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Abstract

The chemistry of the intermediate layer that develops at the interface between diamond and a non-diamond substrate during diamond
chemical vapor deposition is analyzed using a thermodynamic quasi-equilibrium model. Substrates of Si, Mo, W, Ti, Ta, Fe and Ni are
examined, and the physical parameters such as substrate temperature, reactor pressure, and CH rH ratio in the gas phase required for4 2

the growth of respective metal carbidesrsolid carbon as intermediate layers between the substrate and diamond is predicted. The
intermediate layers that are considered to be formed on Si, Mo, W, Ti, Ta, Fe, and Ni are SiC, Mo C, WC, TiC, TaC, Fe C, and Ni C,2 3 3

respectively, in addition to diamond and graphite. A quasi-equilibrium treatment of heterogeneous reactions at the gas–substrate interface
is used to compute the desorption rates of volatile species formed in the reaction of gaseous H rH with the substrate. A phase diagram is2

Ž .obtained for the hydrogen and metal carbidesrsolid carbon graphite, diamond . Good qualitative agreement is obtained between the
model predictions and existing experimental data for the chemistry of the intermediate layer formed on the substrate at various
temperatures and pressures commonly employed during diamond chemical vapor deposition. q 1998 Elsevier Science S.A. All rights
reserved.
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1. Introduction

While diamond films are now routinely being synthe-
Ž . w xsized by chemical vapor deposition CVD 1 , the underly-

ing nucleation and early growth stages are not completely
understood. A number of experimental observations of
diamond nucleation reveal that, in most cases diamond
does not nucleate directly on a non-diamond substrate
surface, but instead on an intermediate layer which devel-
ops at the interface between diamond and non-diamond
substrate during the incubation period before diamond

w xnucleation begins 2–19 . Depending on the substrate ma-
terials, pretreatment methods, and deposition parameters,
the interlayer, formed due to the chemical interactions of
activated gas species with the substrate surface, may con-

w x w xsist of metal carbides 3–5,7,8,11,15,20–22 , graphite 18 ,
w x Ž . w xamorphous 16,17 , or diamond-like carbon DLC 6,9,13 .

It is generally agreed that the intermediate layer provides
nucleation sites for diamond crystallite growth, enhances
diamond nucleation densities on non-diamond substrates,

) Corresponding author.

and provides an opportunity for controlling the morphol-
ogy, orientation, and texture of diamond films during

w xnucleation and growth 23 . The formation of interlayers is
a necessary step in the spontaneous nucleation processes of
diamond on non-diamond substrates, but it alone is not

w xsufficient for diamond nucleation to occur 24 . The forma-
tion of the interlayers and the formation rate depend not
only on substrate materials and pretreatment methods but
also on deposition conditions.

Distinctly different intermediate layers may form on
different substrates at different rates, depending on gas

w x w xcompositions. For example, TiC 3,20,21 , TaC 3,20,21 ,
w x w xSiC 3–5,7,8,11,15 , and Mo C 12 interlayers have been2

observed on Ti, Ta, Si, and Mo substrates, respectively,
w xwhile graphite is observed to form on Ni substrates 18 .

Different substrate temperatures may produce different
intermediate layers on the same substrate, for example,

w x wboth DLC 6,9,13,25 and SiCrMo C 3–5,7,8,11,15,20–2
x22,26 have been observed on SirMo substrates. Low C:H

ratio andror high substrate temperature may favor the
formation of carbides, while high C:H ratio andror low
substrate temperature may lead to the formation of amor-
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phous carbon or DLC, or even the direct nucleation and
w xgrowth of diamond on the substrate surface 27 . Because

of the critical importance of the interlayer that forms
between diamond and non-diamond substrates, the chem-
istry of the intermediate layer that forms on Si, Mo, W, Ti,
Ta, Fe and Ni substrates for various deposition parameters
is examined in the present work using a thermodynamic

