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Charged carbon clusters which are formed by the gas activation are suggested to be responsible for the formation
of the metastable diamond film. The number of carbon atoms in the cluster that can reverse the stability between
diamond and graphite by the capillary effect increases sensitively with increasing the surface energy ratio of gra-
phite to diamond. The gas activation process produces charges such as electrons and 1ons, which are energetically
the strong heterogeneous nucleation sites for the supersaturated carbon vapor, leading to the formation of the
charged clusters. Once the carhon clusters are charged, the surface energy of diamond can be reduced by the electr-
ical double layer while that of graphite cannot because diamond is dieleciric and graphite is conducting. The
unusual phenomena observed in the chemical vapor deposition diamoend process can be successfully approached by
the charged cluster model. These phenomena include the diamond deposition with the simultaneous graphite eteh-
ing, which is known as the thermodynamue paradox and the preferential formation of diamond on the convex edge,

which is againsi, the well-established concept of the heterogeneous nucleation.
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1. Introduction

lthough the low pressure synthesis of diamond has
been intensively studied, the underlying principle for
the formation of the metastable diamond is not un-
derstood yet."® Understanding the mechanism on the
chemical vapor deposition {(CVD) process of diamond
should be the first step for the systematic approach of
the process and for the application of its principle to
other systems. The fundamental question in the low pres-
sure synthesis of diamond™® is how the metastable di-
amond forms dominantly over the stable graphite in the
presence of the gas activation
One of the most popular explanation is the atomic hy-
drogen hypothesis suggested by the pioneering Russian
scientists® in this field. According to the atomic hy-
drogen hypothesis, the kinetics of etching of graphite by
atomic hydrogen is much higher than that of diamond,
which makes possible the dominant formation of the me-
tastable diamond over the stable graphite. This atamic
hydrogen hypothesis is equivalent to saying that kinetics
can go against thermodynamics, leading to the violation
of the 2nd law of thermodynamics. In spite of this weak
point, the atomic hydrogen hypothesis is strongly sup-
ported by the experimental cbservation® that diamond
deposits on the graphite substrate while the graphite
substrate etches simultaneously. The experimental ob-
servation that the less stable diamond deposits and the

stable graphite etches is definitely against the ther-
modynamie concept and are known as the thermodynamic
paradox.”

We previously suggested the charged cluster model,”
which was based on the capillary effect of the small clust-
er. This model eould successfully explain the diamond de-
position with the sitnultaneous praphite etching without
leading to the thermodynamic paradox.” The purpose of
this paper is to deseribe the role of charge, which in-
duces the gas phase nucleation and stabilizes the di-
amond cluster over the graphite one,

IL. Capillary Effect of the Small Cluster

Any irreversible process such as the CVD diamond pro-
cess should satisfy the 2nd law of thermodynamics. The
CVD diamond process is the precipitation of diamond
from the gas phase chemical reaction. The precipitation
is the phase transition from gas to solid, in which the nu-
cleation of the solid carbon from the gas phase is in-
volved. In the nucleation stage, the high capillary pres-
sure is built up inside the embryanic clusters. We pre-
viously showed that this capillary pressure is high
enough to make diamond more stable than graphite in
the nucleation stage and that the dominant nucleation of
diamond over graphite is possible.*”

From the view point of this capillary approach, the
CVD diamond process is identical to the phenomenon of
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the dominant formation of the metastable phase over the
stable one when the stability is reversed in the nu-
cleation stage. Zirconia particle is one example: the me-
tastable tetragonal zirconia particles are formed dom-
inantly over the stable meonoclinic zirconia particles
when they are precipitated from the liquid phase or the
gas phase” This phenomenon is relatively well-es-
tablished based on the capillary effect of the small zir-
conia particle” The dominant nucleation of the me-
tastable phase over the stable one is general, Most of li-
quid droplets, when nucleated from the vapor phase, can
be formed below the melting point. This phenomenon is
known as the Ostwald stage rule” A theoretical in-
terpretation of this phenomenon was given by Stranski
and Totomanow' based on the capillary effect in the nu-
cleation stage.

