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Electric Current in Rate Equation for Parallel Plate Plasma-
Enhanced Chemical Vapour Deposition of SiC,N,O, Film without

Heat Assistance

Kenta Hori, Toru Watanabe, and Hitoshi Habuka ™"

Department of Chemistry Applications, Yokohama National University, Hodogaya, Yokohama 240-8501, Japan

A 50-500 nm-thick SiC,N,O, film was formed in parallel plate plasma at room temperature using a gas mixture of
monomethylsilane, nitrogen and argon at 10—30 Pa for 5 min at the electric current of 1-16 mA. The film thickness and the
concentrations of the silicon, carbon, nitrogen and oxygen were expressed by equations assuming that various chemical reactions in
the gas phase and at the surface were enhanced by both the electric current and the partial pressure of the gases. The obtained
equations showed the influence of the electric current on the film thickness and the compositions. Using the obtained equations, the
existence and the extent of the deposition and the etching by the precursors and their combinations were evaluated.
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Coating films made of various materials have been studied and
formed on the surfaces of various tools and devices used in a
corrosive environment.' There are various coating materials, such as
silicon carbide (SiC), silicon nitride (SiN,), silicon dioxide (SiO,)
and their mixtures, such as SiCxNyOZ.l_3 In order to produce such
coating films at low temperatures, the room temperature plasma
enhanced chemical vapour deposition (PECVD) process has been
studied.™”

The PECVD process is considered to be influenced by various
parameters, such as the partial gas pressures and electric current.
Additionally, the precursors may interact with each other to cause
the deposition and etching of the film. In order to enable a systematic
study of the complicated process, the equations consisting of the
partial pressures of the precursors and their cross terms were
developed and evaluated in a previous study.’ The obtained multi-
term equations showed linear relationships between the experiment
and calculation. Additionally, the role of each term was related to the
deposition and etching.

While the electric current was fixed for simplification in the
previous study,” it should be taken into account as one of the most
influential factors. In this study for further development, the electric
current was thus introduced to the equations for describing the
thickness and the concentrations of the silicon, carbon, nitrogen and
oxygen of the SiC,N,O, film, which was formed by the PECVD
process without any heating assistance.

Experimental

In Fig. 1, the reactor and process used in this study are shown.
The parallel plate plasma reactor (Soft Plasma Etcher-SE,
Meiwafosis Co., Ltd., Tokyo, Japan.) has two 80 mm-diameter
electrodes and two fluorocarbon resin parts. The electric current and
total pressure are automatically measured and displayed in this
reactor. A chamber is made of acrylic resin. The electrode distance
between them is 62 mm, for the glow discharge. Typically, the
plasma power was less than 0.36 W cm™2. This reactor was similar
to that used in previous studies.*’

The substrate was a 10-mm wide and 10-mm long aluminum
plate. The substrate was placed on the bottom electrode. The
substrate surface was cleaned prior to the deposition, as shown in
Fig. 1a, at 6 Pa and room temperature for 60 s. Next, in Step (B)
shown in Fig. 1, the gas mixture of monomethylsilane (SiH;CHj,
MMS) and nitrogen (N,) at 5%—60% and 0%—80%, respectively, in

*Electrochemical Society Member.
“E-mail: habuka-hitoshi-ng@ynu.ac.jp

ambient argon (Ar), was introduced into the chamber for 5 min. The
total gas pressure was adjusted to 10-30 Pa. The electric current was
1-16 mA. The purities of monomethylsilane, argon and nitrogen
gases were 99.9999%. The oxygen incorporation into the film can
occur by the trace amount of O,, H,O, CO, and CO in the gases.

A scanning electron microscope (SEM) (VE-8800, Keyence,
Tokyo) was used for evaluating the surface morphology. An X-ray
photoelectron spectroscopy (XPS) (Quantera SXM, ULVAC-PHI
Corp., Tokyo, Japan) measured the film thickness and chemical
bonding state. The SEM and XPS data of the samples were reported
in detail in the previous reports.*’ The center point of substrate was
evaluated. Additionally, five substrates were simultaneously used for
one film growth operation and were evaluated to confirm that there
were not significant differences between the samples.

