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The optical emission spectra (atomic hydrogen (H., Hg, H,), atomic carbon C (2p3s — 2p*: A = 165.7
nm) and radical CH (A?A — X2II: A = 420 — 440 nm)) in the gas phase process of the diamond film
growth from a gas mixture of CH4 and H2 by the technology of electron-assisted chemical vapor deposition
(EACVD) have been investigated by using Monte Carlo simulation. The results show that the growth rate
may be enhanced by the substrate bias due to the increase of atomic hydrogen concentration and the mean
temperature of electrons. And a method of determining the mean temperature of electrons in the plasma
in-situ is given. The strong dependence on substrate temperature of the quality of diamond film mainly
attributes to the change of gas phase process near the substrate surface.
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Due to the outstanding properties, diamond film is ex-
pected to become a very advanced and promising mate-
rial for many applications, such as integrated circuit (IC)
heat sinking and packaging materials, semiconductor de-
vices, infrared windows. The technology of electron-
assisted chemical vapor deposition (EACVD) has been
developed substantially in recent years for the fabrication
of diamond films, such as polycrystalline diamond films,
textured diamond films, oriented diamond and nanocrys-
tallite diamond films!' ~3]. Though the fundamental un-
derstanding about EACVD of diamond growth has been
advanced with the development of gas phase analysis
techniques, the exact mechanism in the gas phase en-
vironment is not yet clear.

In order to obtain accurate information about the na-
ture and mole fractions of all the present species, var-
ious in-situ diagnostic techniques have been developed,
such as optical emission spectroscopy (OES), along with
laser techniques such as cavity ring down spectroscopy,
two-photon laser-induced fluorescencel* and resonance-
enhanced multiphoton ionization. However, the results
obtained from experiments are not adequate. For exam-
ple, in the experiments using OES, the measured inten-
sity ratio of atomic hydrogen emission line (Hg/H,) is
usually used to represent the mean temperature of elec-
trons in the plasma on the assumption that the gas phase
process of EACVD is of thermodynamic equilibrium!®!.
In fact, it is a nonequilibrium system. Consequently the
mean electron temperature of electrons obtained in those
conventional experiments is not accurate enough. There-
fore, theoretical simulation for nonequilibrium gas phase
process of EACVD is desirable.

Previously we have investigated the electron behavior
and dissociation and excitation process in EACVD by
using Monte Carlo simulation, and it is believed that
atomic hydrogen H and radical CH3 play important roles
in diamond film deposition!®”). In this work, the optical
emission processes of atomic H, atomic C and radical CH
in EACVD are simulated, and the effects of the experi-
mental parameters on emission spectra and synthesis of
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diamond films are discussed.

The model has been described detailed in our previous
work!®7and so here we just present it in brief. The
filling gas is a mixture of Ho and CHy4. The distance
between filament and substrate is 10 mm. The filament
temperature is 2273 K and the gas temperature decreases
rapidly with the distance from the filament. The vari-
ance of gas temperature is cited from the measurements
of Yarbrough!®. A positive bias voltage is applied to
the substrate with respect to the filament. A simplified
three-dimensional (3D) model is used. Two directions
parallel to the substrate are defined as the x and y axes,
the z axis is the direction perpendicular to the substrate
surface.

There are many types of reactions such as elec-
tron+molecule, molecule+molecule, molecule+radical
and H+CH, (z = 1,2,3) in gas phase during EACVD
process. And in these types, electron-molecule collision
is the most important. So only the electron-molecule col-
lision is considered in the initial simulation.

According to the statistical physics, the electron may
collide with a molecule while it flies through the mean
free path ¢ which is defined as

(1)

where St (¢) = (1 —¢) - on, + cocn, is the total cross
section for electron with energy ¢, o, and ocm, are total
cross sections of e-Hs and e-CHy for electron with energy
e respectively, ¢ is CHy concentration in the filling gas,
N = P/kT (P is gas pressure in reaction chamber, k is
Boltzmann’s constant and 7T is gas temperature) is gas
number density.

Elastic collision, vibrational excitation, dissociation,
electronic excitation, dissociative excitation!®! (Hq, Hg,
H, included) and ionization are considered in e-Hy col-
lision. The scattering is anisotropic for e-Hy elastic
collision'”), and isotropic for e-Hy inelastic collisions.
Among the collisions between electron and methane
molecule, elastic momentum transfer, vibrational ex-
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citation, neutral dissociation, dissociative excitation!!!]
(Ho, Hg, Hy, C (2p3s — 2p* X = 165.7 nm) and CH
(A%2A — X2II: X\ = 420 — 440 nm) included), ionization
and dissociation ionization are considered. In the case of
all e-CHy4 collisions, the scattering is considered isotropic
for simplification.