The Gibbs Free energy of the formation of the solid
particle from the gas phase is expressed as

AG = —n Ap+(4m)9? (3028 an?? (0

where n is the number of atom contained in the solid
particle, Ap the driving foree per atom for precipitation
from the gas phase, ¢ the surface energy, Q) the atomic
volume. We can write this expression for graphite and di-
amond. By equating them and solving for n, the fol-
lowing expression can be derived.
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where 6™ and o™ are the surface energies of the stable
and metastable phases, Q™ and Q" the atomic volumes,
and A" ™ the free energy change per atom between di-
amond and graphite. The crucial difference between car-
bon and zirconia systems is the number of atoms inside
the particle that reverses the stability between the
stable and the metastable phase. Estimation by Eq. (2)
indicates that the stability between graphite and di-
amond is reversed for the particle size less than one
nanometer while the stability between the monoclinic
and the tetragonal zirconia is reversed for the much larg-
er gize of thousands of nanometer. This difference might
be related to the fact that the dominant formation of the
metastable tetragonal zirconia cannot be avoided in the
precipitation from the liquid or the gas phase while the
dominant formation of diamond is achieved only when
the gas activation is adopted. Eq. (2) indicates that in
order to stabilize diamond over graphite, n* should be in-
creased. The atomic volume and the free energy change
between diamond and graphite in Eq. (2) are not af
fected by the processing condition. The surface energy is
the only parameter that can be affected hy the pro-
cessing condition. With the reported values of the re-
lated parameters in Eq. (2), n* is estimated to be around
350 at 1200 K. This means that for the carbon cluster
containing the carbon atoms less than n*, diamond is
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more stable than graphite, When the critical nucleus of
the solid carbon contains atoms less than n*, nucleation
of diamond would be dominant over that of graphite.

This analysis of the capillary effect of the small cluster
indicates that the dominant formation of the metastable
diamond over that of the stable graphite can be ap-
proached by considering the capillary effect in the nu-
cleation stage. This analysis based on the capillary effect
does not violate thermodynamics and, in this respect,
seems to be more sound than the atomic hydrogen hy-
pothesis.

III. Role of the Gas Activation

The gas activation process is essential to the suc-
cessful synthesis of the CVD diamond. Unless the gas ac-
tivation is adopted, graphite forms dominantly over di-
amond From the viewpoint of the capillary ther-
modynamiecs in the nucleation stage, the gas activation
is to increase the stability of the diamond cluster over
the graphite cluster. Stabilization of diamond can be
achieved by increasing n* in Eq. (2). And n* can be in-
creased by the surface energy modification in such a way
that the ratio of the diamond surface energy to that of
graphite decreases.

At the constant temperature and pressure, there are
two ways that the surface energy can be modified by the
gas activation: adsorption and electrocapillarity. The
former iz described by the Gibbs adsorption equation'®
and the latter by the Lippmann equation.” The elec-
trocapillarity is effective for the polarizable interface
when the interface is electrified. Thus, one possibility is
that the gas activation produces the species such as
atomic hydrogen, whose adsorption on diamond decreases
the surface energy more than its adsorption on graphite
does. The other possibility is that the gas activation pro-
duces charges, whose attachment on diamond decreases
the surface energy more than its attachment on graphite
does. These two effects may be additive. The first pos-
sibility was suggested by Badziag et al.”® and the second
one by Hwang et af”

It might be true that the atomic hydrogen is produced
by the gas activation but at the same time, it is evident
that the gas activation produces charges. It should be
noted that plasma itself is maintained by the continuous
produetion of charges and the hot filament is used as the
electron sources. Thermodynamic analysis of the CVD di-
amond process indicates that the activity of carbon in
the gas phase is higher than those of hoth graphite and
diamond. That is, carbon in the gas phase is su-
persaturated with respect to its precipitation. When
there exists supersaturation in the presence of abundant
charges, the charge-induced nucleation is energetically
highly probable. The charge-induced nucleation is well
established in the Wilson eloud chamber'™ and the bub-
ble chamber™ experiments, where the track of the high
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energy particles is revealed by the growth of the nuclei
formed by the ion-induced nucleation. In these ex-
periments, the accelerated high energy particles eollide
into a supersaturated medium and preduce ions, which
become the site of nucleation, marking the track of the
high energy particles.

