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A new method for growth of diamond seed crystals at metastable conditions is described.
The process is realized isothermally (at temperatures in the range of 1000 K to 1400 K) in
the closed volume of a quartz ampoule, via appropriate chemical transport reactions or in a
CVD-apparatus. Vitreous carbon materials and other non-equilibrium forms of carbon,
representing state of frozen-in disorder, increased thermodynamic potential and chemical
affinity, are used as a constant driving force of isothermal crystallization.

The experiments are based on the detailed analysis of the thermodynamic properties of
carbon modifications and on the influence of dispersity and the degree of disorder on their
thermodynamic potential. Additional kinetic factors, influencing the diamond growth, like
introduction of active substrates and mechanism of incorporation of carbon atoms in
growing diamond face are also analyzed discussed in their possible technical application.

© 2003 Kluwer Academic Publishers

1. Introduction

In present-day artificial diamond synthesis two main
possibilities are employed. First is diamond formation
and growth at high pressures and temperatures, in the di-
amond stable region of the carbon phase diagram [1, 2].
Second comes metastable diamond growth at relatively
low temperatures and normal pressure in the graphite
stable field of the phase diagram [3-6]. The last pos-
sibility can be interpreted as being based on the pre-
dictions of Ostwald’s Rule of Stages, especially in its
kinetic interpretation in the framework of classical for-
mulation of the nucleation theory [7-9]. The technical
applications of the metastable diamond syntheses are

* Author to whom all correspondence should be addressed.

0022-2461 © 2003 Kluwer Academic Publishers

realized in different variants of CVD processes [3, 6],
taking place in temperature gradients, usually in the
C/Hy/H* system [10-12].

Glasses and many other defect solids are from ther-
modynamic point of view non-equilibrium, frozen-in
systems. In such systems not only a structure with in-
creased disorder, but also a state with increased thermo-
dynamic potential is frozen-in. This determines higher
vapour pressure, solubility and chemical affinity of vit-
reous and vitreous-like solids [7, 13, 14]. Thus in such
materials also the possibility is accumulated to be a
sources of increased supersaturation in the processes
of phase segregation and crystallization.
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Figure 1 The thermodynamic properties of the different forms of
carbon in terms of Gibbs’ thermodynamic potential. (a) The temperature
course of the thermodynamic potential G (T') of graphite (1), Gq(T') of
diamond (2), of the undercooled carbon melt (3) and of the hypothetical
glass (4), formed from the undercooled melt at a glass transition temper-
ature Ty = (1/3)Tyy, where Ty, is the melting temperature of graphite. In
the insert is given the temperature dependence (5) of the thermodynamic
potential G(7') of carbon vapours. Note that the values of the differences
AGv/gr(T) = Gu(T) — Ggr(T) and of AGv/d(T) = Gy(T) — Ga(T)
are nearly equal. (b) The thermodynamic potential of the same forms
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We propose here a isothermal method of metastable
diamond growth where vitreous carbons and other
carbon materials, representing thermodynamically
non-equilibrium states of frozen-in disorder (such as
soot, medical carbons, nano-dispersed diamond pow-
ders etc.) are used as a constant driving source of
crystallization, additionally assisted by the high dis-
persity of the material. In experimental realization of
this thermodynamic possibility both transport in hydro-
gen plasma in isothermal CVD experiments as well as
several chemical gas transport reactions, taking place
in the closed volume of quartz ampoules at constant
temperature were used.

2. Theoretical background

The method reported here is based on the thermody-
namic analysis of the non-equilibrium forms of car-
bon [15]: especially of various vitreous carbons and of
crypto-crystalline carbon materials (such as soot), dia-
mond dust in micro and nano-sized dispersion etc. The
results are summarized on Fig. 1, giving the temper-
ature course of thermodynamic potential of graphite,
diamond, liquid carbon and different forms and dis-
persities of vitreous carbon materials. They are con-
structed taking into account the well known thermody-
namic properties of crystalline graphite and diamond
[16, 17] (curves 1 and 2) and in estimating the ther-
modynamic properties of the still hypothetical liquid
carbon melt (curve 3) from general theoretical con-
siderations (described in details in [18, 19]) and from
the analogy with other Fourth Group elements (Si, Ge,
Sn, Pb). Curve 4 represents the course of the thermo-
dynamic potential of hypothetical carbon glass, if it
could be obtained as a frozen-in, non-equilibrium sys-
tem from the undercooled carbon melt.). Such carbon
glasses could be formed, e.g., at extreme splat cool-
ing rates from the melt (if such an experiment should
be possible at kbar pressures), or as reported here:
as the solid C/Hp/H* plasma—born amorphous car-
bon droplets we have synthesized in CVD-experiments.
On the insert (curve 5) the thermodynamic potential
of carbon vapours is given. On Fig. 1b the respective
differences AG(T) (according to crystalline graphite)
are constructed. With curve 2 the temperature depen-
dence of the thermodynamic potential difference dia-
mond/graphite is indicated [20, 21]. Curves 6 and 7 rep-
resent the A G(T')-course for two samples of amorphous
materials, called vitreous carbons, experimentally