Ž .quasi-equilibrium QE model. A QE treatment of the
heterogeneous reactions of H and H with the substrate is2

of great interest since such an analysis can identify not
only the predominant gas species, H , and C H , impor-x x y

tant during diamond CVD, but can also demonstrate the
effect of varying thermodynamic parameters, such as tem-
perature, pressure, and CH rH ratio on the growth of the4 2

solid phase, that is, the corresponding substrate carbide,
graphite or diamond. Through application of the QE model
to the substrate carbide, graphite, diamond, and hydrogen
system, the evaporation rates of volatile species, and the
deposition rates of the substrate carbidesrsolid carbons are
calculated for different substrate temperatures and CH 4

mole fractions. Following this analysis a phase diagram is
obtained for the substrate carbide, graphite, diamond and
hydrogen system. Comparisons between the predictions of
the model and relevant experiments are then presented.

2. Model Formulation

w xThe QE model of Batty and Stickney 28 is applied to
the substrate-carbide, graphite, diamond, and hydrogen
system. The key assumption in the model is that thermo-
chemical equilibrium conditions exist between the carbide
surface and the gaseous species desorbed from it. An
advantage of the QE approach over a purely kinetic ap-
proach is the minimization of the use of kinetics to the
degree that the rate expressions for the overall reactions
are obtained without requiring knowledge of the detailed
kinetic mechanisms of the deposition processes. Kinetic
theory is used solely to obtain an expression for the rate at
which molecules impinge upon the solid surface or desorb
from the substrate; this expression corresponds to a bound-
ary condition between the gas and solid phases, and it
allows determination of the rates in terms of thermody-
namics properties. The non-thermodynamic effect is ac-

Žcounted for by introducing an equilibration probability a
.sticking or desorption probability into the treatment. The

non-thermodynamic effect is due to only a certain fraction
of the incident molecules being adsorbed on, and subse-
quently ‘equilibrated’ to the substrate surface, and the
remainder simply scattered from the reaction surface with-
out undergoing chemical change. A similar approach was

w x w xtaken by Sommer et al. 29 and Wang et al. 30 in an
analysis of the C–H system in relation to diamond and
graphite depositionretching during diamond CVD and the
results from that study were in agreement with experimen-
tal observations. Since the growth rates of metal

carbidesrgraphiterdiamond observed during diamond
CVD may be very low, implying that the competing
processes of deposition and etching of solid carbidercarbon
may be nearly in local equilibrium, it is reasonable to
employ an equilibrium analysis to predict the interlayer
formation.

Kinetic theory is used in the QE model to express the
rates at which vapor species are incident on, and adsorbed
species are evaporated or desorbed from, the substrate
surface in terms of the partial pressures of the species. The

w xadsorption and desorption rates are given by 31
h PC H C Hx y x y y2 y1I s cm s 1Ž . Ž .C Hx y 2p m kT( C Hx y

and
n P eq

C H C Hx y x y y2 y1E s cm s , 2Ž . Ž .C Hx y 2p m kT( C Hx y

respectively, where h and n are the non-thermodynamic
Ž . Ž .sticking equilibration and desorption accommodation

coefficients, P is the partial pressure of the C HC H x yx y

species, and P eq is the partial pressure of C H speciesC H x yx y

in equilibrium with the substrate surface at temperature T.
Ž .Also, m is the molecular mass of C H in gramsC H x yx y

and k is Boltzmann’s constant. The units of P and T are
dynrcm2 and K, respectively.