Phenomenaologically, it is well established that the
charges enhance the nucleation. And ahundant charges
are produced by the gas activation in the CVD diamand
process. Therefore, it seems to be essential that the pos-
gibility of charge-induced nucleation should be con-
gidered in the CVD diamond process. We will use the
classieal equation by Volmer” and Thomson,”™ who first
investigated the charge-induced nucleation and showed
that vapor molecules form stable clusters about all gase-
ous lons.

When the condensed phase is dielectric like diamond,
the interface would be polarizable. The interface of the
charged dielectric cluster will form an electric double lay-
er, which will decrease the interfacial energy. Aecording
to this amalysis, the free energy of the charged cluster
can be written as
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where r is the radius of the cluster and Ap, the free en-
ergy change hetween the gas and the condensed phase.
¢ and o, are the surface energy of the neutral cluster
and the decrease of the surface energy by the electrical
double layer, respectively. z is the total number of
charge and e, the unit charge. ¢; and €, are the dielectric
constants of the pas phase and the condensed phase,
respectively.

This equation indicates that the charge affects the sur-
face energy term and introduces the Coulomb energy
term. The surface energy modification by the elec-
trocapillary effect at the electrical double layer imposed
by the charge is described by the Lippmann equation,
which is
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where v is the surface energy, V, the potential difference
and q, the charge density. In order to obtain the ex-
pression for the effect of the charge on the surface en-
ergy, the functional dependence of the charge density on
the potential difference should be known. Since Eq. {(4)
indicates that the charged interface is capable of storing
charge, the capacitance of an electrified interface can be
defined. In order to simplify the treatment, the elect-
rified interfaces will be treated as the parallel-plate con-
denser. In that case, the potential difference across the
condenser g™
_dmd

Y Pt (5}
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where d is the digtance hetween the plates and e is the
dielectric constant of the material hetween the plates. In
the electrocapillary curve, the surface energy is max-
imum when the excess charge is zero. Thus, hy sub-
stituting Eq. (5) into Eq. {4), the following expregsion can
he derived.
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This equation is the simplified expression for the effect
of the excess charge at the interface on the surface en-
ergy. Eq. (6) indicates that the surface energy reduction
depends on the dielectric constant at the interface and
the ability to store the excess charge at the surface.
Dielectric diamond is expected to be much meore fa-
vorahle than the conducting graphite in reducing the sur-
face energy by charge. Thus, the charge will increase the
stability of the diamond cluster over the graphite cluster.

Though we cannot make a guantitative estimation of
the surface energy decrease of the diamond cluster hy
this simplified treatment, we can conclude that the
charge produced by the gas activation can result in the
unbalanced reduction of the surface energy between di-
amond and graphite in the way that favors the stability
of the diamond clusters. In Fig, 1, we assumed the de-
crease of the diamond surface from 10% to 30% and com-
pare the stability between the diamond and the graphite
clusters. The unreduced diamond and graphite surface
energies used in Fig. 1 are 3.7 J/M® and 3.1 J/M’, respec-
tively. The calculation is based on thermodynamic con-
dition of 1%CH,-99%H,, 1210 K and 2700 Pa.

This reduction in the surface energy will reduce the nu-
cleation barrier and this effect would be additive to the
reduction of the nucleation barrier by the Coulomb en-
ergy. Fig. 2 shows the effect of the Coulomb energy term
on the nucleation curve for the singly, doubly and triply
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Fig. 1. Plots of the Gibbs free energy versus the number of
atoms. Solid lines denote the free energies of diamond for
0%, 10%, 20%, and 30% reduction of the sur{ace energy and
a dashed line denotes the free energy of graphite.
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Fig. 2. Plot of the Gihbs free energy versus the number of a-
toms for the uncharged, singly charged, doubly charged, and
triply charged clusters.

charged clusters, which are compared with that of the
uncharged cluster. The surface energy, 2.659 J/M°, which
is the 30% reduction of the reported value, is used. And
the supersaturation ratio uwsed is 19.8, which is det-
ermined by the gas mixture of 1%CH,-99%H, at 1350 K
and 2700 Pa.”

