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1. INTRODUCTION

Rapid development of the technology for chemical
vapor deposition (CVD) of diamond films in micro-
wave discharge plasmas stimulated studies on the plas-
machemistry of carbon-containing radicals. The depo-
sition of diamond films (DFs) in reactors is monitored
by using optical absorption spectroscopy [1], optical
emission spectroscopy [2], and laser induced fluores-
cence (LIF) [3]. The most simple and available among
these methods is emission spectroscopy, which is
widely used to control DF deposition [4–8]. However,
detailed information on how the emission intensities of
different components are related to the plasma chemi-
cal composition, deposition rate, and DF quality is still
lacking. The aim of this study was to investigate the
relation between the kinetic processes involving car-
bon-containing species and the intensity ratios of dif-
ferent emission lines in a microwave discharge plasma,
as well as to examine the possibility of using these
ratios to monitor DF deposition.

2. EXPERIMENTAL SETUP 
AND DIAGNOSTIC TECHNIQUE

The experimental facility for studying DF deposi-
tion was described in detail in [9]. A hydrogen–meth-
ane gas mixture was supplied into a quartz tube placed
in a cylindrical cavity. The cavity was excited at the
TM

 

013

 

 mode by a magnetron operating at a frequency of
2.45 GHz. As a result, a continuous microwave dis-
charge was ignited and sustained in the tube. The hemi-
spherical discharge plasma contacted a silicon sub-
strate, on which a DF was deposited. The temperature
regime required for DF deposition was achieved by
varying the thermal resistance between the substrate

and cooling water. The substrate temperature was mea-
sured by an IR pyrometer.

Our experiments were performed at a microwave
power of 3 kW and gas-mixture pressures of 60–
130 Torr. The microphotograph and Raman spectrum
of a typical diamond film deposited under these condi-
tions are shown in Fig. 1.

The discharge plasma was investigated by using
optical emission spectroscopy: the emission was output
through the cavity window, was focused by a lens into
an optical fiber, and was then fed to the entrance slit of
a SOLAR TII MS 3504 monochromator. At the exit slit
of the monochromator, a broadband Hamamatsu R298
PMT or an LD 3648 detector based on a TCD 1304AP
(Toshiba) CCD array was installed.

Figure 2 shows a typical optical emission spectrum
from a continuous microwave discharge in hydrogen
with a small additive of methane. The parameters of the
emission lines of different plasma components are
listed in the table.

When the gas density is so high that collisional
quenching of the upper levels prevails over their radia-
tive decay and the excitation proceeds from the ground
state, the emission intensity of the 

 

i

 

th component of the
plasma of a continuous discharge can be expressed as
follows:

 

(1)

 

where  is the density of excited particles; 

 

N

 

i

 

 is the

density of the particles in the ground state;  and 
are the excitation and quenching rate constants, respec-
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tively;  is the density of the particles that collision-
ally excite the 

 

i

 

th component; 

 

N

 

 is the density of the
molecules that quench the excited level; and 

 

ξ

 

 is a form
factor that takes into account the plasma volume from

Ni
ex

 

which emission is recorded. To exclude the form factor

 

ξ

 

, it is reasonable to use the intensity ratios rather than
the absolute intensities themselves,

 

(2)

 

Under our experimental conditions (i.e., at pressures
of a few tens of Torr), the emitting levels are mainly
quenched in collisions with molecules. In this case,
variations in the discharge parameters only slightly
affect the ratio between the quenching rate constants.

The emitting levels are excited (i) by electron
impact from the ground state, (ii) in collisions with
molecules, and (iii) via chemiluminescence [10, 11].

Variations in the plasma parameters ratio only
slightly affect the rate constants for electron-impact
excitation into levels with close excitation thresholds;
in this case, the intensity ratio is proportional to the
ratio of the relevant concentrations. This property is
employed in the well-known actinometry technique for
measuring the concentrations of various discharge
components [12] (e.g., of hydrogen atoms [9]). The
ratio between the rate constants for electron-impact
excitation into levels with significantly different excita-
tion thresholds is also slightly affected by the plasma
parameters, provided that the electron distribution
function (EDF) remains unchanged.

When the levels are excited in collisions with mole-
cules, a decisive factor is the gas-mixture temperature.
Numerical simulations [13] show that the gas tempera-
ture is limited from above at a level of 2500–2700 K
due to thermal dissociation of hydrogen in the reaction

 

H

 

2

 

 + N  H + H + N, (3)

 

which consumes an energy of 4.8 eV when going in the
forward direction. In this case, the excitation rate of the
emitting levels is again only slightly affected by the dis-
charge parameters.

