.1x1073 0.95
1300 —19.98 —7.22 6.1x1073 0.98
1400 —18.78 —9.33 27x1073 0.99
1500 — 16.60 —10.94 9.5%x 1072 0.99

by an independent auxiliary heater or cooler, but only
by an energy transfer from the hot filament or the
plasma. In such experiments, any increase/decrease in
the hot-filament temperature or power supplied to the
plasma, and consequently in p(H), always caused a si-
multaneous increase/decrease in T,. Consequently,
the T, effect might be overshadowed by the p(H), effect
or vice versa. Note that the p(H) and T effects cause
opposite results. In the earlier experiments [22], the
T, effect was observed only at temperatures above
~1000°C. At temperatures below ~1000°C the
T, effect was overshadowed by the simultaneously
occurring p(H) effect.

To avoid any confusion, for verification of the
above prediction, only such data should be used which
were obtained in experiments, in which T and p(H)
were controlled completely independently of each
other, as in experiments reported elsewhere [31, 35].

5.3. Effect of carbon concentration X [C(slt)]
As already mentioned, the ratio r is not a function of
X[C(slt)] and P, and consequently it should be
independent of both these variables. The indepen-
dence of X[C(slt)] seems to be inconsistent with many
experimental results which showed that the content of
sp>-hybridized carbon in the film increased (as in-
dicated by Raman spectra) with increasing carbon
concentration in the feeding gas phase (e.g. [22]). We
believe that the observed increase in the ratio r is
caused not by an increase in X[C(slt)] but by a de-
crease in p(H).

Indeed, it has been found many times (e.g. [27, 28,
38]) that p(H) decreased with increasing X[C(slt)].
From Table ITI, which lists the ratio » values com-
puted according to Equation 14 from the experimental
data reported by Hsu [27] for various values of car-
bon concentration represented here by the methane
concentration k(CH,) it is clear that indeed p(H)
(strictly speaking p(H)/p°>(H,) is not constant but it
decreases with increasing k(CH,).

We presume that p(H) decreases with increasing
X[C(slt)] because the recombination of hydrogen

TABLE 111 Gibb’senergies, AG,, AG-, as well as film-phase com-
positions, r, calculated as functions of methane concentrations,
k(CH.,), using data from [27}: P,,, = 2.63 x 10”2 atm T, = 1073K;
and TI =083

k(CH;)  p(H) /p°*(Ha) AG, AG, r

(vol %) (kcal mol™?) (kcal mol™*)

0.35 359%x 1074 —22.13 —223 80x107°
0.85 359 %107 —24.01 —4.10 8.0x107°
1.15 101 x 1074 —21.95 —4.74 28x1074
1.3 297 %1073 —19.59 —5.00 9.6x1074
1.6 870x107° —17.40 —543 33x1073
1.75 2.03x1073 — 1941 —5.61 14x1073

atoms is accelerated by a higher concentration of
hydrocarbon molecules which may play the role of the
third body that is required for the hydrogen atom
recombination to proceed readily [39]. In addition,
the consumption of hydrogen atoms in chemical reac-
tions with hydrocarbon molecules is intensified as the
concentration of the latter increases.

5.4. Effect of total pressure P

As already mentioned, the ratio r is not a function of
P, Thus, P, should not have any effect on the
film-phase composition. This prediction is very consis-
tent with some experimental data. For example, Zhu
et al. [36] found that the structure of diamond films
was not sensitive to pressure (as indicated by Raman
spectra). In experiments performed by Kondoh et al.
[31, 32] the ratio r varied irregularly with P, giving
no indication of a monotonic function.

Other researchers [35, 40], however, found that the
content of sp-hybridized carbon increased (as in-
dicated by Raman spectra) with increasing P,,. In our
opinion, an increase in the ratio r is a consequence of
a reduction in p(H) similar to the case discussed in the
preceding section. For the ratio r not to change with
increasing P, p(H) should increase proportionally
with the square root of p(H,) or, because under typical
diamond CVD conditions p(H,) is only slightly small-
er than P, with the square root of P, However,
available experimental data [40] demonstrate that at
the growth surface p(H) does not increase, but de-
creases with increasing P,,. This result indicates that
the deterioration of the film-phase purity is not a con-
sequence of an increase in P, but results from a de-
crease in p(H).