Under the assumption that thermochemical equilibrium
exists, thermodynamics provides a means of calculating
the composition, that is, equilibrium partial pressures of
the mixture of gas species in contact with the surface from
the equilibrium constants, K , of the generalized reactions
representative of the etching of carbides,

1
xM C s q yH mxqM s qC H , 3Ž . Ž . Ž .q 2 x y2
or
xM C s qyHmxqM s qC H , 4Ž . Ž . Ž .q x y

where M denotes a metal, q is the number of metal atoms
Ž .per C atom in the metal–carbide M C molecule. Noteq

Ž .that under thermochemical equilibrium, either of Eq. 3 or
Ž .Eq. 4 is sufficient to be considered as representative of

the etching of carbides, since H and H are related by the2

equation
1

yH myH 5Ž .22
Ž .In this work, Eq. 3 will be considered for the etching of

carbides. Assuming that the gas phase may be treated as a
mixture of ideal gases, the expression for the equilibrium

Ž . w xconstant for Eq. 3 is 32
P eqC Hx y yr2y1K s P sexp yDG rRT , 6Ž .C H C Hyr2x y x yeqPŽ .H 2

where DG is the Gibbs free energy of the reactionC Hx y

forming C H , R is the gas constant, and T is thex y

substrate temperature.
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Ž . Ž .Based on Eqs. 2 and 6 , the evaporation rates of
C H may be expressed in terms of the equilibriumx y

constants as
1r21 yr2Ž .yr2y1 n mC H Hx y2 2E s 2p kTŽ .C H yr2x y ž / ž /mn C HH x y2

=K P Ž1yyr2.E yr2 . 7Ž .C H Hx y 2

Ž .Eq. 7 may be applied to the different hydrocarbon species
present in the system, and it represents a set of equations
involving one more unknown than the number of equa-
tions. The additional constraint required to complete the
set is derived from conservation of hydrogen at the sur-
face,

I q2 I q yI sE q2 E q yE , 8Ž .Ý ÝH H C H H H C H2 x y 2 x y
x , y x , y

where Ý denote summations over all possible hydrocar-x , y
Ž . Ž .bon species. Eqs. 7 and 8 may be solved to determine

the evaporation and desorption rates of C H .x y

The question of whether deposition or etching of sub-
strate-carbide, graphite, or diamond occurs can be an-
swered by comparing the flux of carbon atoms reaching
the substrate surface to the flux of carbon atoms leaving
the surface through the production of volatile hydrocar-
bons. The flux of carbon atoms to the substrate surface is
given by

I s xI , 9Ž .ÝC C Hx y
x , y

and the total carbon flux E leaving the surface via theC

production of volatile hydrocarbons C H , is given byx y

E s xE . 10Ž .ÝC C Hx y
x , y

Therefore, the net rate of deposition of carbide, that is,
substrate-carbide, graphite, or diamond, will be given by

D s I yE . 11Ž .M C C Cq

Thus, if D -0, the deposition conditions correspondM Cq

to the etching of solid carbide, while for D )0 theM Cq

deposition parameters correspond to the deposition of solid
carbide.

In the present work, the following assumptions are
made to formulate the model.

1. The feed gas species are assumed to be CH and H ,4 2

because these are the predominant inlet gas species in
w xdiamond CVD 1 . The species desorbed from the substrate

surface are assumed to be H, H , CH, CH , CH , CH ,2 2 3 4

C H, C H , C H , C, C , and C . These are the species2 2 2 2 4 2 3

that have been reported to be found in the reaction cham-
w xber in largest concentration during diamond CVD 1 . It

Ž . Ž .should be noted that, in Eq. 3 or Eq. 4 , metal hydrides
are not considered as vapor species since they have not
been detected in the reaction chamber during diamond
CVD.

2. The sticking coefficients, h, of the impinging species
and the desorption coefficients, n , of the species desorbing
from the substrate are assumed to be unity. This assump-
tion is due to the fact that empirical relationships for h and
n are difficult to formulate because experimental data do
not exist in the literature for the reactions of different
impinging species with the various substrate materials

