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INTRODUCTION

This work follows a series of our works that study
the opportunity of the use of volatile organosilicon
compounds for the preparation of silicon�containing
coatings of various compositions according to the
chemical vapor deposition technique (CVD) [1–3].
The increased interest in thin films of hydrogenated
silicon oxycarbonitride is related to their use in tech�
nological fields such as micro� and nanoelectronics,
optoelectronics, and solar power engineering [4–11].

The interest in compounds such as hexamethyldis�
ilazane (HMDS or bis(trimethylsilyl)amine according
to IUPAC) is related to the problems of synthesis of
silicon oxycarbonitride (including hydrogenated), sil�
icon oxynitride, and silicon oxycarbides films using
the gas mixtures of HMDS with additional gases, for
example, with helium, nitrogen, ammonia, and oxy�
gen (or their mixture).

A thermodynamic approach to the choice of the
deposition conditions (temperature T and total pres�

sure  in the reactor, composition of a particular gas
mixture) of the films with various compositions from a
complex gas mixture [12, 13] allows, firstly, evaluating
the possibility of the use of the chosen organosilicon
compound (or its mixture) to obtain the films of the
required composition and, secondly, setting the varia�
tion ranges of the parameters of the system without the
change of the phase and elemental composition of the
coatings.
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THERMODYNAMIC CALCULATIONS

In this work, the thermodynamic analysis of the
Si–C–N–O–H system was performed taking into
account the use of the following initial gas mixtures:
HMDS + N2 (1); HMDS + O2 (2);
HMDS + (mixture O2 + N2) (3). Such parameters of

the system as total pressure in reactor  = 6–7 ×
10⎯2 Torr and residual air pressure in reactor Pres = 5 ×
10–3 Torr were chosen by us in accordance with the
experimental conditions.

Thermodynamic calculations of the considered
Si–C–N–O–H system were performed using the
minimization of Gibbs energy for the temperature

range of 300–1300 K and chosen  at constant Pres,
where P0(N2)/P0(O2) = 3.76 (P0 is the initial partial
pressure of corresponding gas in the gas mixture under
study). The definite atomic ratios of individual com�
ponents n0(Si) : n0(C) : n0(N) : n0(O) : n0(H) were
determined from the given composition of the initial
gas mixture, which is characterized by the parameter

 = P0(N2)/P0(HMDS) = 0–10. The procedure of
the calculation is described in [14].

The standard thermodynamic characteristics of
individual substances were used as initial: standard

enthalpy of formation , standard entropy ,

and standard molar heat capacity (T). The main
source of thermodynamic characteristics is Database
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(Properties of Materials of Microelectronic Technol�
ogy) which was created at the Institute of Inorganic
Chemistry, Russian Academy of Sciences, Siberian
Branch (IIC RAS SB) for the solution of microelec�
tronics problems [15]. In the considered Si–C–N–
O–H system, the following condensed compounds
were included in the calculations: Si (solid), C (solid,
graphite and diamond), SiO (solid), SiO2 (solid,
quartz and crystobalite), SiC (solid, two modifica�
tions), Si3N4 (solid, two modifications α and β), H2O
(liq), C4H12OSi (liq), C6H18OSi2 (liq), C6H19NSi2

(liq), C8H24N2Si2 (liq), C5H18N4Si (liq), C6H20N4Si
(liq), C4H14N2Si (liq), C5H16N2Si (liq), C4H12N2 (liq),
C3H10N2 (liq), C2H8N2 (liq), CH3OH (liq), and 78 gas
compounds.

The absence of thermodynamic characteristics for
individual ternary SiCxNy and quaternary SiCxNyOz

compounds, as well as their hydrogenated forms, does
not allow the strict determination of the preparation of
silicon oxycarbonitride, giving only the temperature
boundaries of phase ranges, which contain the mix�
tures of phases including all elements of these com�
pounds.

It should be noted that, although experimental
processes of the layer fabrication according to the
CVD technique proceed under the conditions, which
are far from equilibrium, the results of thermodynamic
simulation are valuable for the determination of the
conditions of the preparation of the condensed phase
with required composition.

Thus, the thermodynamic modeling of the utilized
processes, which precedes the experiments, allows the
rationalization of the choice of the initial precursor
substances, determining the ranges of the conditions
corresponding to the deposition of various sets of
phases and, consequently, reducing substantially the
program of the required expensive and long experi�
ments.