It is reasonable to presume that at higher P, the
hydrogen atom recombination and destruction is fas-
ter, because the mean free path is shorter, and conse-
quently the collisions of hydrogen with each other as
well as with other molecules are more frequent. Hence,
the probability of hydrogen atom recombination and
consumption is greater.

6. Effect of process variables

on the film growth rate
A large negative AG, value means that, from the
thermodynamic point of view, the diamond CVD
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process is possible, i.e. can proceed under the given set
of process variables. However, a thermodynamically
possible process can be kinetically hindered. Under
certain conditions it may proceed infinitesimally slow-
ly. Hence, the large negative AG,4 value is a necessary
but not a sufficient condition for a successful synthesis
of diamond. For the diamond CVD process to proceed
at a reasonably high rate, it is also necessary for all
chemical Reactions 1, 2 and 3 to proceed rapidly. The
transport of reactants, i.e. C(slt) and H(g), from the
feeding gas phase across the boundary layer to the
substrate surface, as well as the transport of the gas-
eous reaction product, i.e. H,(g), in the reverse direc-
tion, should also be fast because the rate of the overall
diamond CVD process is determined by the slowest
elementary process step.

From the fact that, under typical CVD conditions,
diamond is deposited at reasonably high rates, it can
be inferred that all elementary processes including the
slowest one proceed at reasonably high rates. How-
ever, under conditions considerably deviating from
the typical ones, e.g. at very low total pressures or low
substrate temperatures, the rates of some elementary
processes, €.g. the mass transport or the chemical
reactions, repectively, can considerably decrease caus-
ing a dramatic reduction in the deposition rate inde-
pendently of the large negative value of the Gibb’s
energy. In this paper we do not intend to examine
kinetics of all elementary processes because a detailed
examination would need many kinetic parameters
which, for the most part, are not well established and
many corresponding experimental data which are not
yet available. We do, however, intend to discuss, in
general, the problem of addition of new carbon atoms
from the gas phase to the lattice of a diamond seed
crystal. It is commonly believed that this elementary
process plays a key role in diamond CVD.

6.1. The kinetics of the addition

of carbon atoms to the diamond lattice
Because the carbon-hydrogen bonds are strong, the
H-terminated diamond crystal surfaces are chemically
very inert [41-43] under ordinary conditions. In par-
ticular, because the carbon-hydrogen bonds are
stronger than carbon—carbon bonds, no diamond
growth can occur because depositing carbon atoms
are not able to displace the bound hydrogen atoms on
the surface [44]. It is generally believed that for a dia-
mond crystal to grow it is necessary first to remove
some chemisorbed hydrogen atoms from the diamond
substrate surfaces in order to create some reactive
surface carbon radicals (SCR), to which new carbon
atoms from the gas phase can then chemically bind.
Because the mechanism of SCR formation is appar-
ently different at “low” and “high” temperatures, the
kinetics of the carbon atom addition should be dis-
cussed separately for “low” and “high” temperatures.

6.1.1. “Low” temperatures
At “low” temperatures, the chemisorbed hydrogen
atoms are strongly bound to the surfaces. They can be
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removed from the latter only with the aid of very
reactive free hydrogen atoms according to the hydro-
gen abstraction reaction

H(#) + H(g) = (#) + Ha(g) (15)

In the above equation (# ) represents a univalent SCR.

The reactive SCRs created in the above reaction are
quickly annihilated by atomic hydrogen impact
[10-12] according to the hydrogen addition reaction

(#) + H(g) = H(#) (16)

It should be noted that the SCR annihilation Reaction
16 is considerably faster than the SCR creation Reac-
tion 15 because Reaction 16, as a radical-radical reac-
tion, has no energy barrier [45], in contrast to
Reaction 15. The SCRs are also annihilated by mo-
lecular hydrogen impact according to the reaction