of carbon as in a) in terms of the differences AG(T') (vs. Gg(T), given
now as the abscissa line (1)). Thus curves 3, 4 indicate here the potential
difference melt/graphite and diamond/graphite. With curves 6 and 7 are
introduced the thermodynamic potential differences of two vitreous car-
bon forms—one we synthesized from furfuril resins, and a commercial
product, respectively. Here as in a) both G(T') and AG(T) refer to bulk
materials. Note that considerable values of AGyg and AGy/q when
compared with the difference AGq/g(T) = Ga(T) — G (T), given with
curve 2. (c) The same Gibbs potential differences as in (b). However
here 6’ and 7’ refer to vitreous carbon glasses brought to nano-size di-
mensions. The potential difference AG(T') for nano-sized diamond vs.
bulk graphite is introduced with curve 8. Note the change of the intercep-
tion points: with Simon’s AG(T)-(curve 2 for bulk material) and when
nano-size materials are used (curve 6, 7 and 8).



determined from our own or from existing caloric and
solubility measurements [15, 22, 23].

It is obvious from Fig. 1b that the commercially
known vitreous carbon materials although having a
frozen-in structure are far from the expected prop-
erties of the hypothetical carbon glass, given with
curve 4. This is explained by the circumstance that
these vitreous-like carbon materials are not obtained
directly from the carbon melt, but are the result of pro-
cesses of high temperature pyrolysis of organic resins.
Their structure is known to be in fact a combination of
distorted sp? and sp> bonded carbon regions intermin-
gled with cripto-crystalline graphite regions [24]. The
AG(T)-course of these and similar vitreous carbons, as
seen on Fig. 1b (curves 6 and 7), intercepts the AG(T)-
curve of the diamond/graphite equilibrium (curve 2)
at temperatures between 600 K and 800 K. At tempera-
tures below this point the vitreous carbon — diamond
transformation should be possible; at higher tempera-
tures diamond is more stable than the respective carbon
glass. This is in essence the main idea of our method.

It turned out in our experiments that temperatures
below 800 K are too low to guarantee sufficient re-
action rates with the gaseous transport reactions em-
ployed. So in order to use vitreous carbon materials
as a source of supersaturation in metastable diamond
growth experiments the thermodynamic differences in-
dicated on Fig. 1b have to be increased by an additional
method: for instance by dispersing the precursor ma-
terials to nano-size dimensions (by milling and similar
mechano-chemical procedures).

Applying the well-known Thomson-Gibbs formula
AG* = (20Vn/R) giving the increased thermody-
namic potential AG* of a solid cluster of radius, R,
having interface energy, o, in respect to the surrounding
phase, vertical shift of the AG(T')-curves to higher po-
tential values is to be expected. Introducing R = 10 nm
and applying reasonable values for o (20 J/m? for di-
amond, 15 J/m? for graphite) and for the molar vol-
ume Vi, (3.4 cm?/mol for diamond, 5.2 cm?/mol for
graphite) of the corresponding carbon phases we con-
structed the AG(T) lines, given on Fig. 1c (6/ and 7).
Thus the interception points of the AG(T)-curves for
vitreous carbons with the AG(T)-curve for diamond
appear at considerably higher temperatures. Curve 8
on Fig. 1c gives the thermodynamic potential of nano-
dispersed diamond dust.