In our experiments, we varied the methane percent-
age in the mixture, the gas flow rate, and the gas pres-
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Fig. 1.

 
 (a) Typical microphotograph and (b) Raman spec-

trum of a diamond film.  

Plasma components of a microwave discharge in an H
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 + CH

 

4

 

 mixture and the corresponding wavelengths of the plasma emis-
sion lines
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sure in the reactor. Variations in the first two parameters
practically do not affect both the EDF and the gas tem-
perature; as a result, intensity ratios (2) are proportional
to the ratios between the corresponding concentrations.

As the pressure increases, whereas the gas tempera-
ture varies slightly, the density of molecules increases
in proportion to the pressure. Calculations [13] and
measurements [14] also show that the electron density
increases in proportion to the pressure. Hence, the rates
of both electron-impact excitation and excitation in col-
lisions with molecules are proportional to the pressure,
so the intensity ratio is equal to the concentration ratio.

That the emission intensity is proportional to the
concentration is confirmed experimentally. The con-
centration of carbon-containing species was measured
by using absorption spectroscopy [15, 16], mass-spec-
troscopy [17], and cavity ring-down spectroscopy [18].
In those studies, the plasma parameters (such as the
gas-mixture composition, pressure, and substrate tem-
perature) were varied and the intensity of the (0,0) rota-
tional band of the Swan system of C2 radicals (with a
wavelength of about 516 nm) was compared with the
measured concentration of C2 radicals or acetylene
(C2H2) molecules. In [15–18], it was claimed that,
within a wide range of experimental conditions, the
emission intensity of C2 radicals is proportional (or
nearly proportional) to the concentration of C2 radicals
in the ground state or the concentration of C2H2 mole-
cules. Note that, in [15–18], the experiments were per-
formed under very different conditions; nevertheless, in
some experiments, the experimental conditions were
close to the conditions of our experiments. Therefore,
we will assume that the intensity ratios are nearly pro-

portional to the concentration ratios of the relevant mix-
ture components.

3. EXPERIMENTAL RESULTS

In our experiments, we measured the intensity ratios
between the atomic hydrogen lines and the edges of the
emission bands of carbon-containing radicals CH and
C2 as functions of the pressure and composition of the
gas mixture (Fig. 3), as well as of the gas flow rate in
the reactor (Fig. 4).1 Note that, in all the experiments,
the intensity ratios of the Hα, Hβ, and Hγ lines always
remained unchanged. This indicates that variations in
the discharge parameters slightly affects the EDF.

Taking into account the important role of atomic
hydrogen in DF synthesis [19], we measured the degree
of hydrogen dissociation [H]/[H2] under different dep-
osition conditions by using the actinometry method [9].
A small additive of argon (up to 10%) was used as an
actinometer. The degree of dissociation of H2 was
assumed to be proportional to the intensity ratio of the
Hγ and Ar 8115-Å lines, which have nearly the same
excitation thresholds (see table and [9, 20]).

It can be seen from Fig. 3a that the ratio /IAr

somewhat increases as the methane percentage
increases to 0.5%, after which the intensity ratio
remains unchanged. The increase in the degree of dis-
sociation with increasing methane concentration is
related to the change of the main ion species in the
plasma; this results an increase in the recombination
rate constant and a change in the diffusion coefficient.

1 Figures 3 and 4 also present results of numerical simulations that
will be discussed in the next section.
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Fig. 2. Typical emission spectrum from the plasma of a microwave discharge in hydrogen with a small additive of methane.
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The latter leads to a decrease in the plasma volume and
an increase in the electron density [9, 11]. It can be seen
from Fig. 3b that the degree of dissociation of H2 is a
linear function of the gas pressure. This is because an
increase in the pressure leads to a decrease in the
plasma volume and an increase in the microwave power
density (or specific power) and electron density;
accordingly, the rate of electron-impact dissociation of
H2 increases [9, 13].

The intensities ratios ICH/  and /  increase
with both the methane percentage and the gas pressure.
The ratio /  increases faster than ICH/ , being
proportional to the methane percentage.

It can be seen from Fig. 3a that the emission inten-
sity of CH radicals is nonzero at a zero methane per-
centage. Seemingly, this is caused by the influx of car-
bon into the gas phase from the reactor wall and DF sur-
face. We will discuss this effect in more detail in
Section 4.

