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Abstract

Based on the Gibbs free energy minimum principle and Factsage software, the thermodynamic phase diagram for the SiCl,—NHz—
C;3Hg—H,—Ar system was calculated. The effects of temperature, dilution ratio of Hj, total pressure on product types and distribution
regions of reacted solid products were discussed. The results show that: (1) The area of SiC-Si;N, increases at first, then decreases with
the rising of temperature and reaches the maximum value at 1273.15 K. (2) The ratio of C/Si is the main factor for the deposition of SiC
in the double phase of SiC-Si;Ny. (3) The preferred deposition conditions of Si;N, are: T=1173.15K, H,:SiCl4;=10:1, and
Pro1=0.01 atm. Taking the deposition of SiC into consideration, the deposition of SisN, influences the formation of Si—C-N directly.
(4) According to the influencing factors of depositing SiC and Si;Ny, the suitable parameter for Si—-C—N deposition can be determined.
(5) Through the experimental verification, it can be demonstrated that Si—-C-N can be obtained by low-pressure chemical vapor
deposition (CVD), its product being amorphous and mainly constituted by Si—N and Si—C bonds. The obtained Si—-C—N ceramics can
transform to o-SizNy and SiC nano-crystal when heat-treated at 1773.15 K in N, for 2 h.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In recent years, the deposition of silicon carbon nitride
(Si—~C-N) has attracted considerable interests due to their
attractive properties, such as corrosion resistance, high
temperature oxidation resistance, hardness and wide band
gap, electronic and other ambient applications [1-6].
At present, the preparation technologies of Si—C—N include
pyrolysis of polymer precursors [7], chemical vapor deposi-
tion (CVD) at elevated temperatures [8], hot-wire CVD [9],
radio frequency plasma-enhanced CVD (PECVD) [10,11],
ion beam sputtering [12], hot-pressing process [13] and
pulsed high-energy density plasma (PHEDP). Xueming
et al. [14] and Nishimura et al. [15] studied mechanical
and thermal properties of Si-C-N by pyrolysis of polymer
precursors from polyvinylsilazane. This new material was
found with excellent properties, but these properties were
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restrained by the existence of pores accompanied by this
method. Izumi and Oda [9] studied the dielectric constant of
Si—C-N prepared by HWCVD using Hexamethyldisilazane
(HMDS)-NH; system. Jedrzejowski et al. studied the
mechanical and optical properties of Si-C-N prepared by
PECVD with Ar-N,—SiH4;~CH, system. [11] But till now
few researches focus on the low-pressure CVD which
can reduce some unnecessary reactions and make the
deposition well-distributed. Nevertheless the process of
low-pressure CVD is very complicated, so thermodyna-
mic calculation of Si—-C-N to direct the experiment is
necessary.

The thermodynamic calculation can provide informa-
tions about the influencing factors of the system, and also
it is helpful to predict the extent of reaction and to
understand the influence of reaction parameters on the
CVD process. From the analysis of the thermodynamic
calculation, the deposition mechanism and the optimiza-
tion of deposition parameters can be well studied. For the
SiCl4—NH;—CsHgH,—Ar system, there is no associated
thermodynamic calculation reported currently.
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In this paper, the thermodynamic phase diagram and
yield map of the CVD process in the SiCl,—NH;—C3;H¢—
H,—Ar system were calculated within wide ranges of
process parameters. The proper parameter was deter-
mined. Meanwhile, the principles and mechanisms of the
effect of process parameters were discussed.

2. Calculation method

The calculation method is based on the Gibbs free
energy minimum principle. First of all, the initial condi-
tions are confirmed, such as system temperature, system
total pressure and the dilution ratio of H,. The tempera-
ture range in this passage is from 973.15 K to 1473.15K;
the system total pressures are 0.01 atm, 0.05 atm, 0.1 atm
respectively; define o=[NH;]/[SiCl;] (N/Si), p=[C;Hg]/
[3SiCly] (C/Si), ([X] stands for original molar quantity of
material X) and both « and f range from 0 to 5. Secondly,
all of the thermodynamic calculation datas are from the
data base of Factsage software.