It is generally believed that the emission intensity
ratio of the species is helpful for determining the rela-
tionship between plasma-generated species and diamond
film growth'?. And the emission intensity of the species
does not represent its absolute concentration. For the
same species, the emission intensity ratio of two lines, for
example, Hg/H, or H,/Hg is proportional to the rate
constant of excitation of the species, which reflects an
electron mean energy in the plasma, i.e., the electron
temperature. For different species, the intensity ratio
is correlated with their rate constants of excitation and
their concentrations. When they exist in an excited en-
vironment and have two emission lines of close energy,
the intensity ratio reflects their relative concentrations.
So we will mainly discuss the relative intensities below.

Figure 1 shows the variation of the intensity ratios
of CH/H, and H,/Hg as functions of methane concen-
tration. It can be seen that increasing the methane
concentration promotes the intensity ratio of CH to H,,
which implies that higher methane concentration leads
to relatively low level of atomic H. McMaster et al.l'?!
measured reaction radicals near the substrate by mass
spectrum method and found atomic H concentration de-
creases with the increase of methane concentration. At
the same time, it is well known that atomic H is particu-
larly important as it plays several roles, such as selective
etching of graphic deposits and stabilization of the sp?
bonds necessary for the formation of diamond. There-
fore, the methane concentration is generally controlled in
the range of 0.5% — 2.0% when a diamond film begins to
grow on a substrate. Otherwise, the surface morphology
of diamond films would change from well-defined facets
to cauliflower structures with the increase of methane
concentration and influence the quality of the diamond
film.

From Fig. 1 we can also see that the intensity ratio
of H,/Hg slightly drops with the increase of methane
concentration, i.e. an increase in methane concentration
reduces the mean temperature of electrons, which may
be by the reason that the ionization collisions of CHy
are dominant at lower gas pressure. Thus an increase in
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Fig. 1. Intensity ratios of H to Hg and CH to H, as functions
of CH4 concentration.

methane concentration promotes the probability of ion-
ization, consequently the loss of the threshold energy
of electrons rises, and the mean temperature of elec-
trons decreases. Figure 2 shows the relevant experiment
result!'| and it can be obviously seen that our calcula-
tion results are in a good agreement with the experiment.

In summary, the increase of methane concentration
changes the chemical properties of the gas phase near
the substrate, and further influences the deposition of
diamond films.

Figure 3 shows the intensity ratio of Hg/H,, as a func-
tion of substrate bias voltage. We can see that Hz/H,, in-
creases with bias voltage, which indicates that the higher
bias voltage can present an increase of mean tempera-
ture of electrons. We calculated the mean temperature
of electrons under different bias voltages, as shown in
Fig. 4. It is apparent that the mean temperature of elec-
trons increases with the bias voltage. This result may be
because the mean free path of electron is proportional
to 1/N as shown in Eq. (1), and the energy gain after
an electron flying through the mean free path increases
with the rise of bias voltage. Consequently, the kinetic
energy of electron is approximately proportional to E/N
(E is electric field). Therefore, when N is settled, the
mean temperature of electrons increases with increasing
FE, namely bias voltage.

In addition, the relationship between the mean temper-
ature of electrons and Hg/H, can be obtained by combin-
ing Fig. 3 with Fig. 4, as shown in Fig. 5. It can be seen
that the mean temperature of electrons increases with in-
creasing Hg/H,, thus the mean temperature of electrons
can be represented indirectly by intensity ratio of Hg/H,.
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Fig. 2. Intensity ratios of H, to Hg and CH to H, as func-
tions of the CHy4 concentration in Ref. [14].
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Fig. 3. Intensity ratios of Hg to Ho and H, to CH as func-
tions of bias voltage under the condition P = 1.0 kPa.
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Fig. 4. Mean electron temperature as a function of bias volt-
age under the condition P = 1.0 kPa.
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Fig. 5. Relationship between the mean electron temperature
and the ratio of atomic hydrogen emission intensity.

For example, when Hg/H, is 0.1, the corresponding
mean temperature of electrons is 44.6 eV. And it is worth
pointing out that EACVD is considered thermodynamic
nonequilibrium when the above relationship is obtained.
Therefore, the result will be more accurate than that
from conventional experiments. Thus a method of deter-
mining the mean temperature of electrons in the plasma
of EACVD in-situ is proposed.