(#) + 0.5H,(g) = H(#) 17)

because at “low” temperatures and p(H,) occuring
under typical diamond CVD conditions, Reaction 17
is shifted far to the right [10-12]. For the above
discussed reasons, the efficacy of SCR production by
hydrogen atom impact is very low. Consequently, the
number of SCRs which are available for the carbon
atom addition is very small at “low” temperatures. In
addition, new carbon atoms from the gas phase have
a very small chance to bind to the SCRs before the
latter are annihilated because the number of carbon-
carrying molecules is much less (typically ~ 100 times
less) than the number of hydrogen molecules. Under
such circumstances the addition of new carbon atoms
to the diamond lattice cannot successfully compete
with Reaction 17. Consequently, diamond crystals
grow at very small rates [ 10] which are usually insuffi-
cient for any practical application.

6.1.2. “High” temperatures
At “high” temperatures and p(H,) occuring under
typical diamond CVD conditions, it is not necessary
to impel the chemisorbed hydrogen atoms to leave the
substrate surface because they desorb spontaneously
[10-12] according to the reaction

H(#) = (#) + 0.5H,(g) (18)

Consequently, a large number of SCRs is created.
On the one hand, such a situation is advantageous
because the large number of reactive SCRs would
make it possible to bind to the surface a large number
of new carbon atoms from the feeding gas phase, that
would result in rapid growth of diamond crystals.
On the other hand, however, the large number of
SCRs is disadvantageous. A diamond crystal surface
covered with a large number of such radicals is very
unstable [10-12]. To attain an energetically more
favourable state, such a surface undergoes a recon-
struction during the course of which unsaturated sp*
bonds are formed between the surface carbon atoms.
The presence of sp? bonds on surfaces of a growing
diamond crystal is undesirable because, under.condi-
tions under which such bonds can exist, they stimulate



the formation of graphite rather than diamond
[10-12]. In order to avoid the sp? bond formation, the
number of SCRs must be reduced to a relatively small
admissible quantity, i.e. almost the entire surface must
be covered with chemisorbed hydrogen [46]. In order
to achieve this goal, it is necessary to create a super-
equilibrium concentration of hydrogen atoms in the
gas phase. At a sufficiently high super-equilibrium
hydrogen concentration, SCRs are annihilated
[10-12] according to Reaction 16. As a result, the
H-terminated surface, H(#), is reproduced.

It should be stressed here that the H-terminated
surfaces are thermodynamically unstable at “high”
temperatures, and can exist only by virtue of super-
equilibrium concentration of atomic hydrogen
[10-12]. Because thermodynamically less stable spe-
cies are, as a general rule, more reactive than more
stable ones [45], it seems reasonable to suppose that
the unstable H-terminated surfaces existing at “high”
temperatures, due to the presence of super-equilib-
rium atomic hydrogen concentration in a labile state
are more reactive than the stable H-terminated surfa-
ces existing at “low” temperatures. Hence, one may
expect that, due to the greater reactivity, the H-ter-
minated surfaces can react not only with hydrogen
atoms but also with carbon-carrying molecules, and
consequently new carbon atoms can chemically bind
to them. Because the number of carbon-carrying mol-
ecules is (under typical diamond CVD conditions)
comparable with the number of hydrogen atoms in the
activated gas phase, the addition of new carbon atoms
can successfully compete with Reaction 16. Hence, the
carbon atom addition to H-terminated surfaces is not
a rate-limiting step at “high” temperatures. Owing to
this, diamond can be deposited at high rates at “high”
temperatures on the condition that other elementary
processes are also fast and AG, has a large negative
value.

It can be concluded from the above discussion that
the chemical reactivity of H-terminated surfaces is
correlated with the thermodynamic instability, TI, of
the latter. Searching for a quantitative even though
only approximate measure of T we propose to ex-
press it as the fraction of the substrate surface, which
would be free from the chemisorbed hydrogen atoms
under equilibrium conditions, i.e. at p(H) = p.o(H). T1,
as defined above, can assume values from 0-1. T1 is
a function of, and increases with, increasing T, and
decreasing P,,. It depends also on the crystallo-
graphic orientation of the substrate surface. As yet, T
has not been determined experimentally. Therefore,
we were obliged to estimate it using a method de-
veloped in our previous papers [10-12] and available
experimental data [45]. Results of our estimations for
the (111) face performed for typical P, are presented
in Table II. From these results, one can draw the
following conclusions.