RESULTS OF THERMODYNAMIC ANALYSIS 
OF THE Si–C–N–O–H SYSTEM

Initial gas mixture HMDS + N2 (1). Thermody�
namic calculations enable one to determine the com�
position of the condensed phases and the gas phase,
which is in equilibrium with them, under various defi�
nite pressures in the system and the chosen composi�

tion of gas mixture that is attributed by parameter .

The result of the calculations is given as a section of
the CVD phase diagram of Si–C–N–O–H in Fig. 1.

When varying parameter  (from 0 to 1) in the tem�
perature range of 300–1100 K within the initial gas
mixture HMDS + N2 (assuming residual air pressure),
only the nitrogen concentration changed. In this case,
the atomic ratios of the individual components can be
written as n0(Si) : n0(C) : n0(N) : n0(O) : n0(H) =

0
1R

0
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2 : 6 : (x) : (5.25 × 10–2) : 19 at a particular . As fol�
lows from Fig. 1, five phase ranges can be determined
that are in equilibrium with the gas phase in the tem�
perature range of 300–1300 K—one large four�phase
(SiO2 + Si3N4 + SiC + C); three three�phase (SiO2 +
Si3N4 + C), (SiO2 + SiC + C), and (Si3N4 + SiC + C);
and a two�phase range (SiC + C)—which can be real�
ized at elevated temperatures (T > 1045 K). At 1019–

1034 K and  varying from 0.1 to 0.5, the mixture of
phases (SiO2 + SiC + C) is in equilibrium with the gas

phase; and, at  > 0.5, in the narrower temperature
range 1034–1045 K, there can be a mixture of oxygen�
free phases (Si3N4 + SiC + C). In the high�concentra�
tion range of nitrogen in the initial gas phase

( > 0.815), the existence of a three�phase range is
possible in the temperature range of 300–985 K
(SiO2 + Si3N4 + C). The total elemental composition
of the condensed phase at a particular composition of

the initial gas mixture  shows the increase in the car�

bon content with the growth of . The limiting ele�

mental composition at T > 1050 K at various  values
for the given mixture of HMDS with nitrogen corre�
sponds to the composition Si2C5.95, and it is clear from
Fig. 1 that the phase composition represents the mix�
ture (SiC + C).

In the temperature range from 600 to ~1000 K, the
elemental composition of the precipitated film practi�

cally remains constant. It should be noted that, at  <
0.5, in the narrow temperature range, silicon oxycar�
bide with a small oxygen content may exist in equilib�

rium with the gas phase; for example, at  = 0.1 and
T = 1019 K, the elemental composition of the film is
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Fig. 1. Section of the CVD phase diagram of the Si–C–
N–O–H system for the initial gas mixture 1

(HMDS + N2),  = P0(N2)/P0(HMDS ) at  = 6 ×
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Si2C8.77O0.011; and, at  = 0.4 and T ~ 1030 K,
Si2C5.95O0.002. In the narrow temperature range of

1034–1045 K, at  > 0.54, the composition of the
condensed phase would correspond to silicon carbon�
itride SiCxNy.

In the three�phase range (SiO2 + Si3N4 + C), in the
temperature range of 700–985 K, the total elemental
composition of condensed phase may be described as
Si2C6N2.64O0.052; in addition, Si–C bonds are not
formed in this phase and there are Si–N and Si–O
bonds.

The composition of the equilibrium gas phase
depends on the temperature and, to a lesser extent, the

0
1R

0
1R

composition of the initial gas mixture, that is . At
low temperatures, CH4, H2, and N2, predominate in
the gas phase; in addition, nitrogen has an excessive
pressure; there are also traces of NH3. At elevated tem�
peratures, the partial pressure of N2, H2 grows and CO,
HCN, and H gas molecules and traces of C2H2, as well
as CH4, appear.

Initial gas mixture HMDS + O2 (2). Thermody�
namic modeling of CVD processes in the Si–C–N–
O–H system using the initial gas mixture HMDS + O2

was performed under the same conditions as described
above for the gas mixture with nitrogen. The definite
composition of the initial gas phase was set using the

variable parameter  = P0(O2)/P0(HMDS) in the
range from 0 to 1. The results of calculations are given
in the CVD diagram (Fig. 2).