Ž . Ž .considered. In Eqs. 7 and 8 , it may be seen that the
assumption of unity sticking coefficients for all the im-
pinging species and unity desorption coefficients for all
species except H from the substrate increases the evapo-2

ration rates of the volatile species from the substrate,
leading to a smaller window of substrate temperature and
pressure for the deposition of a solid phase such as car-
bides or solid carbon. The assumption of unity desorption
coefficient of H lowers the evaporation rates of volatile2

species from the substrate, leading to a larger window of
substrate temperature and pressure for the deposition of an
intermediate carbidersolid carbon layer on the substrate. It

w x w xhas been shown by Batty and Stickney 28 and Batty 33
that the results obtained by assuming sticking and desorp-
tion coefficients of unity are qualitatively similar to the
results obtained assuming empirical values for sticking and
desorption coefficients. Therefore, the assumption of h

and n values of unity are reasonable.
The first goal of the thermodynamic analysis is the

determination of temperature dependent evaporation rates
for all the vapor species considered, H and C H , corre-x x y

sponding to a given total pressure P, and incoming fluxes
Ž .of C and H atoms from a CH rH mixture . Since the4 2

Gibbs free energy of the reaction forming C H , DG ,x y C Hx y

w xis known 34 , the equilibrium constant K may beC Hx y

Ž . Ž .calculated using Eq. 6 . In Eq. 7 , the evaporation rates
of all vapor species, E and E , are expressed in termsC H Hx y

of a single variable E . When these rates E , EH C H H2 x y

Ž Ž .. Ž Ž ..from Eq. 7 and fluxes I from Eq. 1 are substituted
Ž .into Eq. 8 for the conservation of H atoms, a polynomial

equation of degree y r2 in E is obtained, wheremax H 2

y r2 is the maximum value of y for any C H speciesmax x y
Ž .considered. In this work, y s4. The solution for Emax H 2

is obtained by iteration.
The values of E corresponding to the solution forC Hx y

Ž .E are then substituted into Eq. 11 for theH 2

carbidercarbon deposition rate D , from which it canM Cq

be determined whether deposition D )0 or etchingŽ .M Cq

D -0 of solid carbidercarbon occurs.Ž .M Cq

3. Model Predictions

The QE model is used to predict the deposition condi-
tions under which metal carbides such as SiC, Mo C, TaC,2

TiC, Fe C, Ni C, WC, andror solid carbon phases such as3 3
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Ž . Ž .Fig. 1. The calculated predictions of the quasi-equilibrium model for the evaporative rates E and deposition rates D of hydrocarbon species, carbides,
Ž . Ž . Ž . Ž .diamond C , and graphite C : a evaporation rates of various species and deposition rates of graphite and diamond; b evaporation rates of variousd g

Ž . Ž .species and deposition rates of TiC, TaC, and diamond; c evaporation rates of various species and deposition rates of SiC, Mo C, and diamond; d2
Ž .evaporation rates of various species and deposition rates of Fe C, WC, and diamond; e evaporation rates of various species and deposition rates of Ni C3 3

and diamond.
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graphite or diamond may be deposited during diamond
CVD. The range of substrate temperature considered in the
calculations is 500–2500 K for two different reactor pres-

w xsures of 36 and 760 Torr 35 . However, results are
reported in this paper for the commonly used diamond
CVD substrate temperature range of 500–1500 K at reac-
tor pressures of 36 and 760 Torr. The reactor pressures of
36 and 760 Torr are chosen because both theoretical and
experimental data exist in the literature for the growth of

w xdiamond at those pressures 29,36 . In Fig. 1a–e, the
predictions of the QE model for the evaporation rates of
species from the surface of carbidesrsolid carbon, are
shown as functions of substrate temperature, T. The results
presented in Fig. 1 are summarized in Table 1. Hydrocar-
bons that have been included in the model, but are not
shown in Fig. 1a–e, have evaporation rates that are negli-
gible relative to those shown, or evaporate at temperatures
above 1500 K. These values of E correspond to a feed gas
composition of 1% CH in H , at a total pressure of 364 2

Torr. In each of the plots in Fig. 1, the deposition rate of
diamond and evaporation rates of species from the dia-
mond surface are plotted to facilitate the comparison of the
deposition of carbides and evaporation rates of species
from other carbide surfaces with those of diamond. As
illustrated in Fig. 1a and listed in Table 1, for graphite
Ž . Ž .C and diamond C the dominant reaction product isg d