(a) In the “high” temperature region, at T, = 1200 K,
in which TI assumes values close to 1 (0.95-1), and
is practically independent of T, the carbon atom
addition is not a rate-limiting step, and consequently
the growth rate, GR, is practically a function of AG,
only.

(b) In the “low” temperature region, at T, <1200 K,
in which TI is a very sensitive function of T, and
assumes values from 0-0.95, the C atom addition is
a rate-limiting step, and consequently, GR is a func-
tion of both TI and AG,.

Evidently, GR will increase with increasing T1 and
decreasing AG,.

It is worth mentioning that the (0 1 1) face is thermo-
dynamically less stable than the (11 1) face, i.e. T1 for
the (0 1 1) face is greater than that for the (11 1) face at
the same T,. For instance, TI for the (011) face
attains the value of 0.95 already at T, = ~900
K whereas TI for the (111) face equals only 0.33 at
this temperature (see Table II). It can be concluded
from this fact that the (01 1) face should grow faster
than the (111) face. In fact, it has been found experi-
mentally that the (011) face grows faster than the
(111)face [47] as well as the (00 1) face. As the fastest
growing face, the (0 1 1) face disappears during growth
of diamond crystals [47] already at the early phase of
diamond film deposition. Subsequently the growth is
continued on slower, ie. (111) [12] and/or (011),
faces.

6.1.3. Agents which can stimulate the
desorption of hydrogen atoms
Because at “low” temperatures, small growth rates
follow as a consequence of the small number of SCRs,
it is necessary to increase the latter in order to increase
the growth rate. This goal cannot be achieved by
a simple increase of the hydrogen atom concentration
because this would intensify not only the SCR cre-
ation (according to Reaction 15) but also the SCR
annihilation (according to Reaction 16). However, the
above goal can be achieved by a bombardment of the
substrate surface with agents which are able to stimu-
late the hydrogen atom desorption but are not able
to annihilate the SCRs. Such ability possesses,
for example, electrons with sufficiently high kinetic

energy.

In fact, it has been found that positive biasing of the
substrate with regard to the hot filament increased
deposition rates and extended the parameter space
under which diamond could be grown, with specific
reference to decreased substrate temperature [48].
A diamond film can be grown at reasonable rates with
positive biasing at relatively low substrate temper-
ature of 400 °C [48]. Without the use of a d.c. bias, the
lowest substrate temperature at which reasonable
growth rate (> 0.1 umh™!) could be obtained is ap-
proximately 600 °C [48].

6.2. Effect of partial pressure

of atomic hydrogen p(H)
As already mentioned, AG, is a function of all process
variables listed at the beginning of section 4.1. Accord-
ing to Equation 6, AG, should decrease with increas-
ing p(H) on the assumption that T, X[C(slt)] and
P, are constant. Because TI as a function of the
mentioned variables is constant under such an as-
sumption (see Section 6.1.2.), GR is a function of AG,
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only, and accordingly, should increase with increasing
p(H).

The results of the Stanford researchers [5,15] and
Ohl et al. [46] provide a direct confirmation of the
above prediction. They showed that indeed GR was
increased by increasing the hydrogen flux [5,15] or
the concentration of atomic hydrogen [46].

In addition, many other experimental data [31, 32,
49-52] indirectly confirm the prediction under dis-
cussion. It has been found that GR increased with
increasing Ty; [31, 32, 49] and increasing W, [50-52]
as well as with decreasing L [31, 32].

6.3. Effect of substrate temperature T

Both AG, and TI increase with increasing T (see
Table II). For this reason, they cause the opposite
effects on GR. At “low” temperatures at which T is
the principal factor determining GR, the latter should
increase with increasing T, whereas at “high” temper-
atures at which T1 is practically independent of T,
and AG, is the factor determining GR, the latter
should decrease with increasing T,. As a consequence,
GR should first increase, pass a maximum and then
decrease with increasing T

Such a behaviour of GR as a function of T has been
indeed confirmed experimentally many times [31, 35,
36, 53, 54]. The experimentally determined maximum
in GR is located at temperatures of around 1200 K
[31, 35, 53]. This corresponds very well with data
presented in Table II from which it follows that at
T, > 1200K TT has value close to 1 and is practically
constant. Hence, TI cannot influence GR in this
“high” temperature region.

