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Abstract. A model is developed which describes the growth of graphitic and amorphous
carbon, and diamond. The results of detailed calculation illustrate that diamond and amorphous
carbon grow simultaneously in the process of diamond chemical vapour deposition, and that
their growth rates depend strongly on the substrate temperature and the flux ratio of hydrogen-
and carbon-containing species. In addition, it was found that there are critical values for the
substrate temperature and the flux ratio of hydrogen- and carbon-containing species below which
only graphitic carbon film can grow.

1. Introduction

Research on the growth of crystalline diamond films by the chemical vapour deposition
(CVD) method has been intensified in recent years. Diamond can be grown from a
gas mixture of a carbon compound and hydrogen under conditions for which diamond
is thermodynamically metastable. During deposition, molecules which contain carbon
and hydrogen are excited. Some excited carbon species condense on the substrate
surface and combine to form sp2 and sp3 carbon hybridization states [1–3], i.e., to
form thermodynamically stable graphitic and amorphous carbon, and metastable diamond
structures [4].

Modelling the CVD diamond process which interprets experimental results can help
to clarify the underlying growth mechanisms. A number of theoretical models have been
proposed to describe the surface processes occurring during diamond CVD [5–7]. Recently,
we proposed a theoretical model on the basis of Ford’s model [8] to describe the dependence
of the diamond growth rate on the substrate temperature [9], which gives some explanation
of the experiment results. However, the theory only treats the growth of diamond. In
most experimental cases there is not only diamond growth but also to a certain extent there
is amorphous carbon or graphite growth. Therefore in an extended theory the growth of
diamond and the growth of amorphous carbon or graphite should be treated simultaneously.
In this paper, we modify the previous model presented in [9], and give an extended theory
for the growth of graphitic and amorphous carbon, and diamond film.

2. Model development

In this model, we introduce the concept of ‘germs’, as intermediate species in the formation
of diamond, which is taken from Avrami’s work where the kinetic equation for the phase
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change is described [10].
We assume that the diamond can only be transformed from germs and not from

disordered carbon directly. Then, the diamond growth mechanism is described as follows:
(1) the adsorption of carbon-containing species onto the surface; (2) the formation of germs
from the disordered carbon; and (3) the diamond growth when the germs incorporate into
the diamond lattice. Meanwhile disordered carbon may also be deposited on the surface or
may be etched away by H atoms, and the process of the conversion of carbon-containing
species into disordered carbon is neglected. We further assume that the germs grow by the
conversion of disordered carbon, and this process can occur only where diamond or germs
are coated with a monolayer of disordered carbon.

As for the previous model [8, 9], the processes of film growth can be modelled using
rate equations. Let the fraction of the surface sites at which diamond and germs are exposed
beD andG, and the corresponding fractions wheren layers of disordered carbon have been
deposited beCn. Then the evolution equations for these populations are

dD/dt = nhK1G1− ncSD + nhEpC1 (1)

dG/dt = −nhK1G+ nhK2C1− ncSG+ nhEqC1 (2)

dC1/dt = −nhK2C1+ ncS(D +G)− nhEC1− ncSC1+ nhEC2 (3)

dCn/dt = ncSCn−1− nhECn − ncSCn + nnECn+1 (n > 1) (4)

whereK1 andK2 are the probabilities of conversion of the germs to diamond and of the
disordered carbon to germs per second, andE is the carbon etching probability per second;
all of the three processes are driven by hydrogen. AlsoS is the carbon sticking probability
per second. The relation betweenK2, E andS is

K2+ E + S = 1. (5)

p andq are the probabilities of diamond and germs above which only one layer of disordered
carbon has been deposited. Their relation is

p + q = 1. (6)

This equation means that there is either diamond or germs under a single layer of disordered
carbon on the surface. And

p = D

D +G (7)

q = G

D +G. (8)

nh andnc are the fractions occupied per site by hydrogen and carbon atoms:

nh = Nh/6 (9)

nc = Nc/6 (10)

whereNh andNc are the surface hydrogen and carbon atom concentrations, and6 is the
number of surface sites per unit area.

The rate equation of the surface hydrogen concentration can be written as

dNh/dt = Jh − Jh0σNh −Nh/τ (11)

whereJh is the flux ofH from the bulk to the surface andJh0 is the actual bombarding
flux. The second term on the right-hand side of equation (11) accounts for the de-trapping
of near-surface hydrogen by ion-induced desorption, which is described by the cross section
σ . The third term accounts for hydrogen loss by thermal desorption at a rate given by

τ−1 = τ−1
0 exp(−q1/RT ) (12)
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whereR is the universal gas constant,T is the substrate temperature, andq1 is a constant
to be determined.

The parametersK1,K2 andE are functions of the surface temperature, and are often
written as

E = A exp(−q2/RT ) (13)

K1 = B exp(−q3/RT ) (14)

K2 = C exp(−q4/RT ) (15)

whereA,B,C, q2, q3 andq4 are constants to be determined.
In the above processes, it is proposed that the growth of disordered carbon forms

graphitic carbon whose Raman shift is at 1580 cm−1, and the growth of the germs forms
amorphous carbon whose Raman shift is centred at about 1550 cm−1.

