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A two-dimensional (2D) fluid model is presented to study the behavior of silicon plasma mixed with SiHy, N5, and
NH3 in a radio-frequency capacitively coupled plasma (CCP) reactor. The plasma—wall interaction (including the deposi-
tion) is modeled by using surface reaction coefficients. In the present paper we try to identify, by numerical simulations, the
effect of variations of the process parameters on the plasma properties. It is found from our simulations that by increasing
the gas pressure and the discharge gap, the electron density profile shape changes continuously from an edge-high to a
center-high, thus the thin films become more uniform. Moreover, as the N»/NHj3 ratio increases from 6/13 to 10/9, the
hydrogen content can be significantly decreased, without decreasing the electron density significantly.
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1. Introduction

Capacitively coupled plasma has been widely used for
Due their the high thermal stabil-
ity, chemical inertness, extreme hardness, and good dielectric

etching and deposition.

properties,[1?! silicon nitride (SizNy) thin films have been ex-
tensively used in the fabrication of microelectronic devices
as passivation and mechanical protective layers,>* mask
layers,®! and dielectric materials.[®! Conventionally, high-
quality silicon—nitride thin films are mainly deposited at low
temperatures (below 400 °C) by using the plasma enhanced
chemical vapor deposition (PECVD) method. In many cases,
the mixtures of silane with ammonia are used for deposition in
13.56-MHz radio-frequency (RF) plasma.”l NH; discharges
produce fast growth rates and films with good conformal-
ity. However, the films produced in this way typically con-
tain 10 at%-30 at% bonded hydrogen impurity in the form of
N-H and Si—H bonding groups, which occasionally cause the
degradation of device characteristics.®! Therefore, in this pa-
per, the mixtures of silane, ammonia, and nitrogen are used for
the SizNy thin films deposition in 13.56-MHz RF plasma, as
the bonded hydrogen impurity can be reduced with the use of
molecular nitrogen.

Plasma processing is a key fabrication step, especially for
the deposition of SizNy thin films. To optimize parameters
of the equipment and processes during the plasma discharge,
an entire understanding of various species densities, like elec-
trons, ions, molecules, radicals, and their behaviors are always
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expected. Accordingly, a considerable number of detailed in-
vestigations have been carried out on the characterization of
silicon—nitride films by employing a variety of techniques for
over two decades. By using numerical simulations and experi-
mental measurements, Kushner and Goto er al.[>-1! studied the
remote PECVD for the deposition of silicon—nitride films, and
found that Si—-N bonds in the film were increased by eliminat-
ing the charged species, and the flux of radicals to the substrate
can be controlled by flow rates and geometries, but some ap-
proximations to simplify the model are used. Nowling!'!! stud-
ied the silicon—nitride films properties deposited from N»/SiH4
gas mixtures, and the results show that gas-phase reactions
between nitrogen atoms and silane play an important role in
the reaction mechanism. Recently, by using the finite boxes
method, Bavafal!?! reported a detail description of the charac-
teristics of silicon—nitride film from silane diluted in ammonia
in an arbitrary configuration of a capacitively coupled PECVD
reactor. However, despite the intensive investigation of earlier
studies, one important aspect has practically not been covered
so far, the influence of the process conditions on the proper-
ties of silicon—nitride film in SiH4/N>/NH3 discharges. There-
fore, we report here a systematic research for SiH4/N>/NH3
discharges, with the main emphasis on the influence of gas
pressure and gas mixture composition on the films properties,
especially considering the electrode sizes change.

In this article, the behavior of the silicon—nitride layer
in a radio-frequency capacitively coupled SiH4/N,/NH3 dis-
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charge is investigated by employing a two-dimensional self-
consistent fluid dynamic model. Since the geometry of a re-
actor can affect the plasma properties, the domain adopted in
the simulation is an arbitrary configuration of a capacitively
coupled PECVD reactor, and the effect of electrode sizes is
investigated. To the best of our knowledge, radicals have great
influences on the deposition process, thus a few studies have
focused on the role of different radicals. Compared with previ-
ous work, we focus our attention on the influence of gas pres-
sure, electrode sizes, and gas mixture composition on the uni-
formity of electron density. Moreover, the absolute profiles
of electron density, electron temperature, major positive ions,
and radical densities are also described.