The activation energy calculated for the low-tem-
perature branch from data collected in Table II is
approximately equal to 24.5 kcal mol~!. This value
accords very well with reported experimentally deter-
mined activation energies [53].

6.4. Effect of carbon concentration X [C(slt)]
AG, decrease with increasing X [C(slt)]. Because a de-
crease in AG, causes an increase in GR, the latter
should increase with increasing X [C(slt)] (at constant
remaining process variables).

This prediction is very consistent with experimental
results [35, 36, 52, 55] which indeed show that GR
increase with increasing X[C(slt)]. Some curves rep-
resenting GR as a function of X[C(slt)] tend towards
a saturation [36] while some others pass a maximum
and then decrease [31]. Such a behaviour is most
probably caused by a decrease in p(H) which is
known to be brought about by an increase in
X[Cslt)] [27, 28, 38].

6.5. Effect of total pressure P

Because a[C(slt)]q;a increases with Py [1], AGs
should, according to Equation 6, increase with in-
creasing P,. On the other hand, TI decrease with
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increasing P,,. Because an increase in AG,4 as well as
a decrease in TI cause a decrease in GR, the latter
should decrease with increasing P, {at constant re-
maining process variables). An additional decrease in
GR can be caused by a decrease in p(H) which is
known to occur as Py, is increased [40]. All in all, GR
should decrease with increasing P.;.

In fact, it has been experimentally demonstrated
several times that GR decreased with increasing
P [31, 32, 36, 49, 52]. However, for the most part,
this trend was observed only at P,,, greater than a cer-
tain value, at which GR attained a maximum [31, 32,
36, 40]. For the most part, the maximum in GR
occured at P, = 20-30 torr (1 torr ~ 133.322 Pa)
[31,32,40]. Yet, a considerably greater value (~ 110
torr) was also reported [36]. At pressures below the
above cited values, GR increase with increasing P,,.
We suppose that in the low-pressure region, the mass
transport is a rate-limiting step.

7. Conclusion

Diamond CVD is inconsistent with the fundamental
principles of chemical thermodynamics if it is con-
sidered a crystal growth process. Thus, from this point
of view, the experimentally achieved deposition of
diamond films is a thermodynamic paradox. Diamond
CVD is, however, consistent with the fundamental
principles of chemical thermodynamics if it is con-
sidered as a chemical process consisting in accretion of
polymantane macromolecules. Because the latter are
identical with diamond single crystals, the surfaces of
which are H-terminated, the accretion of polymantane
macromolecules is a process completely equivalent to
the growth of diamond crystal despite the formal
difference.

By regarding diamond crystals as polymantane
macromolecules, we have developed a general ther-
mochemical model of CVD diamond formation from
hydrocarbon-hydrogen mixtures which is in excellent
agreement with experimental data. In particular, the
model correctly predicts correlations between funda-
mental process variables and the film-phase composi-
tion, as well as the growth rate. In addition, the
present model explains very well important experi-
mental observations which show that (i) the activation
of the gas phase is necessary for diamond formation,
(i) diamond CVD is, in principle, independent of the
method employed to activate the gas phase, (iii) dia-
mond CVD is, in principle, independent of the kind of
hydrocarbon source material used, (iv) graphitic car-
bons can be co-deposited with diamond, (v) diamond
can be deposited from gas phases which are carbon
under-saturated with respect to diamond, (vi) dia-
mond can be deposited when simultaneously graphite
is etched, and (vii) relatively high temperatures are
necessary for diamond deposition. Moreover, from the
discussion in Section 2, one may conclude that (viii)
the abrading of the substrate surface with a diamond
powder/paste or certain other powdered hard mater-
ials can enhance diamond formation because debris of
the abrading material remaining on the surface plays
the role of seed crystals for diamond growth.



The good consistency of the model with experi-

mental data gives a reliable base to believe that the
model is correct.
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