CH up to approximately 600 K, and H dominates from4 2
Ž600 K to 1500 K the maximum substrate temperature for

.which results are reported . For TiC, TaC, SiC, and Mo C,2

the dominant reaction product is always H throughout the2

substrate temperature range for which results are reported,
500FTF1500 K. It may be seen in Fig. 1b and c that the
evaporation rates of all the hydrocarbon species from the
surface of TiC, TaC, SiC, and Mo C, are below 1018

2

cmy2 sy1.

In Fig. 1d, the evaporation rates of species from the
Ž .surface of WC, Fe C, and diamond C are plotted.3 d

Methane is the dominant reaction product for Fe C up to a3
Ž .temperature of slightly over 600 K see Table 1 , after

which H becomes the dominant reaction product, al-2

though CH does remain the major hydrocarbon product4

for Fe C. Such a trend is also observed for both graphite3
Ž . Ž .C and diamond C . For WC, H remains the majorg d 2

reaction product throughout the temperature range consid-
ered in this study. Methane is the dominant hydrocarbon
species for the substrate temperature range, 500FTF1500
K for WC as can be seen in Table 1. In Fig. 1e, the
evaporation and deposition rates for Ni C and diamond are3

plotted. Methane is the major reaction product up to 930
K, after which H becomes the dominant reaction product2

Ž .until 1500 K see Table 1 . Methane is the dominant
hydrocarbon product for the temperature range 500–1350
K, whereas C H is the major hydrocarbon product for2 2

temperatures between 1350 and 1500 K. As illustrated in
Fig. 1a–e, the partial pressures of the hydrocarbons evapo-
rated from the solid carbidesrsolid carbon increase in the
order TiC - TaC - SiC - Mo C - Fe C - graphite -2 3

diamond-Ni C. The reason for this trend in the partial3

pressures of evaporating species is due to the Gibbs energy
of formation of the carbides and solid carbon, which varies
as Ni C)diamond)graphite)Fe C)WC)Mo C)3 3 2

SiC)TaC)TiC.
Since CH is present in the incoming species flux,4

metal carbidersolid carbon will be deposited on the sur-
face when the incoming C flux exceeds the flux of C
atoms leaving the substrate surface due to etching. The
rates of deposition of metal carbide, graphite, and diamond
for the inlet mixture of 1% CH and 99% H are shown in4 2

Fig. 1. Under these conditions, it is apparent from Fig. 1a
that graphite will be deposited for substrate temperatures

Table 1
The deposition temperature range for various materials and dominant reaction species for an inlet gas mixture of 1% CH in H and a total reactor4 2

pressure of 36 Torra

Material Deposition temperature Dominant species Dominant hydrocarbons
Ž .range K Name Temperature range Name Temperature range

Ž . Ž .K K

Diamond 1000–1500 CH 500–600 CH 500–15004 4

H 600–15002

Graphite 900–1500 CH 500–570 CH 500–15004 4

H 570–15002

TiC 500–1500 H 500–1500 CH 500–15002 4

TaC 500–1500 H 500–1500 CH 500–15002 4

SiC 500–1500 H 500–1500 CH 500–15002 4

Mo C 500–1500 H 500–1500 CH 500–15002 2 4

Fe C 900–1500 CH 500–650 CH 500–15003 4 4

H 650–15002

WC 500–1500 H 500–1500 CH 500–15002 4

Ni C y CH 500–930 CH 500–13503 4 4

H 930–1500 C H 1350–15002 2 2

aComputer simulations carried out for the substrate temperature range 500–1500 K.
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Ž .Fig. 2. The predicted phase diagram for Ni C, diamond C , graphite3 d
Ž .C , Fe C, WC, Mo C, and SiC at a total system pressure of 36 Torr.g 3 2

greater than 900 K and diamond for temperatures greater
than 1000 K, while SiC, Mo C, TiC, TaC, and WC will be2

deposited throughout the temperature range under consid-
w xeration cf. Fig. 1b–d for 1% CH rH inlet gas composi-4 2

tion at a pressure of 36 Torr. It may be seen in Fig. 1d that
Fe C can be deposited for substrate temperature greater3

than 900 K, but Ni C is not deposited for a 1% CH rH3 4 2

inlet gas mixture and temperature between 500 K and 1500
K. It is important to point out that there is a higher