Eq. (6) indicates that the surface energy is maximum
when there is no excess charge at the suwrface. However,
it is known that most of the surfaces are electrified more
or less and the surface with no excess charge is rather
exceptional. For example, the neutral water droplet is ne-
gatively electrified at the outer surface. Thus, the sur-
face energy of the neutral cluster is not necessarily max-
imum. In this sense, the presence of charge can even in-
crease the surface energy; this happens when the ne-
gatively electrified surface is attached hy the positive
charge. In this case, the surface energy will increase to
its maximum then decrease with increasing amount of
charge. Thus, the stability and the nucleation barrier of
the charged cluster can be affected by the sign of the
charge. Since it is known that the positive bias on the
substrate favors the good quality diamond in the CVD di-
amond process,”™ the sign of the charged diamond cluster
is expected to be negative. We expect that the positive
clugter ig the non-diamond phase and has a higher nu-
cleation barrier. It is known that the pretreatment by
the negative hias with the high methane concentration is
known to induce the very high nucleation density of di-
amond.” This might be due to the formation of the non-
diamond carbon layer, which can enhance the nucleation
of diamond. It iz known that any form of carbon
enhances the nucleation of diamond. In the charged clust-
er model, the landing of the charged diamond cluster
will enhance the formation of diamond on the substrate.
This landing seems to be difficult becanse of the
Coulomb repulsion. Any form of carbon, which consists of
the same element as the diamond cluster, might have
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the high van der Waals attraction, and would enhance
the landing of the charged diamond cluster in the gas
phase.

If our expectation that the positive non-diamond clust-
er has the higher activation barrier is correct, the carbon
supersaturation in the gas phase should be reduced in
order to minimize the precipitation of the non-diamond
cluster and maximize the precipitation of the negative di-
amond cluster with the small nucleation barrier. The su-
persaturation of carbon increases when the reactor pres-
sure decreases for the fixed ratio of methane and hy-
drogen. The quality of diamond goes worse with de-
creasing the reactor pressure in agreement with our ex-
pectation. On the other hand, if the carbon su-
persaturation is increased for the same reactor pressure,
the total amount of precipitation of carbon also increases,
leading to the large cluster size. When the cluster size in-
creases, two effects can result. First, the larger the clust-
er size, the less the rotational and vibrational entropy
the cluster has, which makes it difficult to make the ep-
itaxial sticking of the diamond cluster on the growing di-
amond {ilm. It is known that the clusters below some
magic size have the extraordinarily high diffusion rate.”
If ideal epitaxial sticking fails, the defect formation such
as twins or the stacking faults will form during growth
by the growth unit of cluster. When the cluster size in-
crease still further, the epitaxial sticking completely fails
and each cluster will have the different orientation with
others, which can result in the nano-crystalline structure.
We believe that the evolution of the bad quality of the di-
amond film such as the cauliflower, the ball-like strue-
tures and the microcrystalline diamond, which are form-
ed usually when the methane concentration is high, is
due to the large cluster size.

IV. Behavior of the Charged Cluster

The coarsening hehavior of the clusters would also be
affected by the presence of charge. And this effect is also
essential to the successful synthesis of the CVD diamond.
If the charge-induced nucleation takes place in the gas
phase, the coarsening behavior of the resultant charged
nuclei would be quite different from that of the neutral
clusters. The neutral clusters tend to coagulate each aoth-
er, leading to the maecro particles. However, the coag-
ulation of the charged clusters tends to be prevented by
the Coulomb repulsion. As a result, the charged clusters
remain as the fine clusters and can maintain its high ca-
pillary pressure.

The size of the individual charged clusters is det-
ermined by the relative amount of the total solid carbon
and the total charges. The free energy change for the sur-
face enerpgy reduction drives the coarsening of the in-
dividual clusters but the free energy change for the
Coulomb energy tends to maximize the surface area of
the charped clusters in order to reduce the charge den-
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gity and as a result, tends to minimize the size of the in-
dividual clusters. The size of charged clusters would bhe
balanced hetween the surface enerpy and the Coulomb
energy. The free energy of the N clusters, which pre-
cipitated from the gas phase and have the monosized ra-
dius v, is composed of the surface energy term and the
Coulomb energy term as