3. Solutions

Under steady-state conditions, we have

dD/dt = 0 (16)

dG/dt = 0 (17)

dNh/dt = 0. (18)

The fractionsD,G,C1, . . . , Cn satisfy a normalization condition:

D +G+
∞∑
n=1

Cn = 1. (19)

From equations (1)–(4), (16), (17) and (19), we obtain

C1 = p(1− p)
1+ (1− p)K2/E

(20)

G = nhK2(1+K2/E)

(nhK1+ ncS)(1+K2/E)− nhEC1 (21)

Cn = pCn−1 (n > 1) (22)

p = ncS/nhE. (23)

Here p is the ratio of the carbon sticking rate to the etching rate. Neglecting surface
reflection, i.e., forJh = Jh0, Nh can be derived from equation (11) and equation (18):

Nh = Jh

Jhσ + 1/τ
. (24)

When p is less than 1, diamond and amorphous carbon can grow. In this case the rate
equations have steady-state solutions. The rates of the diamond and the amorphous carbon
growth are defined as

Rd = nhK1G (25)

Rg = nhK2C1− Rd (26)

in atoms per site per second, and the growth rate of the whole film is

R = Rd + Rg = nhK2C1. (27)
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Whenp is larger than 1, graphitic carbon film will grow; the deposition rate is given by

Rc = (ncS − nhE)
∞∑
n=1

Cn = nhE(p − 1). (28)

In the following section, we perform detailed calculations using reasonable values
for Jh, σ, τ0 and6 (Jh = 1.6 × 1016 atoms cm−2 s−1, σ = 10−16 cm2, τ0 = 10−13 s
and 6 = 1013 cm−2). We take q1 = 54.61 kcal mol−1, q2 = 38.0 kcal mol−1,
q3 = 63.5 kcal mol−1, q4 = 46.0 kcal mol−1, A = 106, B = 1010 andC = 107. The
values ofJh, σ, τ0, A, B, q1 and q2 were taken according to experimental results and the
theoretical work of Erentset al [11]. The value of6 was taken as the maximum value of
the diamond nucleation density, and the values ofC, q3 andq4 were taken according to the
fit of the calculation results to the experimental observations.

Figure 1. The growth rates of: (a) graphitic carbon film; (b) the diamond–amorphous carbon
film; (c) diamond; (d) amorphous carbon, against the substrate temperature, withJh/Jc = 12 000.

4. Calculations and discussions

In figure 1, the calculated growth rates of diamond, amorphous carbon, the film made up of
diamond and amorphous carbon combined (p < 1), and the graphitic carbon film (p > 1)
are shown as functions of the substrate temperature (T ) with Jh/Jc fixed. We can find from
the figure the following features.

(1) WhenT is less than a critical value (810 K), graphitic carbon film will grow. Its
growth rate drops sharply until zero is reached, whenT is close to the critical value. This
is because the rate of etching of carbon by hydrogen becomes more important than the
deposition rate asT gets nearer to the critical value.

(2) There is a range of substrate temperature for which diamond and amorphous carbon
can grow simultaneously as shown in figures 1 as curves (c) and (d). The two forms have
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Figure 2. The growth rates of: (a) graphitic carbon film; (b) the diamond–amorphous carbon
film; (c) diamond; (d) amorphous carbon, against the H/C flux ratioJh/Jc, with the substrate
temperature fixed (T = 1100 K).

their highest growth rates at about 1160 K and 870 K, while the film growth rate takes its
highest value at about 1130 K.

(3) It can also be noted that whenT is less than 930 K, the film contains more amorphous
carbon than diamond. However, the diamond constituent becomes dominant in the film with
the increase of the substrate temperature. This trend is consistent with the experiment results
[12] where the ratio of the diamond and amorphous carbon in the film is determined by the
heights of their Raman peaks centred at 1333 cm−1 and 1550 cm−1.

Figure 2 shows our calculation results on the dependence of the growth rates onJh/Jc
whenT is fixed at 1110 K. There also exists a critical value ofJh/Jc (Jh/Jc = 2200) below
which the graphitic carbon film grows quickly and linearly with the decrease ofJh/Jc. When
Jh/Jc is larger than the critical value, the deposition of the film containing both diamond
and amorphous carbon commences and the growth rate goes through a maximum at about
Jh/Jc = 4000. In addition, it can be noted that whenJh/Jc is larger, the growth rate
of diamond decreases more slowly than that of amorphous carbon. So the film possesses
more diamond asJh/Jc increases. The calculation results agree with the experimental
results [12, 13] if we assume thatJh/Jc is related to the ratio of H2/CH4 directly.

In conclusion, an extended model has been developed which treats the growth of
graphitic and amorphous carbon, and diamond. Their growth rates were calculated as
functions of the substrate temperature and the flux ratio of hydrogen- and carbon-containing
species, respectively. The results are consistent with those of experiment: that diamond and
amorphous carbon grow simultaneously in the process of diamond CVD, and that both of
their growth rates are greatly influenced by the substrate temperature and the flux ratio of
the hydrogen- and carbon-containing species. We also find that there are critical values for
the two factors below which only graphitic carbon film can grow.
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