The thermodynamic phase diagram and yield map were
drawn using the Factsage calculation results to determine
the relationship between reaction parameters and product.
Because there was no data of Si—-C—N in Factsage data-
base, so the data of SiC and SisN, were used to instead and
the focus of Si—C—N is predominantly the double phase
SiC-Si;N, accordingly.

3. Results and discussion

3.1. The effect of temperature on the thermodynamic phase
diagram and reaction product

Fig. 1 shows the thermodynamic phase diagram with
different temperatures from 973.15 K to 1473.15 K. Fig. 2
shows the yield map of SiC-SizNy in different tempera-
tures from 1173.15 K to 1373.15 K when C/Si=0.6. Tem-
perature plays a key role in both of the formation and yield
of SiC-Si3;Ny4. The detailed discussions are as follows:

(1) For SiC-SizNy, the double phase field of SiC—SizNy
appears at 1073.15 K and its area increases at first and
then decreases with the rising of temperature which
reaches the maximum value at 1273.15 K. With the
increasing of temperature, the amount of SisNy is in a
down trend [16] which is revealed in Fig. 2. When SiCly
was utilized as the Si source in the deposition of SiC,
the suitable temperature is excess 1273.15K [17].
Consequently the suitable temperature is 1173.15 K
or 1273.15 K, when the pressure is 0.01 atm.

(2) For C=Si3Ny, the double phase field of C-Si;N,4 appears
at 973.15K and the area of phase field decreases with
temperature. This is chiefly because the deposition of SiC
and SisN4 was influenced by temperature.

(3) For Si3N4C-SiC, the three phase field of Si;N4C-SiC
appears at 1173.15 K and the changes are similar to C-
SizNy.

(4) For C-SiC, the double phase field of C—SiC appears at
1073.15 K and its area increases with temperature.
When the temperature exceeds 1273.15K and C/Si
exceeds 1.0, C-SiC is the only phase. Except the
influence of temperature, the reaction SizNy4+3C=
3SiC+2N, plays an important role.

(5) For SiC and C, the single phase fields of SiC and C
appear at 1173.15 K and 1273.15 K respectively, but
both of the areas increase with temperature.

Considering the area of SiC-Si3;Ny and the yield of SiC
and SizNy, 1173.15 K is the suitable temperature of Si—-C-—
N deposition.

3.2. The effect of H> on the thermodynamic phase diagram
and reaction product

Fig. 3 shows the thermodynamic phase diagram with the
dilution ratio of H, from 5:1 to 20:1 at 1173.15 K. Fig. 4
shows the yield map of SiC—Si3;Ny with the dilution ratio of
H, from 0:1 to 20:1at 1173.15K when C/Si=0.6. The
changes are as follows from Figs. 3 and 4:

(1) For SiC-Si3;Ny, the area of SiC—Si3;Ny increases firstly
and then basically remains unchanged. But they are
quite different from the phase diagram without H,
which is shown in Fig. 1d.

(2) For C-SiC, the area of C-SiC decreases firstly and then
remains unchanged.

(3) For other phases, namely SiC, SiC-Si;N,C and
C-Si3Ny, mainly remain unchanged.

It is concluded that the effect of H, on promoting the
deposition of SiC-Si;Ny is obvious but the ratio of H, is
not the significant factor.