In the experimental realization of the above outlined
thermodynamic possibility additional kinetic factors
have to be taken into account. The first factor is con-
nected with introduction of seed crystals in the system.
According to the kinetic treatment of Ostwald ‘s Rule of
Stages [7, 8], initiated by Stranski and Totomanov [9],
the respective nucleation rates determine the predomi-
nant formation of one of two possible modifications (a
stable and a metastable one). Thus in the framework of
the general nucleation theory as it is outlined in [19]
the kinetic condition

(Por/ Pa)(0gr/0) (VE/ VE)>(AGy/gr/ AGyja)>1

has to be fulfilled for the predominant formation of
metastable phase (here—of diamond). Here oy and oy
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Figure 2 The two experimental arrangements employed in the experi-
mental realization of the isothermal transformation vitreous carbon —
diamond, glassy carbon — diamond: via gas transport reaction (a) or
plasma assisted gas transport reaction (b). (a) Quartz ampoule for the
gaseous transport realization of the vitreous carbon — diamond transi-
tion: (1) Seed diamonds; (2) micro-sized vitreous carbon; (3) catalysator;
(4) transport gas filled ampoule; (5) sealed ampoule inlet. (b) Vacuum
chamber for hydrogen—plasma assisted transformation carbon glass —
diamond: (1) seed diamond; (2) hydrogen CVD plasma-born glassy car-
bon sphere; (3) Mo—substrate at 1,400 K; (4) vacuum chamber filled
with hydrogen; (5) cathode; (6) anode; (7) optical hot filament pyrome-
ter; (8, 9) inlet system for hydrogen (and when necessary of Methane or
other carboneous gases).

indicate the corresponding surface energies in respect
to the gaseous phase and @ is the nucleation activity of
seed crystals introduced in the system [7, 8] (in general:
0 <® <1). Asfaras (AGy/er/AGyq) = 1 (asitis
seen from Fig. 1a), the fulfilment or not fulfilment of
above condition becomes dominantly dependent only
on the value of ®: i.e., whether diamond (than®y = 0)
or graphite (than ®,, = 0) was introduced as the seed
crystal in the system.

The second, significant kinetic factor to be accounted
for is determined by the mechanism of incorporation
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Figure 3 Growth of diamond crystals as revealed by microscopic observation (a, b, ¢, d—in quartz ampoule growth; e—in plasma vacuum chambre).
(a) Continuous growth of diamond seed crystal (50 h at 1,259 K) with iodine vapor—transport, from micro-crystallized diamond precursor material.
Note also several growth pyramids. (b) Formation of a diamond microcrystal (75 h at 1250 K) on a seed diamond surface with sulfur transport, from
micro-dispersed vitreous carbon precursor. (c) Graphite formation, intermixed with an amorphous condensate on seed diamond sample, cycled several
times between 800 and 1250 K (sulfur-transport gas, from micro-sized vitreous carbon). (d) Formation of vitreous carbon microspheres on diamond
seed crystal at lower temperatures (50 h at 1,050 K) with J,-transport from micro-sized vitreous carbon precursor. (¢) Diamond crystal growth in

hydrogen-plasma experiments in vacuum chamber (8 h at 1,400 K); demonstration of growth from a glassy carbon sphere. a, b—optical microscopic
pictures; ¢, d, e—SEM observation.
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of ambient phase molecules into the growing diamond
face, depending mainly on chemical transport reac-
tions employed. Because of the enormous strength of
the C—C bonding the direct incorporation of vapour
phase C atoms at the desired relatively low temperatures
(1000-1400 K) into the diamond lattice is very improb-
able. Detailed investigations of the system C/H,/H*
show that most probably at plasma conditions the hy-
drogen atoms (H*) are absorbed on diamond surface,
occupying active growth sites C*. Then incorporation
of new carbon atoms is realized via the reaction [3,
6, 9] C(H*) + H* — C* + H, 1 giving “dangling
bond” diamond sites and molecular hydrogen. At tem-
perature about 1200 K this process is much more eas-
ier than the direct incorporation of C atoms into the
diamond face (see also [25])—a process only possi-
ble with very highly activated C* atoms in the vapour
phase [26]. The incorporation of carbon atoms at rel-
atively low temperatures can be additionally enhanced
by the presence of halogen atoms [27]. Via the reaction
H; + CI* — H* + HCl they can catalyse the formation
of atomic hydrogen at lower temperatures.