The outline of this article is as follows: in Section 2 we
describe the fluid model for the silicon—nitride (SizNy) thin
films deposition, whereas the simulation results of process
condition effect on the plasma characteristic in SiH4/N,/NHj3
discharge are presented in Section 3. Conclusions are pre-
sented in Section 4.

2. Theoretical model

The fluid model employed in this paper is based on the it-
erative and time-dependent solution of the continuity and mo-
mentum equations for the electrons, ions, and neutral particles.

The main aspects of the fluid model, including the vari-
ations of density and flux for different species j (electrons,

positive ions, negative ions, and neutrals), are as follows!!3:141
on;
a—t’+v-rj:5,~, (1)
Fj:ujnjE—Djan, 2

where n; and I'; are the density and flux of particle j, respec-
tively, and §; represents the different sources and sink terms
of corresponding particles j by electron impact collisions with
neutrals and/or by chemical reactions, u; is the mobility and
D; is the diffusion coefficients. For neutral particles, the mo-
bility term equals zero. As in Eq. (2), the drift-diffusion ap-
proximation assumes that a charged particle reacts instanta-
neously to a change of the electric field. However, with much
larger mass than electrons, ions cannot follow the instanta-
neous electric field in the discharge area. Thus, an effec-
tive electric field Eeg; is introduced to compensate the inertia
effects originating from their lower momentum transfer fre-
quency, which can be given by
% = ﬁ(E — Eett ). 3)
The electric field E and the potential V' are calculated us-
ing the Poisson equation

where ny, n_, n. represent the positive ions, negative ions,
and electron densities, respectively, and &y is the vacuum di-
electric constant. The electron temperature T is calculated
self-consistently from the second moment of the Boltzmann

equation
d(3n.T,
%Jrv.p =—el.-E+Sy,
5 5
Iy, = ETeFe - EDeneVTe- )

I, is the electron energy density flux, and Sy, represents the
loss of electron energy due to electron impact collisions, D,
and p. express the electron diffusion coefficient and mobility
which meet the Einstein relationship. No energy balance is
included for the ions and neutrals, since they are assumed to
have the local gas temperature.

To obtain the reaction rate coefficients of every electron—
neutral collision, as well as the electron mobility and the diffu-
sion coefficients, which are as a function of the average elec-
tron energy, a separate electron energy distribution function
(EEDF) module is incorporated to compute the EEDF from
the Boltzmann equation in the two-term approximation.

Table 1. Neutral-neutral reactions considered in the model and corre-
sponding reaction rate coefficients.

Reaction Reaction rate Reference
H + SiH4 — H, + SiH3 3.2x10712 [16]
H + SixHg — SiHj3 + SiHy 2.7x10712 [16]
SiH,+ SiHy4 — SizHg 6.7x10712 [16]
SiH3+ SiH3 — SiH,+SiH, 1.5x10710 [16]
NH, + H — NH;3 10713 [16]
NH, + NH, — NH + NHj 1.4x10712 [16]

NH + SiH; — H» + HSi(NH») 10~ 1 [16]

NH, + SiH3 — H, + HSi(NH») 7.8x10~ 1 [16]
NH, + SiH3 — NH3 + SiH, 2.1x10° 1 [16]
NH, + HSi(NH,) — HSi(NH»)> 1010 [16]
H + HSi(NH,) — H»Si(NH,) 3x10°10 [16]

H + H,Si(NH,) — HSi(NH,) + H, 3%x10710 [16]
H + H,Si(NH,) — SiH, + NH3 3.5%x10°1 [16]
NH, + H»Si(NH,) — Si(NH»), + Hy 9.8x10~ ! [16]
H + Si(NH,), — HSi(NH,), 3%x10710 [16]

H + HSi(NH»), — Si(NH,), + H» 3x10710 [16]
H + HSi(NH»), — Si(NH,), + NH3 3.3%x10°1 [16]
H + H,Si(NH,) — H3Si(NH,) 2x10°13 [16]
NH, + Si(NH,), — HSi(NH,)3 1010 [16]
H + HSi(NH,), — H>Si(NH,), 2.5%10712 [16]
NH, + HSi(NH»), — HSi(NH,)3 42x10~ 1 [16]
H + Si(NH,)3 — HSi(NH,)3 3x10710 [16]