Overall Rate Process

Following the previous study,” the combinations of the simplified
chemical reaction paths are preferred in order to obtain a simple and
practical equation in contrast to the studies taking into account the
many elemental reactions.®'?

For the parallel plate system, Fig. 2 is the assumption of the
overall rate expressions. In the ambient plasma, the AB and C gases
are activated and decomposed to produce the active species of A*,
B* and C* along with the paths (a) in Fig. 2. Here, the active species
contain various forms, such as ions, radicals, and fragments. At the
same time, following paths (b) in Fig. 2, AB and C may collide with
each other to produce the active species of A*, B* and C*. The A*,
B* and C* go to the substrate surface that causes the deposition (+)
and etching (—).

The rate equations of the overall reactions are assumed to be
described by the consumption of the gases, following the reaction
engineering.'® The gas consumption is assumed to be proportional to
the partial pressure, P;, of the gas i and the electric current, /. The
ki.j.i is the rate constant by the gases i, j and k. The positive and
negative rate constants indicate the deposition and etching, respec-
tively.

The argon, nitrogen and monomethylsilane are activated by
Egs. la, 2a and 3a, respectively. The Ar*, N*, C* and H* are
expected to cause the deposition and etching. The overall rate, V, of
Egs. 1a, 2a and 3a are 1b, 2b and 3b, respectively.

Ar — Ar* — Deposition (+) and etching (—). [1a]
Vi = karl Par. [1b]
N, — N* — Deposition (+) and etching (—). [2a]
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Figure 1. PECVD reactor and process in this study. (a) is the surface cleaning process using argon plasma, and (b) is the SiC,N,O. film deposition process using
monomethylsilane, nitrogen and argon.

The chemical reactions between the gaseous species, indicated as
Va = kol Pro. [2b] paths (b) in Fig. 2, are taken into account. For example, the

. .. . collisions of three gases, such as monomethylsilane, nitrogen and
SH;CH; — Si*, C* and H* — Deposition (+) and etching (). argon, produce the Ar*, N* C* and H*. These are expected to

[3a] contribute to the deposition and etching, which are expressed by
Eqgs. 4a, 5a, 6a and 7a. Their reaction rates are described by Egs. 4b,
V3 = ksinzcna! Psinzcns [3b] 5b, 6b and 7b, respectively.
Electrode
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Figure 2. Reaction paths from gaseous species to deposition and etching at the surface and in the gas phase between two electrodes. (a): active species formation
directly from the gases, (b): active species formation by the collision of the gases.
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SiH;CH; + Ar — Si*, C*, H* and Ar*

— Deposition (4) and Etching (—). [4a]
Vi = ksimacnz—ar( Psinacns) (I Par). [4b]
SiH;CH;3 + N, — Si*, C*, H* and N*
— Deposition (+) and Etching (—). [5a]
Vs = ksinacnz—N2 (I Psinzcns) (I Pno).- [5b]
N, + Ar — N* and Ar* — Deposition (+) and Etching (—). [6a]
Vo = kna—ar(I Pn2l) (Par). [6b]

SiH;CH3 + N, + Ar — Si*, C*, H*, N*and Ar*
— Deposition (+) and Etching (—).  [7a]

V7 = ksinzcus—N2—ar (I Psinacus)( Pn2) (I Par). [7b]

The total reaction rate Voyeray is expressed as the summation of
Eqgs. 1b-7b.

Voverall = karl Par + knol Pxo + ksinscns! Psinzchs
+ ksinacts—ar 12 Psinscus Par
+ ksinscns—N21? Psitzcns Pz + kno—ad? Pxo Par
+ ksinacu3—N2—ad® Psizcns P2 Par-

(8]

The concentrations of silicon, nitrogen, carbon and oxygen in
the film can be expressed in a form like Eq. 8. In order to obtain
the rate constants in Eq. 8 for describing the film thickness and the
concentrations of the silicon, carbon, nitrogen and oxygen by the
least square approximation method, 14 data sets at the fixed film
growth time of 5 min were used.