Žtemperature limit the higher temperature limit being
.greater than 1500 K beyond which diamond, graphite, and

Fe C will not be deposited for a 1% CH rH inlet gas3 4 2

composition at a pressure of 36 Torr as has been published
w xelsewhere 35 .

At a total pressure of 36 Torr the phase diagram for the
metal carbidersolid carbon and hydrogen system may be
obtained, as shown in Fig. 2. The boundary in the car-
bidercarbon–H phase diagram between etching and depo-
sition of solid carbidercarbon will correspond to the locus
of points for which D s0. At this pressure, it isM Cq

apparent from Fig. 2 that the CH mole fraction required4

to deposit SiC, Mo C, WC, Fe C, graphite, and diamond2 3

decreases with an increase in substrate temperature in the
range 500FTF1500 K. However, in the case of Ni C,3

the CH mole fraction required to deposit Ni C decreases4 3

with an increase in substrate temperature to 1300 K after
which there is an increase in the CH required in the inlet4

gas to deposit Ni C; thus, Ni C can be deposited only for3 3

inlet CH mole fractions greater than approximately 0.1.4

Even when inlet CH concentrations are greater than the4

threshold value for Ni C stated above, Ni C will only be3 3

deposited in the range of temperatures between T andlow

T for a particular CH mole fraction. This is also truehigh 4

for the other metal carbidesrsolid carbon considered in

this work, however, the T for the other carbidesrsolidhigh

carbon are greater than 1500 K, which is the maximum
substrate temperature for which results are reported in this

w xpaper 35 . Etching of metal carbidersolid carbon domi-
nates below T via the production of CH , as can below 4

seen in Fig. 1a–e, and above T via the production ofhigh
w xC H 35 . Again, the phase boundaries in Fig. 2 corre-2 2

spond to D s0, with etching occurring to the left andM Cq

deposition occurring to the right of the boundary. As
illustrated in Fig. 2, the stability region of diamond lies
within the stability regions of SiC, Mo C, WC, and2

graphite, that is, the model predicts that whenever diamond
deposits, SiC, Mo C, WC and graphite also deposit. The2

Ž .Fig. 3. The effect of total pressure on the phase diagrams of a Mo C,2
Ž . Ž . Ž .WC, diamond C and Ni C; and b SiC, Fe C, and graphite C .d 3 3 g
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phase diagrams for TiC and TaC are not shown in Fig. 2
because both carbides are stable over the range of CH 4

mole fractions and temperatures considered in the plot. A
thorough interpretation of the results will be discussed in
Section 4.

The effect of pressure, P, on the metal carbidersolid
carbon phase diagram is illustrated in Fig. 3a and b, where
the phase boundary for all the different carbides and solid
carbon considered are presented for two different total
pressures, Ps36 and 760 Torr. The phase boundary for
each of the carbides, diamond, and graphite shifts signifi-
cantly with P. With increasing P, the boundary shifts to
the right, corresponding to increased etching and a smaller
stability region for all the carbides, plus diamond and
graphite.

4. Discussion

In this section, the extent to which the thermodynamic
analysis can aid in our understanding of the observed
interlayer formation during diamond CVD will be explored
for the following conditions: inlet CH rH ratios ranging4 2

from 10y4 to 10y2 , P ranging from 30 to 760 Torr, and
substrate temperatures in the range 500 to 1500 K.