The changes in the diagram can be explained by affinity
of chemical reaction and Gas reaction balance theory [18]

A=-TIn(J,/K?) (1)
Jp=11(Pg/P")"" 2
mA ) +nB(g) =xCs) +yD(g 3)
K® =P/ (P x Pp) 4)

where A is chemical affinity, related to the negative partial
derivative of Gibbs energy with respect to extent of
reaction at constant pressure and temperature. It is
positive for spontaneous reactions. Jp is the product of
the partial pressure of the reactants. Vp is negative when
corresponding to reactants and positive value when Vp is
corresponding to the species. K? is equilibrium constant.
Py is the partial pressure of each gas component. P is
standard gas pressure.
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Fig. 1. The thermodynamic phase diagram from 973.15K to 1473.15 K [H,][SiCly]=0; Prow1=0.01 atm; [SiCly]=3 mol; (a) 7=973.15K; (b)
T=1073.15K; (¢c) T=1173.15K; (d) T=1273.15K; (¢) T=1373.15K and (f) T=1473.15 K).

When Jp < K?, 4> 0, reaction can be carried out
spontaneously.

Jp=K?, A=0, reaction achieves balance.

Jp> K%, A4 <0, reaction could not be carried out
(reverse reaction itself is possible to carry out).

The effect of H, in the reaction system is dilution.
The main chemical reactions are as follows:

3SiCly +4NH;3 = SisNy+ 12HCl, AG = —-380566.51 (5)

3SiCly+3H,+C3He = 3SiC+ 12HCl, AG =—41667.7]

(6)
C3Hg=3C+3H,, AG=—236828.6 )
NH; =N>+3H,, AG=—164180.2 8)

and the AG number of the chemical reactions is from
Factsage database. With the increasing of H,, Eq. (8) is
restrained and then the amount of NHj is increasing which
leads to the deposition of Si;N4. About the deposition of
SiC, there are little extra gaseous decomposition products
because 1173.15 K is much higher than the decomposition
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temperature of C3;Hg, so the dissolved gas of H, has H, has a negligible effect on depositing SizN4 when the
nothing to do with depositing SiC. So more dissolved gas dilution ratio of H,:SiCl; exceeds 10:1. Consequently
of H, is better in order to achieve Si—C-N. But the ratio of H,:SiCl;=10:1 is the best dilution ratio.
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Fig. 2. Yield map of SiC-SizNy from 1173.15K to 1373.15K Fig. 4. Yield map with different dilution ratio of H, (T=1173.15K;
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Fig. 3. The thermodynamic phase diagram with different dilution ratio of H, (T=1173.15 K; Pro=0.01 atm; [SiCly]=3 mol; (a) [H,]:[SiCl4]=5:1;
(b) [H,]:[SiCl]=10:1; (¢) [H,][SiCl4]=15:1 and (d) [H,]:[SiCl,]=20:1).



X. Liu et al. | Ceramics International 39 (2013) 3971-3977

a sy
45 |
O renmask
3.5 kb P=0.05atm C-»‘-.‘,‘u_,l\4
H,:Si=10:1
30fF °
Z 2.5 .-
20 b
1.5 b
i -_ 51C+(.+S|3N4
0s b sicisiNg
[ 34 S'_(f?/l SiC+C
0.0 PR B B Sl I TP T P SPU Y
02 04 06 08 1.0 12 14 16 18 2.0
C/si

3975
b so
a5}
T ren7ask o
35 f P=0.latm CH8i N,
H,:8i=10:1
30 F
Z 2.5 :
20 |
15 k
U SIC+CH+SI,N,
0.5 | SICHSiN, SjC+C
[ SiC
0.0 L . L Y L IA“A"(J L . L & L . L " L .
02 04 06 08 1.0 12 14 16 L8 20
csi

Fig. 5. The thermodynamic phase diagram with different total pressure (7=1173.15K; [H,]:[SiCl4]=10:1; [SiCly]J=3 mol; (a) Prow=0.05atm;

(b) Prow=0.1 atm).