In this paper, a total of 32 different species j (electrons,
ions, neutrals, and radicals) are taken into account, which
are: SiHy, NHs, Na, Hy, SiyHe, SiH{' ™, SiH{ ™| SiHs,
SiH,, H,Si(NHy), N, H, NH, NH,, Si(NH;)3, SiHs, SizHy,
HSi(NH,), Si(NH,),, HSi(NH,),, HSi(NH,)s, SiH{, SiH:,
SiH,, SibH;, NHf, Hy, NH;, SipH;, Nj, NHj, e. It
is worth mentioning that, in addition to silane ground state
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(1-3)

molecules, vibrationally excited silane molecules (SiH,
1 r(2—4)

and SiH,

ground state silane, are also considered, since these molecules

), formed by electron impact collision on the

carry sufficient internal energy to overcome the barriers in en-
dothermal reactions.['>! Moreover, more than 100 reactions
comprising electron impact reactions with silane, nitrogen,
ammonia, and hydrogen molecules, neutral-neutral reactions,
and ion—neutral reactions are included. The gas phase and sur-
face mechanisms which are finally selected to represent the
major reactions in the deposition process are presented in Ta-
ble 1. More details on the complete chemical kinetic scheme
can be found in Refs. [12], [13], and [17].

2.1. Diffusion coefficient and mobility

The electron transport coefficients (mobility and diffusion
coefficients) are calculated using a two-term Boltzmann solver
for the electron energy distribution function, whereas the col-
lision cross sections needed are taken from Refs. [17]-[19].
For neutral particles, the diffusion coefficients D;; (m2-s71)
of species j in every background gas i (N», NHj3, SiHy,
H,, SioHg) are calculated using the equations described in
Refs. [19] and [20]

3 kpTas (27kp Tgas /mi) '/

D — ,
Y16 P ncl?j.QD(‘P)

(6)

where kg and Ty, are the Boltzmann constant and gas temper-
ature, P is the total gas pressure, m;; is the reduced mass.
The binary collision diameter o;; = (0; + 0;)/2 and diffusion
collision integral Qp(¥) is described by

A C E G

QD(W):ﬁ+ﬁ+ﬁ+ﬁ’ (7)

Y = Ty /€, & = (& x )", A =1.06036, B = 0.15610,
C =0.19300, D =0.47635, E = 1.03587, F = 1.52996, G =
1.76464, H = 3.89411. The Lennard—Jones parameters €; and
o; are illustrated in Table 2. Then, by using the Blancs law,
the diffusion coefficient D; of species j in the gas mixture can
be calculated,

P0 P;
tot ZF ®)

1

For ions, the mobility y;; of ion j in background neutral i

(in m2.s~! V1) can be calculated from the low-electric-field
Langevin mobility expression,!!*2!
05,05 Tgaq
[J” — 0 514m t (9)
Pot’

where ¢ is the polarizability of gas molecule i given in Ta-
ble 2. And then, also by using Blancs law, we can get the ion
mobility y; in the background gases, as well as the diffusion
coefficient D; by the Einstein relationship.

Table 2. Polarizability of gas molecule and Lennard—Jones parameters.

Particle o/A (e/kp)/K al/A3
NH; 2.92 481.0 2.31
N, 3.526 139.2 1.74
SiHy4 4.084 207.6 4.62
SiHg 4.42 230.0 8.47
H, 2.827 59.7 0.805
NH, 2.65 80.0
NH 2.65 80.0
H 2.5 30.0
SiH3 3.943 170.3
SiH, 3.803 133.1
SipHs 4714 306.9
H,Si(NH,) 4.45 351.5

2.2. Boundary conditions

A schematic diagram of the arbitrary configuration of a
radio-frequency capacitively coupled plasma reactor is shown
in Fig. 1, where the locations of two electrodes in Z direc-
tion and R direction are marked as z1, r1, z2, r2 and z0, r0.
It should be noted that the thicknesses of two electrodes are
taken into account in this simulation. The size of upper elec-
trode is 0.5 cm, while the size of bottom electrode is 1.5 cm.
Moreover, the upper electrode is driven by a radio-frequency
source, while both lower electrode and sidewall are grounded.
If a difference between the positive and negative fluxes is gen-
erated towards the powered electrode, a dc current could be
created. To take this effect into account, a dc bias voltage is
added to the boundary conditions of the potential in the model.
This dc bias voltage is calculated self-consistently and adapted
over the succeeding RF cycles until the fluxes of the ions and
electrons, averaged over one RF cycle, are of equal magnitude.
Thus, a potential will be created at the electrodes that causes
the dc current to drop to zero. The potential V' at the electrodes
could be written as

V=0, 0<z<zl, 0<r<rl, (10)
V =Vosin(2n f1) + Vg,
2<z<20, ”2<r<rl. (11)

In the open region, the applied voltage is given by linearly in-
terpolating between r = rl and the wall, and between r = 0
and r = r2. At the symmetric axis, we have set VV = 0.