3. Experimental procedure

In a series of experiments we succeed to realize the
expected vitreous carbon — diamond transformation,
using several gas transport reactions. The first exper-
imental realisation we obtained in sealed quartz am-
poules with the construction, given on Fig. 2a. The
seed crystals (natural or synthetic diamonds of 0.01 mm
to 0.1 mm, sometimes in the form of larger polished
brilliants), preliminarily weighted on a sensitive mi-
crobalance, were placed on the one hand side of the
ampoule. On the other hand side of the ampoule the pre-
cursor carbon material was placed, usually in the form
of fine-grained powder (size of grains between 10 and
100 nm). Besides the already mentioned vitreous car-
bons, as carbon precursor material also some other ma-
terials with different degrees of crystallinity, structure
and dispersity were tested: different blends of soot,
medical carbons and nano-dispersed diamond powders.
In any of these materials owing to defect structure and
nano—size dimensions an increased thermodynamic
potential is frozen—in. The good results obtained with
diamond powders may be of principal technical inter-
est, as they demonstrate the possibility to exploit for
diamond growth directly the AG* difference, deter-
mined only by size effects via the already mentioned
Thomson-Gibbs equation. With these nano-sized di-
amond precursor samples the kinetic problems con-
nected with the sp> — sp? transformation are to a great
extent eliminated and smooth diamond growth was eas-
ily achieved.

For realisation of the transformation precursor car-
bon material — diamond in the closed volume of the
quartz ampoules several gas-transport reactions were
used. Besides the conventional CHy/H, /H* system (in
which H*-atoms formation was catalysed by a heated
Pd-foil) with greater success several other transport re-
actions were used: C + 2I, — Cly, C 4+ 2Br; — CB,4,
C + S — CS; etc. (known from previous experiments,
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Figure 4 (a) The X-ray patterns of an assembly of small technical syn-
thetic precursor diamonds (50 ;wm) used in the experiments before treat-
ment. (b) The X-ray patterns of crystals nucleated and grown from the
H-plasma apparatus. (c) The X-ray pattern of the precursor diamonds
after ampoule growth.

see [3, 4]). The desired gaseous phase was formed by
introducing the necessary reagents in solid form (e.g.,
sulphur, iodine, CBry, paraffin) in small quartz tubes,
which cracked in the initially evacuated quartz am-
poules upon heating.

Another possibility in demonstrating the vitreous
carbon — diamond transformation was by using a con-
ventional vacuum plasma apparatus with the construc-
tion, given on Fig. 2b. At the first stage of this exper-
iment we obtained via the CVD condensation process
glassy carbon droplets at relatively low substrate tem-
perature (1073 K), using a mixture of hydrocarbons
as a precursor carbon material. At the second stage on
the Mo-anode of the same CVD vacuum apparatus (ini-
tially evacuated and than filled with H,-gas) one of thus
plasma-synthesised glassy carbon samples and a dia-
mond single crystal were mounted, both having dimen-
sions of approximately 1 mm (Fig. 2b). In the closed
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Figure 5 Typical Raman spectra of various carbon condensates investigated: (a) Diamond over-growth on synthetic diamond seed crystal;
(b) diamond over growth on natural diamond seed crystal. Note here the additional luminescent Raman background characteristic of natural diamonds.
(c) graphite condensation (right hand peak) and amorphous material (left hand peak); (d) vitreous carbon condensate (amorphous microspheres, cf.

Fig. 3d).

volume of the vacuum chamber a hydrogen plasma was
triggered (at 1000 V) and at temperature of the substrate
1400 K, in this surrounding, the carbon glass sample
was isothermally fully transformed into the diamond
single crystal.

4. Results and discussion

The isothermal ampoule growth experiments with vit-
reous carbons and the other mentioned precursor car-
bon materials were performed in the range of 1000 K
to 1400 K at approximately 1bar and with a duration
from 12 to 150 h. As a result diamond growth rates of
~ 0.5 um/h were achieved, leading (at optimal super-
saturations ¥ = (AGy cabon/d/RT) €.g., at y ~ 0.01)
to the smooth growth of the introduced diamond seed
crystals (Fig. 3a). At higher supersaturations (y ~ 0.1-
0.2) beside continuous growth also the formation of
typical diamond growth pyramids or diamond single
crystallites was observed (Fig. 3a, b), thus indicating
secondary nucleation. This is, as far as we known, the
first proof of the vitreous carbon — diamond synthesis
at metastable conditions and constant temperatures. At
further increased supersaturations the dominant forma-
tion of graphite structures on the diamond seed crys-
tals followed (Fig. 3c). At lower temperatures usually
carbon glass-like condensates were also observed (the
micro-spheres on Fig. 3d).