In contrast with the initial gas mixture (1) with
nitrogen, in this case, there are three phase ranges in
diagram, which are in equilibrium with the gas phase:
the broad range of the four�phase mixture (SiO2 +
Si3N4 + SiC + C) up to 1000 K; and at higher temper�
atures, the three�phase range (SiO2 + SiC + C), which
transfers to the two�phase range at T > 1150 K (SiC +
C). The temperature boundary of the tri� and two�
phase ranges is shifted to higher temperatures. It
should be noted that an increase in the concentration
of oxygen in the initial gas mixture (2) leads to the
change of the composition of the components in the
condensed phase; this can be observed from the calcu�

lated data in Table 1 for two definite values . 

Thus, we can state the possibility of the preparation
of both silicon oxycarbonitride SiCxNyOz, the elemen�
tal composition of which remains constant in the

range of 600–1000 K at a given , and silicon oxycar�
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Fig. 2. Section of the CVD phase diagram of the Si–C–
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Table 1. Calculated equilibrium composition of condensed phase in the Si–C–N–O–H system using initial gas mixture

HMDS + O2 (  = 6 × 10–2 Torr, Pres = 5 × 10–3 Torr)

T, K T, K
Atomic 

composition Phase composition Atomic 
composition Phase composition

300 Si2C1.26N1.14O1.04

SiO2 + Si3N4 + SiC + C

300 Si2.0C1.26N1.14O2.04

SiO2 + Si3N4 + SiC + C

400 Si2C1.74N1.14O1.04 400 Si2.0C1.74N1.14O2.04

500 Si2C4.79N1.14O1.04 500 Si2.0C4.79N1.14O2.04

600 Si2C5.93N1.14O1.04 600 Si2.0C6.0N1.14O2.04

700 Si2C5.99N1.14O1.04 700 Si2.0C6.0N1.14O2.04

800 Si2C6.0N1.13O1.04 800 Si2.0C6.0N1.14O2.04

900 Si2C6.0N1.14O1.04 900 Si2.0C6.0N1.13O2.04

1000 Si2C5.98N0.52O1.02 1000 Si2.0C6.0N0.52O2.02

1018–1127 Si2C5.55O0.58 SiO2 + SiC + C 1018–1127 Si2.0C5.55O1.5887 SiO2 + SiC + C 

1028–1300 Si2C4.96 SiC + C 1028–1300 Si2.0C4.96 SiC + C

Ptot
0

R2
0

R2
0
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bide SiCxOz from the gas phase; and the mixture of the
SiC + C phases, at high temperatures.

Gas mixture HMDS + (N2 + O2) (3). After model�
ing CVD processes using the gas mixtures of HMDS
with nitrogen (1) and oxygen (2), it was interesting to
determine the composition of solid coatings using the
mixture of HMDS with air. The composition of air can
be represented as (4N2 + O2). The composition of the
condensed phase at various compositions of the
initial gas mixture HMDS + air (3) was calculated

in the temperature range of 300–1300 K at  = 6 ×
10–2 Torr and Pres = 5 × 10–3 Torr.

The initial composition of the gas phase, which is
determined by the ratio of the gas flows of air to the

HMDS flow, is represented by the parameter  =
P0(O2)/P0(HMDS), where P0(O2) and P0(HMDS)
are the initial partial pressures for oxygen and HMDS
in the gas mixture under study, respectively. The results
of thermodynamic modeling in the system (3) are rep�
resented as the CVD phase diagram in Fig. 3. In the
variation range of the parameters of the system

(T from 300 to 1300 K and  from 0.1 to 1.0), four
phase ranges can be highlighted: a four�phase range
(SiO2 + Si3N4 + SiC + C); two three�phase ranges
(SiO2 + SiC + C) and (SiO2 + Si3N4 + C); and, at high
temperatures, a two�phase range (SiC + C). The com�
position of the condensed phases at two definite values

 = P0(O2)/P0(HMDS) is given in Table 2. The ele�
mental composition of the condensed phase in this

system at a given  also remains almost constant in
the temperature range of 600–1000 K.