The boundary conditions for the differential equations
the electron flux at the electrodes,
walls, and the open region is given by I = %nevth_’e(l -0)
with the average thermal velocity Dy e = \/m, the elec-
tron reflection coefficient ® = (0.25, and the electron energy
flux I, = %
glected now. The negative ion flux at the electrodes, walls,

specified are as follows:?!!

T.I¢, while the secondary electron emission is ne-

and the open regionis I~ = %n_ Vi, and the positive ion flux
is continuous at the above boundary dI'. /dx = 0. For neutral

045204-3



Chin. Phys. B  Vol. 22, No. 4 (2013) 045204

particles, the flux at the walls is

I, = 1y Uhy -

Si
2(2 — S,')
Here, the sticking probability of neutrals s; = §; — %, B; is the
surface reaction coefficients specifying the probability that the
neutral i reacts at the surface and 7; is the recombination prob-
ability defined as the probability that a neutral reacts on the
surface, the sticking probabilities are obtained from Ref. [12].

Z A

6% RF

0.5 cm
20 -
z2 4 cml—, i 0
2 cm
zl N
4 cm
16 cm

20 cm

0 2 J__ rl Jf_ ) 7‘7

Fig. 1. Schematic diagram of the RF capacitively coupled PECVD re-
actor shape.

On the other hand, the symmetry at the axial of the reac-
tor implies that the radial components of the particle flux, the
electron-energy flux and the RF electric field are equal to zero,

hr=0)=0, Lr=0)=0, T (r=0)=0.
r

3. Results and discussion

In this section, the calculation results obtained with a two-
dimensional fluid model are presented, mainly discussing the
effect of variations of the critical parameters on the deposi-
tion process of silicon nitride. A mixture of silane diluted in
ammonia and nitrogen was used as a deposition precursor in
this simulation. We did simulations for an arbitrary configura-
tion of a capacitively coupled PECVD reactor (Fig. 1), where
the discharge gap was z2 — z1 = 2.0 cm, two electrode radius
rl =16 cm, rl —r2 = 12 cm. The simulated reactor was
driven by a 13.56-MHz radio frequency sinusoidal voltage.
The amplitude of the potential was assumed to be Vo = 60 V.
The total pressure of background gases was P,oq = 1.5 Torr
(1 Torr=1.3322x 107 Pa), in which the gas pressure ratio of
(N+NH3) : SiH; =19: 1, and N, : NH3; = 8 : 11. The tem-
peratures of ions and background gases in our model were kept
constant as Ty = Tion = 400 K. These parameters were kept
at the above values, unless the gas pressure, the N»/NH3 ratio
and the discharge gap. One RF cycle was divided into 2000
time-steps in all simulations. The discussion given below is
based on the convergence of the fluid model, which ensures
that the relative changes of the discharge parameters between
two succeeding RF cycles are less than 107°,

Figures 2 and 3 show the spatial variation profiles of the
electron number density n. and the electron temperature T
at the discharge conditions described above, respectively. It
can be seen from Fig. 2 that the electron density presents a
relatively high concentration in the bulk of the discharge, es-
pecially near the side of the electrode compared with those in
the center, showing evidently the electrostatic edge effect. The
plasma between the electrodes probably exists by diffusion in-
wards from the outside. Different from the traditional cylindri-
cal chamber, a prominent diffusion is found in the discharge
region. Moreover, due to the difference in the radius of two
electrodes, the extra part of the upper one, i.e., the r2 region,
the electron density can diffuse to the upper plate quickly. This
effect can be attributed to a larger electron temperature near
the upper plate, as shown in Fig. 3. It can also be observed
from Fig. 3 that the electron temperature presents relatively
high concentration in the gap which is between the electrodes’
outer edge and the external ground electrode, suggesting that
all the RF power is dissipated in the gap. Meanwhile, the elec-
tron temperature shows little fluctuation in the plasma region,
but begins to oscillate obviously near the sheath region, under
the influence of the RF source.

ne/cm=3

i
o

1.5X1010

3.0x1010
4 8 12 16 20

r/cm

Fig. 2. (color online) The spatial variation profiles of the electron den-
sity ne, with (N2+NH3) : SiHy =19:1, N, : NH3 =8: 11, P= 1.5 Torr,
Tyas =400 K, V) =60V, f = 13.56 MHz.