The model predicts that, for Ti, Ta, Si, Mo, Fe, and W
substrates, the most stable form of carbidercarbon to form
immediately on the substrate surface will be TiC, TaC,
SiC, Mo C, Fe C, and WC, respectively. Diamond and2 3

graphite are not likely to deposit on the substrates for the
reaction conditions—substrate temperature, pressure and
inlet CH rH ratio—corresponding to the region lying to4 2

the left of the graphite phaserstability curve. This is
because the graphite and diamond stability regions lie
within TiC, TaC, SiC, Mo C, Fe C, and WC stability2 3

Ž .regions see Figs. 2 and 3 . If the process conditions
during diamond CVD correspond to the region lying be-
tween the diamond and graphite stability curves, then the
corresponding carbides as well as graphite are equally
likely to form since the diamond stability curve lies within
the graphite, TiC, TaC, SiC, Mo C, Fe C, and WC stabil-2 3

ity regions. If the processing parameters are such that the
conditions correspond to a region lying to the right of the
diamond stability curve, then the formation of diamond,
graphite and TiC, TaC, SiC, Mo C, Fe C, WC are equally2 3

probable. For such conditions, the relative stability of one
interlayer with respect to the other cannot be predicted by
this model because to predict the stability of one material
relative to others, key kinetic factors have to be introduced
in the thermodynamic analysis through the inclusion of
empirical values of desorption coefficients of various
species from the substrate surface and realistic sticking
coefficients. As discussed earlier, empirical relations for n

and h are difficult to formulate since experimental data do
not exist for the desorption and adsorption of various
species on the wide variety of substrates considered in this

work. Hence, unity values for n and h are assumed in this
work, and as a result the predictions by the model will be
qualitative in nature.

The diamond and graphite phaserstability curves at 36
Torr and 760 Torr, and the evaporationrdeposition rates of
various species from graphite and diamond surfaces ob-
tained in the present work are quantitatively similar to the

w xquasi-equilibrium results obtained by Sommer et al. 29 .
The model employed by Sommer et al. showed that growth
at lower temperatures or higher pressures would require
higher CH rH ratios in the inlet gas in order to remain in4 2

w xthe diamond stability region. Wolter et al. 3 observed the
formation of SiC, WC, TiC, and TaC on Si, W, Ti, and Ta
substrates respectively as an interlayer prior to diamond
nucleation at a substrate temperature of 973 K and a
pressure of 25 Torr for a 1% CH rH inlet gas composi-4 2

tion. This observation is qualitatively consistent with the
model predictions shown in Fig. 2, although the model
also predicts the formation of graphite as an interlayer for

w xdeposition conditions used by Wolter et al. 3 . The reason
graphite was not observed could be due to the enhanced
etching of graphite with respect to the metal carbides, an
effect not incorporated in the present quasi-equilibrium
model. To explain the observed formation of selected
metal carbides but not graphite in Wolter et al.’s work,
several key kinetic factors would need to be included in
the model; these include empirical values for the sticking
and desorption coefficients of various species that would
lead to the enhanced etching of graphite by hydrogen
relative to the corresponding metal carbides. In an exami-
nation of WC formation, it has been reported that, at 0.2
Torr total pressure, WC is formed for a CH rH ratio4 2

below 0.02 for a W substrate temperature of 10008C,
whereas above the 0.02 CH rH ratio, diamond is ob-4 2

w xserved to form 37 . This observation is also supported
qualitatively by the model prediction. As illustrated in
Figs. 2 and 3a, diamond forms at a higher CH mole4

fraction than WC at the same temperature.
Nickel carbide is not observed to form on Ni substrates

during diamond CVD. Instead, a graphite interlayer has
w xbeen observed 18 . The formation of a graphite interlayer

Ž .is predicted by the model cf. Figs. 2 and 3 for Ni
substrates instead of Ni C since the stability region of3