Figure 5 shows the DF growth rate and the intensity
ratio ICH/  as functions of the methane percentage. It
can be seen that both quantities increase in a similar

IHγ
IC2

IHγ

IC2
IHγ

IHγ

IHγ

manner with increasing methane percentage in the mix-
ture.

The dependences of the line intensities on the gas-
mixture flow rate in the reactor were measured at a con-
stant methane percentage (Fig. 4a) and in pure hydro-
gen (Fig. 4b). In the former case, the emission intensi-
ties of carbon-containing components increase with
increasing gas flow rate. Presumably, this is related to
the deposition of carbon on the DF surface, whereas the
increase in the line intensities is caused by an increase
in the supply rate of carbon into the reactor. In pure
hydrogen, the decrease in the emission intensities of
hydrocarbon components is related to the influx of car-
bon from the DF surface into the plasma volume and its
subsequent pumping-out. The decrease in the carbon
concentration can also be related to the cleaning of the
surface from carbon; however, this process is too slow
to play any role during our measurements.

4. NUMERICAL SIMULATIONS

The processes involving carbon-containing species
were analyzed by using a zero-dimensional model of
the chemical kinetics of neutral components. Charged
species were ignored because, at pressures of a few tens
of Torr, the densities of charged particles are several
orders of magnitude lower than those of neutrals [19].
In simulations, we took into account the following gas-
mixture components: H2, H, CH4, CH3, CH2, CH, C,
C2H6, C2H5, C2H4, C2H3, C2H2, C2H, and C2. Compo-
nents containing three and more carbon atoms were
ignored because, under our experimental conditions,
their concentrations were low [19]. A scheme of the
reactions incorporated in the model is shown in Fig. 6.
The reactions can be divided unto two groups: fast and
slow ones. The characteristic time of fast reactions is
τfast ≅ 0.1 ms, whereas that of slow reactions is
τslow~10 ms, i.e., two orders of magnitude longer. The
rate constants for forward reactions were taken from
[21–24]. The rate constants for reverse reactions were
calculated from the principle of detailed balance.

Atomic hydrogen plays an important role in DF syn-
thesis [19], because it is involved in most of the reac-
tions shown in Fig. 6. Under our experimental condi-
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tions, atomic hydrogen is mainly produced via elec-
tron-impact and thermal dissociation of molecular
hydrogen. In the model, the density of hydrogen atoms
was found from the equation

(4)

Here,  is the rate constant for electron-impact disso-
ciation (with allowance for the dissociation of both
ground-state and vibrationally excited molecules), kR is
the rate constant for triple recombination, kT is the rate
constant for thermal dissociation, N is the density of gas

molecules, and νd =  is the effective frequency of

diffusive losses (where DH is the diffusion coefficient
and Λ is the diffusion length). The rate constants used
in Eq. (4), the gas temperature, and the electron density
Ne were determined from self-consistent simulations of
a hydrogen discharge [13]. Though we are dealing with
a discharge in a hydrogen–methane mixture, the use in
Eq. (4) of the rate constants calculated for pure hydro-
gen is quite justified because the methane additive is
small (up to a few percent) and, as follows from the
experimental results presented in Fig. 3a, only slightly
affect the concentration of atomic hydrogen.

The equations for all of the mixture components
were supplemented with the term

(5)

where τp is the characteristic time during which the gas
mixture was pumped out from the reactor. The time τp

depends on the gas flow rate and is determined experi-
mentally from the fading time of the argon emission
lines after argon is stopped to be supplied into the reac-
tor, while the flow rate of the hydrogen–methane mix-
ture remains unchanged (as was noted in Section 3,
argon was supplied into the reactor at a much lower rate
than hydrogen). The model took into account the sup-
ply of molecular hydrogen and methane (CH4) into the
reactor. It was assumed that, at a constant pressure and
temperature, the total density of gas particles was con-
stant.

Looking aside from specific mechanisms for DF
growth, the interaction of the gas components with the
DF surface was described by model reactions that
accounted for the deposition of carbon-containing spe-
cies on the surface and the supply of carbon from this
surface into the plasma volume.

In [25], the following formulas for the DF growth
rate G and the relative density of diamond defects Xdef
were proposed:

(6)
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where [H]sur and [CH3]sur are the densities of hydrogen
atoms and CH3 molecules at the substrate surface. At
moderate atomic-hydrogen densities typical of micro-
wave reactors [25], we have G ∝  [CH3]sur[H]sur. It was
assumed that, at a constant gas density, the particle den-
sity near the surface was proportional to that calculated
in the plasma volume. Hence, the loss of carbon atoms
in the model was described by the equation

(7)

where  is characteristic loss time of CH3 radicals
from the discharge volume due to DF deposition.