AG:N4m2cr+Nm( —i] 7
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with the following two constraints.
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and
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where 'z is the total charge of the system and 'V the to-
tal volume of the precipitated clusters. Here we assume
that the clusters are monosized and the total charge is
equally distributed among the individual -clusters.
Though more exact solution for the distribution of the ra-
dii and the charge of the clusters can bhe evaluated num-
erically by the Lagrange method, the assumptions that
we made here is for simplicity and for obtaining the
analytical expression for the radius of the cluster which
minimizes the Gibbs free energy. After eliminating N’
from Egs. (7) and (9), the following expression is ob-
tained.
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Eq. (10) indicates that the radius of the cluster should in-
crease in order to minimize the surface energy term but
should decrease in order to minimize the Coulomb en-
ergy term. By differentiating Eq. (7) with respect to 't
and by setting the resultant equation zero, we find 't for
the minimum of the Gibbs free energy, which iz ex-
pressed as

= Weoe {1
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and in terms of the number of atoms in the cluster, 0,
dos v :
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In Eq. (12), Q is the atomic volume. The number of
atoms in the cluster increases to infinity when the dielec-
tric constant of the condensed phase approaches that of
the gas phase. Then, the Coulomb energy term disap-
pears and only the surface energy term remains in Eq.
(7). In this cage, the Gibbs free energy becomes min-
imum when all the clusters coagulate into one large par-
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ticle. n' in Eq. (12) is propartional to the surface energy
and to the square of the ratio of the total cluster volume
to the total charge.

By substituting Eq. (11) into Eq. (9), we can cbtain the
expression for the total number of the clusters as

The total number of the clusters is proportional to the
square of the total charge for the given total volume of
the clusters. These results indieate that the coarsening
behavior and the size distribuiion of the charged clusters
would be quite different from those of the neuatral clust-
ers. The charged cluster would not grow in an unlimited
way but remain stable against the coagulation like a cal-
loid suspension. These expressions are derived by con-
sidering only the Coulomb energy. The more advanced
treatment considering the jon-induced dipole interaction®™
will be published elsewhere. From these analyses, we
can say at least that while the flocculation of the neutral
clusters would be fast, resulting instantaneously in the
coarse particles, the flocculation of the charged ones
would be slow.

In arder to increase the stability of the diamond clust-
er, the size of the cluster should remain small during the
process and this can be achieved by the presence of
charge. In order to increase the growth rate of the di-
amond film, the total volume of the cluster should be
large. But if the total volume of the charged clusters is
large compared to the total charges, the size of the clust-
er will be large so that the diamond cluster will lose its
stability and will transform into the non-diamond phage.
Thus, in order to increase the growth rate of the good
gquality diamond film, the amount of charge as well as
the amount of the carbon cluster in the gas phase should
be increased. The amount of the charge can be increased
by inereaging the plagma density in the plasma CVD di-
amond process and the amount of the carbon cluster can
be increased by increasing the carbon fraction in the in-
put source gas or by increasing the CVD reactor pres-
sure. It should be noted that these conditions are sa-
tisfied in the high density plasma CVD diamond process
which achieves the high growth rate of the good quality
diamend *

V. Crystallization of the Charged
Cluster into the Dense Film

The most difficult step in the charged cluster model is
to explain how the charged diamond clusters crystallize
into the 100% dense film. We will introduce the previous
report on the evolution of the dense structure from the
charged particles. (lasner and his colleagues™™ con-
firmed by the thermal method that the invisible nuclei

were formed in the solution supersaturated with respect
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to precipitation of KBr and KCl. They further confirmed
by the Pbh* content of the crystal that the final crystal
was built up from these invisible nuclei. We think that
the crystallization of the charged diamond cluster into
the dense film is exactly the same phenomenon as that
of Glasner and Tassa's. It was known that the addition
of the lead compound retarded the nucleation and
growth rate of KBr and KCl Glasner and Kenat™
measured the heat of crystallization by a systematic calo-
rimetric study, which showed that the nucleation of KCI
was enhanced rather than being suppressed by the pres-
ence of the lead ions. When no PbCl, was added, crv-
stallization began at 7°C below the saturation tem-
perature of KCl. On the other hand, in the case of 0.53
mg Pb"™ per 1000 g H,0 with 5418 g of KCl, cry-
gtallization began at 4°C below the saturation tem-
perature. From these measurements, they confirmed
that the invigible nuclei of KCI were formed in the solu-
tion. Since the precipitation of KCl tended to be
suppressed with increasing content of lead ions, they con-
cluded that only the block nuclei exceeding the eritical
size would precipitate®™™ Their most impertant con-
clusion was that the macro-crystal of KCl was formed by
these block nuclei. They further observed that the per-
fection of crystallinity increased with increasing content
of lead ions though the amount of precipitation was de-
creased. As will be explained below, these whole pictures
suggested by Glagner and hig colleagues are exactly the
same as those of our charged cluster model.

