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Three-dimensional temperatuf)—pressurd P)—composition(X) phase diagrams

of binary carbon-hydrogen (C—H) and carbon-oxygen (C—0O) systems for activated
low pressure diamond growth have been calculated. Based on an approximation of
linear combination between C—H and C—O systems, a projective ternary carbon-
hydrogen-oxygen (C—H-0) phase diagram has also been obtained. There is always
a diamond growth region in each of these phase diagrams. Once a supply of external
activating energy stops, the diamond growth region will not exist. Nearly all of the
reliable experimental data reported in the literature drop into the possible diamond
growth region of the calculated projective ternary C—H-0O phase diagram under the
conditions of 0.01-100 kPa and above 700 K.

I. INTRODUCTION “Thermodynamic coupling allows one of the reactions

Activated low pressure chemical vapor deposition_to progress in a direction contrary to that prescribed by

(CVD) diamond growth had once been thought to bts own affinity,....”,° so t_he activated low pressure dia-
“alchemy” by some scientistsAccording to equilibrium mond growth could be_ driven by t_he association of SAH
thermodynamics, theoretical calculations showed that if0F SAO) as the following expressions (similar to expres-
the pressure is not over 15,000 times higher than atmgioNS Of a lot of coupled reactions in biochemistyy
spheric pressure, the spontaneous transformation of H* 12,

graphite to diamond will be impossibfelt is well C (graphite) “—"+ ¢ (diamond)

known that low pressure CVD diamond growth has been

realized under different activated conditions, such as ac>’

tivated by hot filament, by low pressure direct current 0+ 120,

plasma, by rf or microwave discharge, by hot dc or rf C (graphite) ~~—"» ( (diamond) .

atmospheric pressure plasmas, and even by combustion
flames. Usually, methane or other gas hydrocarbons an&lrivi

hydrogen mixtures are used as caSrbon-con_talnln%Ao) could be treated as a whole and named “graphite
sources, but now some papepPsr patent$® concerning activated by SAH (gra®)” for carbon-hydrogen (C—H)

the transformation of graphite to diamond have alsosys,[emS or named “graphite activated by SAO (gra**)”

been reported in the literature under activated CVD; carbon-oxygen (C—0) systems. It is obvious that

conditions. Therefore, the activated low pressg_re_dlafhe concentration of SAH or SAO is not equal to that
mond growth should be treated by nonequilibrium

thermodynamics of equilibrium ator_nic hydrogen (or atomic oxygen), so
' the thermodynamic data of SAH (or SAO) should be
different from those of ordinary atomic hydrogen (or or-
Il. T-P-X PHASE DIAGRAMS OF BINARY dinary atomic oxygen). Therefore, thermodynamic data
C-H and C-O SYSTEMS of activated graphite should also be different from those
According to nonequilibrium thermodynamic cou- of ordinary graphite. Under a constant substrate tem-
pling theoren®, a thermodynamically unfavorable reac- perature and a constant total pressure the ordinary ther-
tion (such as the transformation of graphite into diamondnodynamic calculating program minimizing of Gibbs
under low pressure) could be driven by another thermofree energy could still be used for the activated CVD
dynamically favorable reaction [such as the associatiodiamond growth system, but thermodynamic data of
of superequilibrium atomic hydrogen (SAH, ét-* as  activated graphite should be used instead of those of or-
symbol) or superequilibrium atomic oxygen (SAO, or dinary graphite. The thermodynamic calculation method
O-* as symbol)]. Just as pointed out by Prigogine:and the derivation of thermodynamic data of graphite

For further calculations, graphite together with the
ng force coming from the association of SAH (or
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activated by SAH and graphite activated by SAO had TIK] foo rpar

been discussed in our previous papers and will | i NODEPOSITIONREGION

not be repeated here. Figures 1 and 2 show three 1kPa D;E'ZND
dimensional substrate temperatuf€)—total pressure 1800 — i
(P)—composition(X) phase diagrams calculated for ac- g, | . F }] resion
tivated CVD diamond growth from C—H systems and I . R

C-0 systems, respectively. It is obvious that there is [ L .7—77/ 7 /
always a diamond growth region (oblique line shadow 1200} [ M- /r //’ i

part in Figs. 1 and 2) in each-X cross section phase | . A 7/ R c/C+0)
diagram at different pressures. Nearly all the influence: E—— '

of pressure and temperature could be quantitativel 5oL ; e

discussed on the basis of theBé>-X phase diagrams. bl 035 04 045 05 055

I1l. PROJECTIVE PHASE DIAGRAMS FIG. 2. Three-dimensional substrate temperafdte-total pressure
OF TERNARY C—H—0O SYSTEM (P)—composition(X) phase diagram calculated for activated CVD