Highest growth rates and the formation of smooth
epitaxial diamond or diamond-like films in the ampoule
growth arrangement were obtained with the above men-
tioned iodine and sulphuric gaseous transport reactions,
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followed in efficiency by the CHs/H,/H* system. A
thermochemical analysis revealed that this sequence is
determined by the percentage of atomic reagent (H*,
S*,T*), present in the system (depending on the strength
of the respective H—H, S—S, I-I or C—H, C—S, C-1
etc. bonding, decreasing from H to I). The formation of
atomic hydrogen in the CH4/H,/H* systems is con-
nected with considerable difficulties because of the
strength of the H—H bonding (requiring either hydrogen
plasma [10, 11, 27] or an extremely hot (up to 3,500 K)
filament source of activation [3, 6, 10, 27]. This is why
also other gaseous reactions were tested. In some re-
spect systems Cly /I, /I* and CS, /S, /S* repeat at lower
temperature the thermochemistry of the CH4/H,/H*
system at 3000 K, because of the decreased chemical
bonding there.

At the above described CVD-arrangement experi-
ments considerably higher growth rates (approximately
100 pum/h) were observed (Fig. 3e). These experi-
ments also indicate that in fact via vacuum-plasma
condensation glassy carbon droplets were produced,
corresponding in their thermodynamic properties to
the temperature course, depicted with curve 4 on
Fig. 1.

In order to proof diamond growth as a result of
our experiments some complimentary methods and
techniques were used. The growth of the individual
seed crystals was followed by exact weight measure-
ments (performed with an accuracy of +2.107%g), by
X-ray and electron RHE-diffraction (confirming the
crystalline nature of the condensate) and by UV-
induced luminescent microscopy investigations.



Fig. 4a gives the X-ray patterns of an assembly of
small technical synthetic precursor diamonds (50 um
mean size) used in the experiments before growth treat-
ment. The next picture (Fig. 4b) gives the X-ray pat-
terns of crystals like those given on Fig. 3e), nucle-
ated and grown from the H-plasma apparatus (Fig. 2b)
clearly demonstrating their diamond structure. Lastly,
(Fig. 4c) shows the X-ray pattern of the precursor di-
amonds after the described ampoule growth: again the
diamond structure is demonstrated. However, as ex-
pected it also turned out that formation of separated
tiny graphite micro-crystals at the precursor diamond
surface at conditions where this form of carbon con-
densates prevailed (see Fig. 3c), was not registered
by X-ray analysis. This is why as our most efficient
method of result analysis micro-Raman spectrography
was used.

With the last method diamond overgrowth could
be detected when natural diamond seed crystals
were used: synthetic overgrowth layers from our exper-
iments showed no luminescence. Decisive in differen-
tiating in between different structures of the condensate
in our experiments was, however, Raman spectroscopy
[28], used in a microscopic laser beam arrangement.
Typical Raman spectra, we obtained, are given on
Fig. 5.

EDX and WDX microanalyses were performed to
verify the chemical composition of condensates. For
the case of Cly/I/I* and CH4/H,/H} systems only
traces of iodine (below 0.01%) were thus found. How-
ever, it turned out that with sulphur as a carrier gas con-
siderable amounts (up to 1-2%) sulphur can be intro-
duced into the growing epitaxial diamond films. When
micro-dispersed diamond precursor materials, milled
in a W-carbide milling apparatus were used, also W-
contamination were introduced with the sulphur trans-
port reaction.

5. Conclusions
Specific advantage of the method for diamond growth,
reported here is that in the ampoule growth method,
the supersaturation applied is determined only by the
actual temperature of experimentation, predestining (at
given structure and dispersity of precursor carbon ma-
terial) the interception point and the spread of the
respective AG(T)-vitreous carbon/graphite, AG(T)-
diamond/graphite curves (see Fig. 1). The technical
advantages of such procedure of isothermal growth at
relatively low temperatures and normal pressures, at
which the process is realized at an apparative arrange-
ment (see Fig. 2a), are obvious. Low growth rates of
both diamond single crystals (even as precut brilliants)
or of thin diamond films give advantages in obtaining
smooth, defect free faces. Of particular significance is
also that these experiments give a direct conformation
of the thermodynamic non-equilibrium state and rela-
tive stability of vitreous and crypto-crystalline forms of
carbon.

Our thermodynamic diagrams (Fig. 1) and the exper-
imental results reported here on the different forms of
carbon condensation under differing conditions may be

also of interest in explaining processes of carbon con-
densation as graphite, as glass and as diamond in natural
processes taking place e.g., in interstellar space [29, 30]
and of the formation of diamond micro-crystals, found
in meteorites [31] or geological conditions.
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