3.3. The effect of total pressure on the thermodynamic phase
diagram and reaction product

Fig. 5 shows the thermodynamic phase diagram with
different total pressures which are 0.05 atm and 0.1 atm at
1173.15 K. Fig. 6 shows the yield map of SiC—Si;Ny4 with
different total pressure when C/Si=0.8. Total pressure
plays an important role in both of the formation and the
yield of SiC-SizN4 compared with Fig. 3b. The detailed
discussions are as follows from Figs. 5 and 6:

(1) For C-Si3N4 and SiC-Si3;Ny, with the increasing of the
total pressure from 0.01 atm to 0.1 atm, the area of
C-Si3N, increases and SiC-Si;N, decreases accord-
ingly. Lower total pressure makes for the deposition of
double phase of SiC—SizNy.

(2) For other phases, the arca of other phases decreases
with the increasing of the area for SiC—Si;Ny.

According to the physical chemistry theory, at a certain
temperature, K® has a fixed value. When the system
pressure increases, the K? will decrease, which means the
reaction equilibrium moves toward the reactants. There-
fore, as the moles of gases increase, the volume will
increase at a definite temperature and pressure [19].
So increasing the system pressure will result in a balance
to the volume shrinking direction. And the decomposition
reaction is so complicated that the intermediate reaction
cannot be deduced correctly. Nevertheless overall reaction
equation and Gibbs free energy can be considered as Eqgs.
(5)—(7) at this temperature.

The expansion value of these Egs. (5)—(6) is the same
(in volume, the same below), which is caused by the
increase of total pressure respectively. So the two reactions
are restrained, but the AG of Eq. (5) is much smaller than
that of Eq. (6). That means Eq. (5) is achieved easier than
Eq. (6). Because 1173.15K is much higher than the
decomposition temperature of C3Hg, so Eq. (7) is con-
ducted thoroughly whatever the total pressure changes.
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Fig. 6. Yield map with different total pressure (7=1173.15K;
[H,]):[SiCl,]=10:1; [SiCl4]=3 mol; C/Si=0.8).

4. Experimental

The SisN,4 ceramic with high porosity fabricated in our
previous work [20] was machined into specimens with
dimensions of 2.16 mm x 10.16 mm x 22.86 mm and then
placed into a vertical CVD furnace to deposit Si-C—N using
the SiCl;—NH;—C3HgH>—Ar system. In this system, Silicon
tetrachloride (SiCly > 99.99 wt%) was used as Si source;
propylene (CsHg>99.99%) was C source; ammonia
(NH3>99.99%) was N source; hydrogen (H,=>99.99%)
was the carrier gas of SiCl; and dilution gas; argon
(Ar>99.9%) was the dilution gas. The processing con-
ditions were 7T=1273.15K, P= —0.098 MPa, C/Si=1.06,
N/Si=0.59.

Fig. 7(a) showed the surface morphology of CVD Si—C-
N on the SizNy4 substrate. As the SEM (S-2700, Hitachi,
Japan) micrographs revealed, the deposition of Si—-C-N
ceramic was in a continuous and cauliflower-like appear-
ance. Fig. 7(b) showed the energy dispersive spectroscopy
(EDS) pattern of the deposition surface of the CVD Si—C—
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N (Si:C:N=1.7:1.8:1). This result showed that the
obtained film consisted of four elements, namely, Si, C,
N and O. And O was probably from surface adsorption
and the content was extremely low.

Fig. 8(a) showed the X-ray photoelectron spectroscopy
(XPS, K-Alpha; Thermo Scientific) survey spectrum.

Cn
0

000 0.05 010 015 020 025 030 035 040
Energy/keV

Fig. 7. (a) Scanning electronic microscopy photographs of the surface
morphology of CVD Si-C-N on the Si;N, substrate and (b) Energy
dispersive spectroscopy pattern of the deposition surface of the CVD Si—
C-N (Si:C:N=1.7:1.8:1).
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Elemental composition was also measured. It was found
that the obtained film was composed of Si, C, N and O.
This agreed well with the results of EDS. Considering the
low content of oxygen, oxygen content could be ignored.
Weight change and elemental composition are shown by
Table 1. And decomposition of Si (2p) was performed after
fixing the binding energy difference of these peaks.
Fig. 8(b) showed the high resolution XPS spectra of Si2p
core levels of the obtained film. It could be found that the
obtained film was predominantly constituted by Si-N and
Si—C bonds. And it was clear that Si-N bonds were
dominant in the obtained film.