The number of phase ranges in Fig. 3 (the total
number is four) is intermediate between the phase
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ranges given in Figs. 1 and 2 for mixtures (1) and (2).
The temperature boundary between high�temperature
phase ranges (SiC + C)/(SiO2 + SiC + C) for mixture
(3) is below that for mixture (2) with oxygen and the
temperature boundary between the ranges
(SiO2 + SiC + C)/(SiO2 + Si3N4 + SiC + C) is simi�
lar to the analogous boundary in system (2). When

using the initial gas mixture (3) (  ranging from 0.9 to
1.0) at lower temperatures, there is the phase range
(SiO2 + Si3N4 + C), which is similar to the three�
phase range in the case of initial mixture (1) (Fig. 1),
although with shifted temperature boundaries.
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Table 2. Calculated equilibrium composition of condensed phase in the Si–C–N–O–H system using initial gas mixture

HMDS + “air” (  = 6 × 10–2 Torr, Pres = 5 × 10–3 Torr)

T, K
 = 0.2

T, K
 = 0.5

Atomic 
composition Phase composition Atomic 

composition Phase composition

300 SiC0.56N0.66O0.04

SiO2 + Si3N4 + SiC + C

300 SiC0.63N0.90O0.11

SiO2 + Si3N4 + SiC + C

400 SiC0.87N0.66O0.04 400 SiC0.85N0.90O0.11

500 SiC2.4N0.66O0.04 500 SiC2.40N0.90O0.11

600 SiC2.96N0.66O0.04 600 SiC2.97N0.90O0.11

700 SiC3.0N0.66O0.04 700 SiC3.0N0.90O0.11

800 SiC3.0N0.66O0.04 800 SiC3.0N0.90O0.11

900 SiC3.0N0.66O0.04 900 SiC3.0N0.90O0.11

1000 SiC3.0N0.34O0.03 1000 SiC3.0N0.58O0.97

1022 SiC2.98O0.025 SiO2 + SiC + C 
1030 SiC2.98O0.08 SiO2 + SiC + C 

1047 SiC2.96O0.001 1075 SiC2.90O0.002

1100–1300 2.96 SiC + C 1100–1300 SiC2.89 SiC + C

Ptot
0

R2
0

R2
0
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The effect of the change of the composition of the
initial mixture (xN2 + O2), where x = 1, 3, and 4, on
the deposition of the condensed phases was studied. As

in the cases considered above,  = 6 × 10–2 Torr

(and also  = 7 × 10–2 Torr), Pres = 5 × 10–3 Torr,
and P0(HMDS) = 4 × 10–2 Torr were used in the cal�
culations. The composition of the initial gas mixture
(xN2 + O2) varied in a sufficiently narrow pressure
range, which corresponds to 2.5 × 10–2 Torr, for exam�

ple, for  = 7 × 10–2 Torr. In the considered case,
the concentration of nitrogen in the initial gas mixture
grows and the concentration of molecular oxygen
decreases. Fig. 4 shows the section of the CVD phase
diagram  for the initial gas mixture HMDS + (xN2 +
O2) (4) where parameters are T and R1

0  = P0
N2

/

P0
HMDS.

It follows from the figure that, for this initial gas
mixture under the considered conditions, just as when
using mixture (3), there is the same set of phase ranges
and with the same number of condensed phases. The
temperature boundaries between the phase ranges are
in general close to those obtained for the initial gas
mixture (3) (HMDS + air), although with the shift of
the temperature boundary between the phase ranges

(SiO2 + Si3N4 + SiC + C)/(SiO2 + Si3N4 + C) by 

The results of the integrated study of the chemical
and phase compositions of the grown films using spec�
troscopic methods such as IR, Raman, X�ray photo�
electron, and energy dispersion spectroscopy [16, 17]
showed good accordance of the phase composition of
these films with the composition calculated in the Si–
C–N–O–H system.
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CONCLUSIONS

In this work, the results of thermodynamic model�
ing of the deposition of films with various composi�
tions from the gas mixtures of hexamethyldisilazane
with oxygen, nitrogen, and mixture (O2 + N2) in the
broad temperature range (300–1300 K) under
reduced total pressure in the system are given.

The ranges of the deposition conditions of complex
condensed phases, which contain silicon oxycarboni�
tride, silicon oxycarbide, and silicon oxynitride, were
determined. Using these data, the experiments on the
growth of oxycarbonitride films with various composi�
tions were performed. It should be noted that the ther�
modynamic approach to the precipitation of complex
films in the Si–C–N–O–H system from various com�
positions of volatile silicon�containing compounds
showed its predictive ability.
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