Results

Growth rate.—The linear relationship between the obtained film
thickness and the film growth time in this study was confirmed prior to
evaluating the PECVD process. Figure 3 shows that the film thickness
increased with the increasing film growth time under one of the typical
conditions. The concentrations of the monomethylsilane, nitrogen and
argon were 40%, 40% and 20%, respectively; the total pressure was
15 Pa and the electric current was 1.0-1.3 mA. The obtained film
thickness had a linear relationship with the film growth time. From the
slope in this figure, the deposition rate was 17 nm min ™.

Thickness and concentrations.—In order to express the thick-
ness and the concentrations of the silicon, carbon, nitrogen and

MMS: N,: Ar = 40%: 40%: 20%,
Total pressure : 15 Pa
Average current : 1.0-1.3 mA
240
=
E
72 160
5]
s
-
2
£ 80 ,
g Growth rate: 17 nm/min
s 0 1 1 ]
< 6 8 10 12

Film growth time (min)

Figure 3. Film thickness vs film growth time.

Film thickness I I
2=0.9614
~400F —
=
B
=
=
=
§ 200 e
i [}
&) o 2
o
0 1 1
0 200 400

Measurement (nm)

Figure 4. Correlation of the obtained film thickness between the measure-
ments and calculations.

oxygen, the rate constants in the form of Eq. 8 were evaluated and
shown by Egs. 9-13 and in Figs. 4-8, respectively. The solid lines in
the figures show the relationship when the calculation is equal to the
measurement.
Film thickness:
Thickness (nm) = 14.71 Psipzcusz — 1.271 Py + 4.701 Py,
— 013412 PsipzcusPre
— 0.65012 PgimzcnzPar — 0.05271% Py, Pro
+ 0.015373Psiraca Pno Par + 12.0. [9]

Silicon concentration in the film:

Silicon (%) = 1.03] Pgimscus — 0.1791 Pyy + 0.2331 Py,
— 0.005217 % Psiacs Pz
— 0.04007 *Psipacms Par + 0.0018372P,, Pxo
+ 0.0004541*Psip3cns Pz Par + 44.4. [10]

Carbon concentration in the film:

Carbon (%) = 1.671 Psiyzcas — 0.5371 Py + 0.4541 Py,
+ 0.003351 2Psin3cnz P
— 0.074312PgipacrzPar + 0.0090212P5 Pro
+ 0.0006321*Pgiscuz Pz Par + 18.3. [11]

Nitrogen concentration in the film:

Nitrogen (%) = 0.353/ Psigscus — 0.2131 Pny + 0.2201 Py,
+ 0~0086112PSiH3CH3PN2
— 0.02851*Psiscus Par + 0.00415712Ps, P

+ 0.00009407*Psip3cuz Pna Par + 8.10.
[12]

Oxygen concentration in the film:

Oxygen (%) = —3.071 Psipzcus + 0.8281 Pnp — 0.9291 Py,
— 0.002511%Psii3cus Pro
+ 0.1421Pgipgzcus Par — 0.01241%Py, Pno
— 0.001251°Pgiti3cr3 Pno Par + 29.6.
[13]
The correlation coefficient was 0.96 for the film thickness in Fig. 4;
those for the concentrations of silicon, carbon, nitrogen and oxygen

in Figs. 5-8 were 0.77, 0.74, 0.63 and 0.83, respectively. Overall, the
calculations could reproduce the typical trend of the experiments.
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Figure 5. Correlation of silicon concentration in the obtained film between
the measurements and calculations.

Discussion

Electric current.—The influences of the electric current on the
film thickness and various concentrations are shown in Figs. 9 and
10. Figure 9 shows the film thickness calculated at the partial
pressures of the monomethylsilane, nitrogen and argon of 2, 7 and
9 Pa, respectively, for the film growth time of 5 min. At the increasing
electric current from 1 to 10 mA, the film thickness is shown to non-
linearly increase from 50 to 750 nm. While the film thickness increase
between 1 and 5 mA is moderate, it becomes significant at higher than
6 mA. The non-linear film thickness increase at the higher electric
current is considered to occur depending on the second and third
order terms, such as 12 PSiH3CH3 PN2’ 12 PSiH3CH3 PAr’ 12 PAr PN2 and
I& Psinzcus Pnz Par in Eq. 9.