In a microwave reactor, the influx of carbon atoms
from the surface into the discharge volume is mainly
due to thermal desorption [25]. Since the equilibrium
hydrocarbon composition is reached fairly fast, it is no
matter in which form carbon arrives from the surface at
the discharge region. Hence, the influx of carbon from
the surface can be represented in the form

(8)

The parameters  and IC, entering into Eqs. (7)
and (8), were determined from the measured depen-
dence of the emission intensity on the gas flow rate in
the reactor (Fig. 4). Note that these parameters can vary
significantly in different experiments because they are
affected, e.g., by the surface temperature of the growing
film and the presence of carbon on the reactor wall.

A comparison of the experimental data and simula-
tion results presented in Fig. 4a shows that the mea-
sured dependences of the intensity ratios on the gas
flow rate are adequately described by the model at

 = 0.01 s. Using the  value thus determined,
one can estimate the DF growth rate as the number of
carbon atoms deposited on the substrate per unit time,

(9)

where Vpl is the volume occupied by the microwave dis-
charge plasma (it is determined experimentally from
the visible size of the discharge), [CH3] is the calculated
density of CH3 radicals, and MC is the mass of a carbon
atom. For the flow rate of the 1 %CH4/H2 mixture equal
to 200 sccm, the DF growth rate estimated by formula (9)
(with allowance for the DF surface area and the dia-
mond specific density) is 0.3 µm/h, which is close to the
measured value of 0.4 µm/h (Fig. 5).

A comparison of the experimental data and simula-
tion results presented in Fig. 4b shows that, for a zero
content of methane, the measured dependences of the
intensity ratios on the gas flow rate are adequately
described by the model at a carbon flow rate from the
surface of IC = 1.7 × 1012 sccm.
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Figure 7 shows the composition of the microwave
discharge plasma as a function of the methane percent-
age in the gas mixture for a gas temperature of 2500 K
and pressure of 90 Torr. It can be seen that, in accor-
dance with the experimental data [26] and simulation
results [19], the methane entering the reactor almost
completely converts into acetylene (ë2ç2). In [26], the
conversion of methane into acetylene was attributed to
the high gas temperature and the superequilibrium
atomic hydrogen concentration arising due to the disso-
ciation of molecular hydrogen in plasma. The concen-
trations of all the ë2-containing hydrocarbons are pro-
portional to the acetylene concentration, whereas the
concentrations of hydrocarbons containing one C atom
are proportional to the concentration of methyl radical
CH3. This relation between the concentrations of the
carbon-containing components also takes place when
other parameters (such as the pressure and gas-mixture
flow rate) are varied. A linear relation between the
emission intensity of ë2 and the concentration of ë2ç2
was observed experimentally in [17].

At a the zero methane percentage in the gas mixture,
the concentrations of carbon-containing radicals are
nonzero (see Fig. 7) due to the influx of carbon atoms
from the substrate surface and the discharge chamber
wall (see formula (8)).

Figures 3 and 4 also show the experimental data and
simulation results on the concentration ratios corre-
sponding to the ratios of the emission intensities. It can
be seen that the model adequately describes the experi-
mentally observed dependences.

5. DISCUSSION OF EXPERIMENTAL
AND SIMULATION RESULTS

It follows from the above results (see Figs. 3–5) that
the processes in a CVD reactor can be monitored by
measuring the intensity ratios between different emis-
sion lines of the hydrocarbon plasma components.
Which pair of lines should be used depends on a partic-
ular problem. Generally, the intensity ratio is propor-
tional to the concentration ratio of the corresponding
mixture components. For example, the concentration
ratio [C2]/[H] increases linearly with methane percent-
age and almost linearly with pressure. Methane enter-
ing the reactor converts via a chain of reactions into
acetylene (C2H2), which is the main carbon-containing
component at sufficiently high gas temperatures.
C2 radicals are produced from acetylene via the reac-
tions C2H2  C2H  C2 (Fig. 6). Therefore, the
concentration ratio [C2]/[H] is proportional to the
degree of dissociation of hydrogen, [H]/[H2], and to the
ratio [C2H2]/[H2] (i.e., to the established percentage of

carbon in the mixture). Thus, we have [  =

          