) _ diamond growth from C—O systems. Oblique line shadow parts are the
In the past decade, a lot of CVD diamond experi-diamond growth region at pressures 0.01, 1, and 100 kPa, respectively.

ments were from C—H-O systems. Bachmaatral®
had summarized the literature experimental data into . .
an empirical plane ternary carbon-hydrogen-oxyge oordm;\tes off and P ontofthe abscissa ok should
(C—H-0) composition phase diagram, in which there e made. For Instance, after a projection in Figs. 1
was a “well-defined” diamond growth domain. No and 2 along thg ordinate of onto the abscissa ok
satisfactory theoretical explanations were found in@t 700 K a series of two-head arrowesa could be

the literature, though several papers focused on itgbtalned, as shown in _Flgs. .1 and 2. The composition
discussiond’-19 ranges ofa-a are possible diamond growth ranges at

For comparison of our calculated results with Bach-corresponding pressures (i.e., 0.01, 1, and 100 kPa).

mann’s phase diagram, two things should be done. ThiMake anothe_r projection of thesed arrows along the;_
first, a linear combination approximation of thermo- pressure ordinate onto the corresponding composition

dynamic data for C—H and C-O systems, should bé"bSCiSSa.at pressure 100. kPa, and one gets possible
introduced for the calculation of the main part of the COMPOSition ranges for activated CVD diamond growth
ternary C—H—O phase diagram. For instance, for Jrom different C—H-O systems under conditions above

C—H-0 system with a constrained ratio Hf/O = 1 700 K and in the range of 0.01-100 kPa. Connecting

. N : ;
one can take average values of thermodynamic datd! Minimum values ok and all maximum values af,

for both C—H and C—O systems. In this way three-respectively, by two solid bold lines, one can obtain a
dimensionall-P-X phase diagrams for C—H—O Systemscalculated ternary C—H—O composition phase diagram,

with any constrained ratio ofi/O could be obtained. S Shown in Fig. 3. The calculated conditions (above
The second, projections of all of these three-dimensionaf 20 K and in a range of 0.01-100 kPa) are very close

T-P-X phase diaarams. includina Fias. 1 and 2. alond® those of Bachmann’s diagram (above 4@0and in
phase diag S, Including Fgs ' gta range of 0.1-760 Torr). Therefore, nearly all of the

experimental data summarized by Bachmann drop into

TIKIT 1o00kp i s i i i i
10k osTION nEe.ON// NN DIAROND the pqssuble diamond growth region (b_etween two solid
- R bold lines) of the calculated phase diagram. A newer
| 1kPa | H

2400
2200 |-
2000 -
1800 |-
1600 |-
1400 | i
1200 17
1000 f
800 -

e experimental point (open square in Fig. 3) of diamond

nucleatior® drops inside our possible diamond growth
region, but not inside Bachmann's diamond domain
(between two dotted lines in Fig. 3). The influence
of temperature on the phase diagram has already been
calculated. It is shown that the diamond growth region
narrows with increase of the substrate temperature. The
theoretical projective phase diagram with a narrow range

700 e . of T and P (1100—1500_K, 1—_10 kPa), ag_shown in
P[kPa] Fig. 4, agrees exactly with Marinelli's empirical result

. . based on his critical experimental d&taThe possible

FIG. 1. Thre_e;dmensmnal su_bstrate tempera(m)e—total_ pressure diamond growth region above 1300 K (not shown in the
(P)—composition(X) phase diagram calculated for activated CVD

diamond growth from C—H systems. Oblique line shadow parts are th®aper) i§ very close to theZ_HCO tie line in t_he triangle
diamond growth region at pressures 0.01, 1, and 100 kPa, respectivelphase diagram. That is owing to the formation of a stable

0.01 kPa
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non-diamond
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non-diamond growih region

/
H/(C+H)
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a(max) 77
// = 0.1
a(min) #5675
H T T T T T 3 T IO

0.1 O/(H+0) —= 0.9

without any exception, but, inversely, a thermodynam-
ically possible process may be kinetically impossible,
or its kinetic rate approximately equals zero. A famous
example is (2H + 0O,;) mixture. The formation of
water from the mixture is highly thermodynamically
possible even at room temperature, but in fact the
kinetic rate of the water formation reaction nearly equals
zero; i.e., the reaction is kinetically impossible at room
temperature without a catalyst (such as platinum black)
or an initiation (such as a spark).