The concentrations of silicon, carbon, nitrogen and oxygen were
calculated at the various electric currents and shown in Fig. 10
assuming the same conditions as those in Fig. 9. The silicon
concentration is expected to be nearly constant around 45%. Thus,
it has a slight influence by the electric current. Additionally, the
nitrogen concentration is considered to slightly increase at the
electric currents between 1 and 10 mA. In contrast, the carbon
concentration increases from 20 to 40% with the increasing electric
current. In addition, the oxygen concentration is expected to
significantly decrease with the increasing electric current.

Because the electric current was practically changed by adjusting
the total pressure in the reactor shown in Fig. 1, the SiC,N,O, films
were formed at the various total pressures by fixing the partial

40 1 1 1
Carbon °
e R2=10.7386
_ o
S B .
g 30 = @
5201 .
5
=
0
= 101 1
)
U L 1 1
0 10 20 30 40

Measurement (atom%o)

Figure 6. Correlation of carbon concentration in the obtained film between
the measurements and calculations.
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Figure 7. Correlation of film nitrogen concentration in the obtained film
between the measurements and calculations.

pressure ratio, for example, PgsiyszpziPno:Par = 1:4:10. Here, the
major trend was assumed to be similar even if the conditions were
slightly different from those in Figs. 9 and 10. The measurement is
shown in Fig. 11, in which the electric current values corresponding
to the total pressures are indicated. The electric current increased
with the increasing total pressure. The relationship and the role of
the total pressure and the electric current should be studied in the
future work. Although both parameters seemed to change simulta-
neously correlating with each other, two parameters might have
different chemical roles.

The obtained film thickness is shown in Fig. 1la. The film
thickness increased with the increasing total pressure. Additionally,
as shown in Fig. 11b, the silicon concentration was maintained at
nearly 40%. While the carbon and nitrogen concentrations increased
with the increasing total pressure, the increase in the nitrogen
concentration was more moderate than that in carbon. The oxygen
concentration decreased from 40% to 10% with the increasing total
pressure. The overall trend shown in Fig. 11 agreed with those in
Figs. 9 and 10. In conclusion, the equations in the form of Eq. 8 were
applicable to design and obtain a film having the expected thickness
and concentrations. The oxygen concentration may be controlled and
adjusted by means of Eq. 13, while it might have been recognized as
uncontrollable.

Precursors.—In order to understand which precursors and their
interactions are active for the film deposition, the contribution ratio

50 1 1 1 T
Oxygen
2=1(.8329

o] ) -
= = =
T T T

Calculation (atom%)

0 ! ! ! 1
0 10 20 30 40 50

Measurement (atom%o)

Fig

Figure 8. Correlation of oxygen concentration in the obtained film between
the measurements and calculations.
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Figure 9. SiC\N,O, film thickness calculated at the various electric currents.

of each term in Eq. 9 is estimated at the electric current of 6 mA and
shown in Fig. 12. In this figure, the values of the contribution are
normalized using the highest value. The three positive terms of
IPSiH3CH39 IPAr and I3PSiH3CH3PN2PAr show a contribution to the
deposition. The four negative terms of IPN2’ IzPSiH3CH3PN23
12P51H3CH3PAr and IZPATPNZ can cause the etching. Assuming that
the small contribution terms of IPn2, PPsimscusPra and PProPar
are negligible, a major part of the film deposition is considered to
depend on IPs;y3chs, [Par and I3PsiH3CH3PN2PAr, while the etching
by PPsitacisPar simultaneously occurred. When the partial pres-
sures are fixed, the increase in the third order term of the electric
current, such as 13P$1H3CH3PN2PAn is considered to be more
significant than the increase in the second order term of
PPsinscnsPar Based on Fig. 12, the electric current is considered
to accelerate the collisions between the three precursors of mono-
methylsilane, nitrogen and argon. Thus, the film thickness non-
linearly changes as shown in Fig. 9.