C2[ ]
H[ ]
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] ratio increases nearly in
proportion to the degree of dissociation of hydrogen
(Fig. 3b).
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 was used in [8] to moni-
tor the DF growth rate. It follows from the above con-
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affecting the film growth rate: the carbon content and
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constant gas density, there is a correlation between the
[CH]/[H] ratio (and the corresponding ratio of the emis-
sion intensities) and the DF growth rate (see Fig. 5). At
a given gas flow rate, the hydrocarbon content in the
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ply of methane into the reactor, on one hand, and the
pumping-out of the reaction products and their deposi-
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of gas flow rates under study, the dependence of the
ratio ICH/IHγ on the gas flow rate (Fig. 4) resembles the
dependence of the DF growth rate on the gas flow rate
observed in [27].

The calculated ratio [CH3][H] increases rapidly with
pressure. In [28], it was experimentally shown that the
DF growth rate also rapidly increases with pressure.
The intensity ratio ICH/IHγ and the concentration ratio
[CH]/[H] vary slowly with increasing pressure (see
Fig. 3b). However, if we assume that the gas tempera-
ture in the discharge depends slightly on the pressure,
whereas the degree of dissociation of hydrogen is low,
then the concentration product [CH3][H] will be related

to the [CH]/[H] ratio as [CH3][H] ∝ [H2]2 ~

p2. Thus, taking into account the pressure effect,

the intensity ratio ICH/IHγ can again be used to control
the DF growth rate. Note that variations in the gas pres-
sure affect such important parameters as the surface
temperature; the plasma volume; and, consequently, the
interaction area, which determine the plasma–surface
interaction and, accordingly, the mixture chemical
composition and the DF growth. It is practically impos-
sible to take into account these variations in the above
numerical model.

In [6], the DF quality was monitored by using the
/ICH ratio. In simulations, the corresponding concen-

tration ratio is proportional to the concentration ratio of

C2H2 and CH3: [  ∝ ]. Taking into account

that carbon is almost completely incorporated in acety-
lene, the /ICH ratio also determines the fraction of
carbon incorporated in methyl radical CH3. Therefore,
this ratio characterizes the relative contributions of dif-
ferent mechanisms to the growth of a DF from methyl
radicals and acetylene [29, 30]. In [6], the effect of the
methane percentage in the mixture on both the DF qual-
ity and the intensity ratio /ICH was investigated. It
was found that an increase in the methane percentage
leads to an increase in the fraction of the nondiamond
phase and the /ICH ratio. This is why the ratio
between the intensities of these lines is proposed to be
used to monitor the quality of the produced DFs. As the
methane percentage increases, the concentrations of
ë2-containing hydrocarbons increase more rapidly than
the concentrations of hydrocarbons containing one C
atom (see Figs. 3a and 7). This increase is accompanied
(to a certain extent) by an increase in the DF growth
rate. According to [25], the concentration of DF defects
at a constant density of atomic hydrogen is proportional
to the DF growth rate. Hence, an increase in the meth-
ane flow rate leads to an increase in the DF growth rate
and the corresponding decrease in the DF quality, as

CH[ ]
H[ ]

-------------

CH[ ]
H[ ]

-------------

IC2

C2[ ]
CH[ ]

-------------
C2H2[ ]
CH3[ ]

-----------------

IC2

IC2

IC2

well as to an increase in the /ICH ratio. When another
discharge parameters affecting the concentration of
atomic hydrogen are varied, the relation between the

/ICH ratio and the DF quality can be more compli-
cated.

6. CONCLUSIONS

The above experimental and simulation results led
to the following conclusions. The DF growth can be
monitored by using the intensity ratios of different pairs
of emission lines. The line intensities (as well as their
ratios) depend on many parameters. The concentrations
of different carbon-containing components are deter-
mined by the degree of dissociation of hydrogen and
the competition between the following processes: the
supply of carbon into the reactor, the influx of carbon
from the substrate surface and discharge chamber wall,
the pumping-out of the gas mixture, and the deposition
of carbon on the substrate and reactor wall in the form
of a DF. The choice of a specific pair of emission lines
for monitoring the process of DF deposition depends on
experimental conditions. The DF growth rate correlates
with the intensity ratio ICH/IH. The ratio /IH charac-
terizes the equilibrium content of carbon and the degree
of dissociation of hydrogen. The ratio /ICH is propor-
tional to the concentration ratio of C2H2 and CH3 and,
under certain conditions, characterizes the DF quality
and the relative contributions of different mechanisms
to the DF growth.
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