Te/eV

IO

2.6

r/cm

Fig. 3. (color online) The spatial variation profiles of the electron tem-
perature T, with settings being the same as those in Fig. 2.
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The calculated density profiles of the main positive ions
in the PECVD chamber are demonstrated in Fig. 4. As we can
see that there is an obvious off-axis peak near the side elec-
trode for the positive ions density of SiH, NHJ, and NJ,
which is similar to the spatial distribution of electron density.
Note that the positive ion SiH;r is presented at the highest den-
sity, and takes a value of about 1.4 x 10'® cm™3. The N3 den-
sity, at 5.8 x 10? cm 3, is relatively low. This can be explained
by the fact that N;r is only produced by electron impact colli-
sions on N, above 15.6 eV.

ni/cm*”

-0
£2.9%x107
L5.8%x109
wO
£ 3.4%x10°
6.8%10°
w0
£7.0x10°
K1.4x1010

4 8 12 16 20
r/cm

Fig. 4. (color online) The spatial variation profiles of the ion densities,
with settings being the same as those in Fig. 2.

Comparing with ions, neutral radicals play an important
part in the film growth. Thus, the spatial density profiles of
main sticky radicals (HSi(NH;) and H,Si(NH,), sticking co-
efficient 0.05) and a non-sticky radical (NHj, sticking coef-
ficient 0.0) are shown in Fig. 5. As we can see, the non-
sticky profile shows an obvious edge-high distribution while
the sticky radicals show a center-high distribution, implying
that the main discharge region has moved from the side elec-
trode region to the center between two electrodes with the
increase of the sticking coefficient. Furthermore, according
to the reactivity of the radicals with walls, the density of the
sticky radicals decreases near the substrate. It should also be
noted that HSi(NH>) and H,Si(NH,) profiles reach a concen-
tration of about 3.6 x 10'* cm™3 and 2.6 x 10'* cm™3 in the
plasma bulk, respectively, which is approximately 20 times
larger than NH;, meaning that aminosilane radicals are the
main deposition precursors in silicon nitride deposition. This
conclusion is in agreement with the mass spectrometry analy-
sis of Ref. [22].

As the gas pressure is one of the most easily controllable
parameters in the plasma deposition processes. In Fig. 6, we
present the spatial variation profiles of electron density at dif-
ferent pressures. We can see from Fig. 6 that the electron den-
sity increases definitely with the increase of the gas pressure.
In the presence of a higher pressure, there will be a higher col-
lision frequency. As a result, the collision between electrons
and background neutrals becomes more frequent, and eventu-
ally there will be more electron impact dissociations, resulting
in a higher electron density, as well as the radical density along
the formation of deposition rate.

mo
£ 8.0x1012

E1.6x1018
mo

£ 1.3x10M

E2.6x10M1
mo

©1.8x1014
=3.6x1014

z/cm

r/cm

Fig. 5. (color online) The spatial variation profiles of the radial densi-
ties, with settings being the same as those in Fig. 2.

In order to illustrate the plasma uniformity variation with
the process parameter, we introduce a non-uniformity degree
o, which is defined as,[2!:23]

0 = ((Nmax — Nmin) /2Nay ) 100%, (12)

where Nmax, Nmin, Nay represent the maximum, minimum, and
average values of electron density, respectively. It can be ob-
served in Fig. 6 that, at the pressure of 1.0 Torr, the electron
density has poor uniformity over the bottom electrode. This is
due to the fact that, when the gas pressure P = 1.0 Torr, and
the RF power is mainly dissipated in the open region, thus a
sudden increase of the electron density occurs at the edge of
electrodes, resulting in poor uniformity. As the pressure in-
creases, the non-uniformity degree ¢ decreases from 34.4%
to 7.7%. Which proves the effectiveness of the gas pressure
control for improving the thin films’ uniformity.

ne/cm=3

mo
= 9.0x109
£1.8%x1010
mO0
L 1.5x10%0
L 3.0x1010
mo
L 3.0x1010
L6.0x1010

z/cm

4 8 12 16 20
r/cm
Fig. 6. (color online) The spatial variation profiles of the electron density 7.,
with the gas pressure P = 1.0, 1.5, and 2.0 Torr, (N2+NH3) : SiHy =19: 1,
Ny :NH3 =8: 11, Ty =400 K, Vg =60V, f = 13.56 MHz.