In addition to the film thickness, the concentrations of silicon,
carbon, nitrogen and oxygen were studied from the viewpoint of
their contribution to the deposition and etching. The roles of the
precursors and their interactions were evaluated at the electric
current of 6 mA using Eqgs. 10-13 and shown in Figs. 13 and 14.

= MMS: 2 Pa, N,: 7 Pa, Ar: 9 Pa, 5 mi
g\ilOO T a"r arl amlm
(o
= i .
= 80
B
5
60 =
8 Silicon
Q
O
40F
g Carbon
<
CZG 20 Nitrogen
O 0 1 1Ngenl
= 0 2 4 6 8 10

Electric current (mA)

Figure 10. Concentrations of silicon, carbon, nitrogen and oxygen in
SiC,N, 0. film calculated at the various electric currents.
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Figure 11. Measurement of (a) thickness and (b) concentrations of silicon,
carbon, nitrogen and oxygen at the various total pressures. Psipyzpz:Pno:
Pa, = 1:4:10. The electric current values are denoted at the corresponding
total pressures.

Similar to Fig. 12, the contribution values are normalized using the
highest value in each figure.

Figure 13a shows the contributions of the terms in Eq. 10 for the
silicon concentration. For the silicon incorporation, the four positive
terms of IPSiH3CH3, IPA,—, 12PArPN2 and ISPSiH3CH3PN2PAr affect the
deposition, while the three negative terms of /Pyp, IZPSiH3CH3PN2
and PPsipscusPac affect the etching. Among these, the major
contributions  of  deposition by  IPsjyscus, [Par and
I3PSiH3CH3PN2PAr and that of etching by IzPSiH3CH3PAr are the
same as those for the film deposition in Fig. 12.

The contributions of the various terms in Eq. 11 to the carbon
concentration are shown in Fig. 13b. While PPsinacusPna has a low
positive value different from Fig. 13a, the positive and negative
contributions are entirely the same as those in Fig. 13a. Because the
deposition contribution by PPaPro and PPsinzcrsProPar increase

MMS: 2 Pa, N,: 7 Pa, Ar: 9 Pa, 5 min
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Figure 12. Contribution of various paths at 6 mA during the film formation
process by deposition and etching.
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Figure 13. Contribution of various paths at 6 mA for incorporating (a)
silicon and (b) carbon during the film formation process by deposition and
etching.
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with the increasing electric current, the carbon concentration was
evaluated to increase as shown in Fig. 10.

The contributions of the various terms in Eq. 12 to the nitrogen
concentration are shown in Fig. 14a. The positive and negative
contributions are entirely the same as those in Fig. 13. Because the
nitrogen incorporation by I3PSiH3CH3PN2PAr is shown to be lower

than I*P 5.Pn», the increase in the nitrogen concentration is moderate
with the increasing electric current.

In contrast, as shown in Fig. 14b, the oxygen incorporation is
considered to occur by the contribution of the precursors opposite to
those in Figs. 13 and 14a. The oxygen atoms are incorporated by the
contributions of IPx> and I*PsinszcrsPay, while they are removed by
the contributions of IPSiH3CH3$ Py, T PSiH3CH3PN2, IZPAI—PNZ and
I3PSiH3CH3PN2PAr. The summation of the etching contributions by
PPaPro and FPsiscnsProPar 18 expected to become higher than
the deposition contribution by I*PsipzcasPar With the increasing
electric current.

Overall, the increase in the electric current was found to enhance
the first, second and third order terms in Eq. 8. Their contribution to
the concentrations of silicon, carbon and nitrogen is opposite to that
of oxygen.

Conclusions

A SiC,N,O, film was formed in parallel plate plasma without any
heating assistance using a gas mixture of monomethylsilane,
nitrogen and argon at various electric currents. The film thickness
and the concentrations of silicon, carbon, nitrogen and oxygen were
described by the equations assuming that the rate of the various
chemical reactions in the gas phase and at the surface was
proportional to both the electric current between the electrodes and
the gas partial pressures. The obtained equations showed the
influence of the electric current on the film thickness and the
compositions. Using the obtained equations, the role of the film
formation and the etching caused by the gases and their combina-
tions were evaluated. Overall, the increase in the electric current was
evaluated to enhance all reactions in the PECVD reactor.
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