One can also find the following words in a textbook:
“In the last century all experiments for transforma-
tion of graphite into diamond failed of success. Later
thermodynamic calculations showed that only if the
pressure is over 15000 times higher than atmospheric
pressure the transformation of graphite into diamond is

FIG. 3. Projective C—H—O ternary phase diagram for activated lowPOssible.? Thgse WordS_Were based only on eqUilibrium
pressure CVD diamond growth. Oblique line shadow part is the posthermodynamic calculation. Thermodynamics consists of
sible diamond growth region at pressures between 0.01 and 100 kP@qui”brium thermodynamics and nonequilibrium ther-

and above 700 K.

modynamics. The calculation based on nonequilibrium
thermodynamics in this paper shows that the transforma-

CO above 1300 K. The gas composition excluding CQon of graphite into diamond is possible under activated
is similar to a mixture of~1% methane in hydrogen, |ow pressure CVD conditions. The conclusions coming
which is a typical gas source composition for activatedirom equilibrium thermodynamics and nonequilibrium

diamond growtH?

IV. DISCUSSION

Some have the point of view that the growth of

thermodynamics can be opposite each other, but both of
them obey the first and the second thermodynamic laws.
That is, conclusiondepends orcondition.

About the coupled reactions there was a question for

activated CVD diamond is controlled only by kinetics, Some why the driving force coming from the association
not thermodynamics. It is incorrect, because kinetics an@f SAH (or SAO) does not accelerate the transformation
thermodynamics compensate each other from differerfef diamond to graphite, but accelerates only the transfor-
sides, but not against each other. As a basic point ofation of graphite to diamond. That is due to the differ-
view in physics and chemistry, any practical kinetically €nt structures between graphite and diamond. Graphite
possible process must be thermodynamically possiblés of unsaturatedp® structure with bigr bonds, while

C

P:1-10kPa,T:1100-1500K

Marinelli’'s experiments 0.1 0.9

o Nofdiamond theoretical boundary
n  no deposit (near the same for
< diamond Marinelli’s line)
non-diamond X e
h regi Bachmann’s line
H/(C+H) / o/ grom region

possible
diamond
growth

region no deposition region

| I i ! 1 f io
0.1 O/(H+0) — 0.9

FIG. 4. Projective C—H-O0 ternary phase diagram in a narrow rang
of TandP (1100-1500 K, 1-10 kPa) for activated low pressure CVD

e

diamond is of saturatedp® structure witho bonds.
During the presence of SAH (or SAO), additional reac-
tion of atomic hydrogen is much easier to take place for
unsaturated graphite. Therefore, the clusters on graphite
surfaces (unsaturated aromatic benzene-like structure)
are much easier to be etched away, and to form gaseous
hydrocarbons (such as methane, acetyleng, with
superequilibrium (also called supersaturated) concen-
trations to diamond. The species (i.e., £H.) coming
from the pyrolysis of these gaseous hydrocarbons will
only form or enlarge the saturated clusters on diamond
surfaces (saturated aliphatic cyclohexane-like structure),
but will not form or enlarge the graphite clusters, if
the concentration of SAH (or SAO) is over a certain
value. The kinetic barrier and mechanism of the coupled
reactions in the activated CVD diamond process have
been discussed in our other paper.

According to the mechanism mentioned above, it
is also very clear that the transformation of a graphite

diamond growth. Agreement between our theoretical phase boundari&urce to diamond production is not via a direct

and Marinelli’s critical empirical phase lines is excellent.

solid-solid phase transformation process, but via a
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gaseous intermediate process. The superequilibriurREFERENCES

activated particles play a very important role in
CVD diamond processes, just as mentioned by many,
scientists in this field.

On the ternary phase diagrams, if a planar triangle3.
phase diagram includes experimental data at different
temperature and different pressure, such as Bachmann’gs
diagram, it must be a projective phase diagram. Different
phase regions (i.e., non-diamond carbon deposition
region, diamond growth region, and gas region) will 5.
partially overlap each other. It is not necessary to exclude
non-diamond carbon deposition data and no depositiory
data out of the possible diamond growth region. On the
other hand, up to now no reliable experimental diamond7.
growth data over the CH-CO tie line have been found 8.
in the literature. Bachmann’s upper border phase line®:
of the diamond growth region might be too low at
the hydrogen-rich corner and too high on the oxygenqg.
rich side.

11.

V. CONCLUSIONS 12.

All of the calculated phase diagrams are only foris.
diamond growth systems under activated conditions
(stationary nonequilibrium conditions), so that thesel4-
phase diagrams are called phase diagrams of stationary
nonequilibrium states. Once a sufficient supply of exter- g
nal activating energy stops, diamond growth regions (or
possibly diamond growth regions in projective phase
diagrams) will no longer exist. The new concept of
phase diagrams of stationary nonequilibrium states i
an important extension and a new challenge to thg,
traditional concept of classical equilibrium thermo-
dynamics. It could be useful also for syntheses of othets.
metastable materials (such as c—-BN-C3Ng4, ...)

and even for the bioprocesses in living things. 19.
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