After analysis, what could be confirmed was that the
obtained Si—C—N was amorphous. In order to observe the
phase composition of obtained film, the Si3N4Si-C-N
ceramics were heat-treated at 1773.15K in N, for 2 h.
Fig. 9 shows X-ray diffraction (XRD, X’Pert Pro, Philip)
patterns of porous Siz;Ny4 ceramics before and after CVD
Si—C—N: (a) porous SizNy ceramics; (b) Siz;Ny4 ceramic after
CVD Si-C-N (Si:C:N=1.7:1.8:1) and heat-treated at
1773.15 K for 2 h in N,. The main phases of the obtained
Si—-C-N were o-SizNy and B-SizN4. The SisN4 ceramic
substrate was prepared by sintering at 2073 K in N,, and
when heat-treated at 1773 K in N, there was no a-SizNy
formed. It inferred that o-SisN4 was from the obtained Si—
C-N film. Besides the a-SizN4, amorphous Si—-C-N and
SiC nano-crystal may also exist in the obtained product.
But those contents were so low that there were no peaks of
SiC. This result was consistent with the analysis of XPS.

It can be sure that Si—-C—N could be obtained by low-
pressure CVD and the obtained Si—-C-N was amorphous
which was different from the consequences of Factsage.
Nonetheless the deposition product could be transferred to
a-Si3Ny4 and SiC nano-crystal which meant the product
met the original intention of the design. Although this
verdict had differences with the consequence of the
thermodynamic calculations, the influence of deposition
parameters known by thermodynamic calculations was
also beneficial to the following experiments.
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b
N(1s) Sizp
1773.15K-2h  Si-N=— = S8i-C
Si(2s)
Si(2p)
O(1s) C(l S] P
Il Il Il 'l I I 1
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Fig. 8. (a) X-ray photoelectron spectroscopy survey spectrum and (b) High resolution XPS spectra of Si2p core levels.
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Table 1

Weight change and elemental composition measured by XPS.

No. Weight change (%) Si (at%) C (at%) N (at%)
SiCN 2.44 41.1 25.7 33.2

Si-[-N- l 77]. 15K-2h

Si,N substrate
i

20 30 40 50 60 70
2Theta/degree

Fig. 9. X-ray diffraction patterns of porous Si;N4 ceramics before and after
CVD Si-C-N: (a) porous Si3N4 ceramics; (b) SizN, ceramic after CVD
Si-C-N (Si:C:N=1.7:1.8:1) and heat-treated at 1773.15K for 2 h in N».

5. Conclusions

(1) The area of SiC-Si;N, increases firstly and then
decreases with the rising of temperature and reaches
the maximum value at 1273.15 K.

(2) The ratio of C/Si is the main factor for the deposition
of SiC from the double phase of SiC—Si;Ny.

(3) T=1173.15K, Hy:SiCly=10:1, and Pro=0.01 atm
make for the deposition of SizN4. Taking the deposi-
tion of SiC into consideration, the deposition of SizNy4
influences the formation of Si—-C-N directly.

(4) According to the influencing factors of depositing SiC
and Si3;Ny, the suitable parameter for deposition of Si—
C-N can be determined.

(5) Through the experimental verification, it can be demon-
strated that Si-C-N can be obtained by low-pressure
CVD, its product being amorphous and principally
constituted by Si-N and Si—C bonds. The obtained Si—
C-N ceramics can transform to «-Si3N4 and SiC nano-
crystal when heat-treated at 1773.15 K in N, for 2 h.
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