From Fig. 3 we can also see that the intensity ra-
tio of H,/CH increases with the increase of bias volt-
age, which suggests that the higher bias voltage will
be beneficial to increase the relative concentration of
atomic hydrogen near the substrate, which agrees well
with the experiment!'4 (Fig. 6 shows the relevant ex-
periment result). That can be explained as follows.
In conventional hot filament chemical vapor deposition
(CVD) system, most of the Hy dissociation occurs on the
filament surface. The atomic hydrogen concentration
decreases rapidly to 25% near the substrate. Therefore,
sufficient amount of hydrogen atoms cannot be provided
on the substrate under some conditions. By applying
bias voltage, additional hydrogen atoms are generated
by the dissociation of Hg resulting from electron impact
in the gas phase, thus the higher bias will be more helpful
to increase the relative concentration of atomic hydrogen
near the substrate. Because the atomic hydrogen is an
important species promoting diamond growth while sup-
pressing nondiamond carbon deposition, the deposition
rate of diamond film is effectively enhanced. Moreover,
the rise of the mean temperature of electrons will result
in more probability of the collisions between electron and
other radicals as well as substrate surface, which may lead
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Fig. 6. Intensity ratios of Hg to Ho and CH to H, as func-
tions of bias voltage under the condition in Ref. [14].
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Fig. 7. Gas temperature as a function of the distance from
hot filament under different substrate temperatures.

to the more product of atomic hydrogen. In conclusion,
the growth rate of diamond film may be enhanced by
the substrate bias due to the increase of atomic hydrogen
concentration and the mean temperature of electrons.

We also investigated the influence of the substrate tem-
perature on the optical emission spectra. The variance
of gas temperature is cited from the measurements of
Yarbrough!®, and the spatial variation of gas tempera-
ture under different substrate temperatures is obtained,
as plotted in Fig. 7. It can be seen that the gas temper-
ature at the surface of hot filament is the highest, then
drops rapidly with the distance from the hot filament,
and at last rises near the substrate. In the mass, the gas
temperature in the reactor increases with increasing sub-
strate temperature, and the substrate temperature has
much more effect on the gas temperature near the sub-
strate surface than that far from the substrate.

Figure 8 shows the spatial distribution of intensity ra-
tio of Hg/H, under different substrate temperatures. We
can notice that the higher substrate temperature pro-
duces higher Hg/H,, i.e. higher mean temperature of
electrons, which can be interpreted as follows. The ki-
netic energy of electrons is approximately proportional
to E/N (the ratio of electric field to gas molecule den-
sity, N = P/kT), thus the electron energy is proportional
to gas temperature T, and since the gas temperature in
the reactor is influenced by the substrate temperature,
as shown in Fig. 5, the increase of the mean temperature
of electrons is the result of raising substrate temperature.

In addition, from Fig. 8, we can also see that the change
extent of Hg/H, near the substrate surface is relatively
greater than that far from the substrate, which indicates
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Fig. 9. Intensity ratios of Hg to Ho and CH to Hg as functions
of gas pressure.

that the substrate temperature has more effect on the
mean temperature of electrons near the substrate sur-
face compared with that far from the substrate. It im-
plies that the substrate temperature affects the gas phase
reaction process near the substrate surface more greatly
because the gas phase process is determined by the elec-
tron kinetic energy. So, we can conclude that the strong
dependence on substrate temperature of the quality of
diamond film is mainly attributed to the change of gas
phase process near the substrate surfacel'4.

Figure 9 shows the intensity ratios of Hg/H, and
CH/Hg as functions of gas pressure. It can be seen that
Hg/H, decreases with increasing gas pressure, i.e. the
increase of gas pressure depresses the mean temperature
of electrons. It may be because the higher gas pressure
decreases the mean free path of electrons in the plasma,
thus the more probability of collisions between electrons
and other radicals occurs, as well as the increase of the
loss of electron energy and the decrease of the mean en-
ergy of electrons.

From Fig. 9, we can also find that the intensity ratio
CH/Hg decreases with increasing gas pressure, which in-

dicates that the addition of gas pressure enhances the
relative concentration of atomic H to CH.

In conclusion, the optical emission spectra of atomic
hydrogen, atomic carbon and radical CH in EACVD have
been investigated by using Monte Carlo simulation from
CH4/Hy gas mixture. Effects of the experimental pa-
rameters on emission spectra and synthesis of diamond
films are discussed. The growth rate may be enhanced
by the substrate bias due to the increase of atomic hy-
drogen concentration and the mean temperature of elec-
trons. The strong dependence on substrate temperature
of the quality of diamond film is mainly attributed to
the change of gas phase process near the substrate sur-
face. And a method of determining the mean tempera-
ture of electrons in-situ in the plasma of EACVD is ob-
tained. These results will be helpful to the understand-
ing of the plasma process in EACVD and the model of
plasma CVD.
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