For the silicon—nitride layer, the film characteristics de-
pend strongly on the ratio of the process gases. Thus, the ef-
fects of No/NH3 ratio on the electron density are investigated
systematically in Fig. 7. It can be noticed in Fig. 7 that, upon
increasing No/NH3 ratio, the electron density decreases much
slightly. This is due to the fact that there is no significant dif-
ference between the threshold energy of N, and NH3. How-
ever, when N»/NH3 ratio increases from 6/13 to 10/9, the con-
tent of hydrogen decreased by 40%, which will finally cause a
large decrease of hydrogen impurity. Thus, under the present
conditions it seems that by properly selecting the ratio of the
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process gases (NH3z and N;), the hydrogen impurity can be
decreased significantly while a much smaller decrease in the
plasma density can be achieved.

ne/cm=3

4 =0
9 ’ £ 1.5x1010
No:NH3=10:9 =2.9x1010

g 4 =0
L2 £ 1.5x10%0

N

4 =3.0x1019

=0
g —— |y
NlNHj: 6:13 =3.2X1010

4 8 12 16 20
r/cm
Fig. 7. (color online) The spatial variation profiles of the electron

density n., with the gas pressure rate of N, : NH3 = 6 : 13, Ny :
NH; = 8 : 11, and N : NH3 = 10:9, (No+NH3) : SiHy =19: 1,
P = 1.5 Torr, Ty =400 K, Vg =60V, f = 13.56 MHz.

In order to clarify the discharge gap effect on the unifor-
mity of plasma density in SiH4/N»/NHj3 discharges, the spa-
tial variation profiles of electron density at different discharge
gap are shown in Fig. 8. As seen from Fig. 8 that there is
an obvious off-axis peak near the side electrode for the elec-
tron density at z2 —z1 = 1.5 cm, while at z2 —z1 = 3.0 cm
the electron density profile shows a center-high. This is due to
the fact that when the discharge gap z2 —z1 = 1.5 cm, all the
RF power is dissipated in the gap which is between the elec-
trodes’ outer edge and the external ground electrode. Hence,
it is expected that the plasma density is highest at the edge of
electrodes. When the discharge gap z2 —z1 = 3.0 cm, the RF
power is dissipated principally between the electrodes, hence
the plasma is more uniform between the electrodes. Therefore,
the uniformity of thin-film deposition can be well improved by
controlling the discharge gap.

3

ne/cm™

0
1.5Xx1010
E3.0x1010
=0
1.5X1010
&= 3.1x1010
=0
2.2X1010
E=4.4%x1010

z/cm

r/cm

Fig. 8. (color online) The spatial variation profiles of the electron density e,
with the electrode thickness z2 —z1 = 1.5, 2.0, 3.0 cm, N, : NH3 =8 : 11,
(N24+NH3) : SiHy = 19: 1, P = 1.5 Torr, Tgs =400 K, Vo =60 V, f =
13.56 MHz.

4. Concluding remarks

In summary, by using a two-dimensional fluid model, the
properties of SiH4, Ny, and NH3 mixture plasmas driven by
radio frequency voltage are investigated in a capacitively cou-
pled arbitrary configuration PECVD reactor. The model in-

cludes 32 different species and the plasma dynamics equa-
tions, as well as chemical reactions are taken into accounted.
In this work, we investigate in particular the influence of vari-
ations in process parameters, such as gas pressure, No/NHj3
ratio, and discharge gap, on the uniformity of electron density.
A strong dependence of the plasma properties on the gas pres-
sure and the discharge gap is shown. It has been concluded
that the uniformity of plasma density are gradually improved
with the increases of gas pressure and discharge gap.

From the standard model, it is found that the content of
H can be decreased significantly, while the plasma density

decreases slightly when N»/NHj3 ratio increases. This im-

plies that properly increasing the N»/NH3 ratio can be useful
to achieve higher-quality film. Thus, the plasma parameters
are more adjustable under an arbitrary configuration of radio-
frequency CCP reactor, and these variations are conducive to
providing better conditions for material processing and thin-
film deposition.
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