Although the highest packing density of the monosized
hard sphere is only 74%, 100% density can be achieved
because the cluster is not a hard sphere but has the high
vibrational and the rotational entrapy. The sticking beha-
vior of the charged clusters would be quite different from
that of the neutral clusters. The interaction between the
neutral clusters is dominated by the dispersion farce
{van der Waals attraction). On the other hand, both the
attractive dispersion force and the Coulomb repulsion
force are involved in the interaction between the charged
cluster. Since the charged cluster is a kind of colloid
suspension, the behavior of coagulation in the colloid sys-
tem will be referred. In the colloid system, the behavior
of the coagulation between the attraction-dominant and
the repulsion-dominant particles is quite different; the
first case is called the flocculation and the second the de-
flocculation.” When attraction is dominant, the particles
undergoing the Brownian motion will stick to each other
randomly, leading to a very porous packing. When re-
pulsion is dominant, however, the particles cannot stick
to each other randomly. Instead, they will highly selec-
tively stick to the sites where the repulsive force can be
overcome by the atiractive force. These sites seem to be
the corner, which is analogous to the kink site for atom.
When the charged cluster selectively sticks to the corner,
the highly ordered packing will be achieved. The poros-
ity even after this ordered packing seems to be removed
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by the high vibrational and rotational motion of the
small cluster, leading to the epitaxial sticking of the
charged cluster.

Ag the size of the charged cluster increases, the vi-
brational and the rotational entropy decreases and the
ideal epitaxial sticking will become difficult, leading to
the formation of defects such as the stacking fault and
the twin. When the gize of the clusters increases further,
the crystallinity will be lost, leading to the mi-
crocrystalline or the amorphous structure. Most of the a-
toms in the charged cluster are a part of the interface
and when the epitaxial sticking is not achieved, the cry-
stallinity will be lost. Another variable is the tem-
perature. When the temperature is high enough, the vi-
brational and the rotational energy of the cluster will be
high and the epitaxial sticking will be favored.

Ancther important factor is the charge transfer from
the charged cluster. In order to continue the growth, the
charge should be removed. In the system where the
charge transfer is slow, the charge transfer can be the ra-
te-determining step of the film growth. The charge can
be removed along the growing surface to the earth or to
the gas phase. The charge transfer to the gas phase will
be enhanced by the CVD reactor pressure. When the
plasma is in contact with the growing surface, the
charge transfer to the gas phase will be relatively easy.

The time when the charge is transferred from the
charged cluster would also be important. This is because
when the charge is lost from the charged cluster, the
electrocapillary effect by the charge will be lost and at
the same iime, the stability of diamond will be lost also.
In that case. the diamond cluster can be transformed
into the graphite cluster. This is important especially
when the first diamond cluster lands on the substrate.
In order to suppress the ftransformation, the tem-
perature of the cluster should be low enough to suppress
the thermal activation. Judging from the experimental
observations, thermalization of the eluster with the sub-
strate seems to be enough to suppress the thermal ac-
tivation of the transformation.

When the diamond charged cluster loses its charge be-
fore ite thermalization with the substrate, it can
transform into the graphite cluster. This situation can
take place for the substrate material which has the high
charge transfer rate. We think that this happens for the
substrate materials such as Fe, Ni, and Pt on which the
graphite soot is formed. Fe, Ni and Pt are known ag the
electrode material having the high charge transfer rate
in the hydrogen evolution reaction in the elec-
trochemistry. We found out the very strong correlation
between the substrate for the non-diamond formation
and the electrede material having the high charge transf-
er rate. When the charge is lost from the charged cluster
before it fits into the corner site, the random sticking is
expected, leading to the porous graphite packing. As
mentioned earlier, the very porous packing is expected
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by the atiraction-dominant charge-absent clusters while
the densely ordered packing is obtained by the repulsion-
dominant charge-retaining clusters. It should be noted
that the soot evolved on the Fe, Ni and Pt is not only
graphite but also very porous.