Ni C lies completely within that of diamond and graphite.3

Because of the fact that diamond’s phase curve lies inside
graphite’s stability curve, graphite is formed first, forming
directly on the Ni substrate. The experimental results
available in the literature and results predicted in this study

w xfor TiC formation are now compared. Terranova et al. 38
detected graphitic clusters embedded in TiC formed on a
titanium substrate prior to diamond deposition at a sub-
strate temperature of 650 and 7308C at a total pressure of
76 Torr and inlet CH concentration of 1% during dia-4

mond CVD. The temperatures at which graphite and TiC
w xare detected are not mentioned 38 . Nevertheless, the
w xobservations by Terranova et al. 38 agree qualitatively
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with the results predicted by the model in this work,
illustrated in Figs. 2 and 3.

The model prediction of the shift in the etching-growth
boundary of diamond to higher CH mole fractions as P4

is increased is supported by the experiments conducted by
w xMatsumoto et al. 36 . It was noted that diamond growth

occurred between 800 and 9008C and 1% CH concentra-4

tion at 36 Torr, but no diamond growth was observed for
the same temperature range and CH concentration as P4

was increased to 760 Torr. This is due to the fact that the
deposition conditions used at 760 Torr correspond to the
etching region, so that the observed absence of diamond
growth at 760 Torr is successfully explained by the QE
model.

Thus, the QE model has been shown to be able to
qualitatively explain the observation of the formation of
interlayers such as TaC, TiC, SiC, Mo C, Fe C, WC, and2 3

graphite on Ta, Ti, Si, Mo, Fe, W, and Ni substrates for
typical diamond CVD conditions. It has been postulated in
the literature that intermediate layers play an important

w xrole in diamond nucleation 3,27 . For metal carbide form-
w xing substrates, it has been reported 3,27 that, for Ti, Ta,

Si, Mo, and W substrates, diamond nucleation occurs on
the carbide interlayer when the carbon concentration on
the surface reaches its saturation value. In other words, it
becomes more difficult for the metal atoms to diffuse
through an increasing thickness of metal carbide interlayer
such that there is no subsequent formation of metal carbide
after the formation of a critical thickness of carbide inter-
layer. After a critical surface carbon concentration is
reached, diamond can begin to nucleate if there are enough

Ž .high energy sites unsatisfied valences on the surface.
When graphite is formed as an interlayer, and there are
enough high energy sites available on the surface, diamond
will start to nucleate and grow preferentially compared to
graphite due to the enhanced etching of graphite by hydro-
gen.

5. Summary

The intermediate layer formation at the interface be-
tween diamond and non-diamond substrates during dia-
mond CVD is analyzed using thermodynamic QE model.
Substrates of Si, Mo, W, Ti, Ta, Fe, and Ni are examined
and the plausible intermediate layer formation on each is
predicted as a function of deposition parameters. The
advantages of the QE approach is that it minimizes the use
of kinetics to the degree that the rate expressions are
obtained without requiring the knowledge of the detailed
kinetic models of the processes. The QE model predicts
the formation of SiC, Mo C, TiC, TaC, WC, graphite and2

Fe C interlayers on Si, Mo, Ti, Ta, W, Ni, and Fe sub-3

strates for typical diamond CVD conditions. The model
also predicts that, for growth of diamond, graphite, and
carbides, the required CH rH inlet ratio varies directly4 2

with reactor pressure, and inversely with substrate temper-
ature. The predictions are in qualitative agreement with
experimental and theoretical results available in the litera-
ture. In order for the QE model to make accurate quantita-
tive predictions of the growth or etch rates, realistic values
for the sticking coefficients of the reactants and for the
desorption coefficients of the products from the substrate
surface will be required. It has been postulated in the past
that the excess carbon on the surface of a carbide inter-
layer is responsible for the nucleation of diamond. Conse-
quently, future work will concentrate on calculating the
critical thickness of a carbide interlayer, and the time
required for a carbide layer to grow to a critical thickness,
beyond which excess or ‘free’ carbon starts accumulating
at the surface.
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