The first landing of the diamond cluster will determine
the mierostructure of the film such as smoothness of the
surface. In the charged cluster model, the density of the
particles which first land on the substrate corresponds to
the nucleation density. One of the factors affecting this
landing will be the electric image field which is formed
as the charged cluster approaches the substrate. The gra-
dient of this image field will be greatest for the sharp
convex edge. The electric bias can enhance or retard the
landing of the charged cluster on the substrate. It is well
established in the CVD diamond process that the pre-
ferential site for the diamond formation is along the
sharp convex edge®™™ and the deposition hehavior is af-
fected by the applied electric bias.

Another factor affecting the landing on the substrate
would he the magnitude of the attractive dispersion force
between the charged cluster and the substrate. This
force is normally expected to be greater for the homo-
molecule than for the heteramolecule, which means that
any carbon-containing substrates will be good for the
enhanced landing of the diamond charged cluster. It is
also experimentally well established that the formation
of diamond is enhanced on the carbon-containing sub-
strate.

V1. Thermodynamic Paradox of
Diamond Deposition and
Simultaneous Graphite Etching

The charged cluster model predicts that the charge-in-
duced nucleation should take place in the gas phase. The
amount of the precipitated carbon clusters varies with
the temperature hecause the solubility of carbon in the
gas phase depends on the temperature. The temperature
dependence of the solubility of carbon™ indicates that
the solubility is maximum at around 1500 K, at which
the amount of the clusters will be maximum. In the hot
filament CVD process, the temperature is highest at the
filament and decreases toward the substrate. The sub-
strate temperature ranges from 1000 K to 1300 K. Thus,
a part of the clusters is expected to etch toward the sub-
strate temperature by the atomic unit. Only an unetched
portion of the clusters contributes to deposition. On the
other hand, if the gas phase which has the minimum
solubility at around 1500 K is supercooled to the sub-
strate temperature, the gas is undersaturated with
respect to carbon and will etch the solid carbon by the
atomic unit. Thus, on the substrate surface, the de-
position of diamond takes place by the cluster unit and
etching of both diamond and graphite takes place by the
atomic unit. From the macroscopic observation, the
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result is the diamond deposition with simultaneous etch-
ing of graphite if graphite is used as the substrate.

If the phenomenon of the diamond deposition with the
simultaneous graphite etching is approached by the con-
ventional mucleation and growth on the substrate, it
leads to the thermodynamic paradex. The chemical po-
tential is the universal criteria for the transfer of atoms
between phases when the system deviates from the ther-
modynamic equilibrium. The diamond deposition and
the simultanecus graphite etching mean that the chem-
ical potential of catbon in diamond is lower than that in
the gas phase and the chemical potential of carbon in
graphite is higher than that in the gas phase. Therefore,
the chemical potential of carbon in diamond is lower
than that in graphite, which means that diamond is
mere stable than graphite, leading to the violation of the
2nd law. The only way that diamond can be more stable
than graphite in the processing condition is the capillary
effect when the small solid carbon particles are con-
sidered. But the graphite substrate has no appreciable
capillary effect. Thus, in order to aveid the ther-
modynamic paradox, the gas phase nucleation of the di-
amond cluster is essential. It should be noted that un-
less the gas phase nucleation of the solid carbon took
place, the driving force calculated in the C-H and the C-
H-O systems™ is not for etching but for deposition of the
solid carbon at the substrate temperature for the ther-
muodynamic condition of the process.

VII. Conclusion

In the CVD diamond process, the charge-induced nu-
cleation is energetically favorable and as a result, the
charged diamond cluster is expected to form. The wvari-
ous puzzling phenomena in the CVD diamond process,
which cannot be explained by the conventional concept
of nucleation and growth of diamond on the substrate,
can he suceessfully approached by the charged cluster
model.
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