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The effect of the dielectric ring on the plasma radial uniformity is numerically investigated in the practical 450-mm
capacitively coupled plasma reactor by a two-dimensional self-consistent fluid model. The simulations were performed for
N,/Ar discharges at the pressure of 300 Pa, and the frequency of 13.56 MHz. In the practical plasma treatment process,
the wafer is always surrounded by a dielectric ring, which is less studied. In this paper, the plasma characteristics are
systematically investigated by changing the properties of the dielectric ring, i.e., the relative permittivity, the thickness and
the length. The results indicate that the plasma parameters strongly depend on the properties of the dielectric ring. As the
ratio of the thickness to the relative permittivity of the dielectric ring increases, the electric field at the wafer edge becomes
weaker due to the stronger surface charging effect. This gives rise to the lower NEL ion density, flux and N atom density at
the wafer edge. Thus the homogeneous plasma density is obtained by selecting optimal dielectric ring relative permittivity
and thickness. In addition, we also find that the length of the dielectric ring should be as short as possible to avoid the

discontinuity of the dielectric materials, and thus obtain the large area uniform plasma.

Keywords: capacitive N»/Ar discharge, fluid simulation, dielectric materials, plasma radial uniformity

PACS: 52.50.Qt, 52.65.—y, 52.25.Mq

1. Introduction

Capacitively coupled plasmas (CCPs) have been exten-
sively utilized in the semiconductor industry for thin film de-
position and material etching of wafers.!!?! The traditional
300 mm wafers for the semiconductor industry will be grad-
ually replaced by the 450-mm ones, and accordingly the
large-area capacitive plasma sources have attracted growing
interest.l¥ In order to ensure the same deposition or etching
efficiency over the entire wafer in the course of practical pro-
cessing and fabrication, the plasma density and the ion flux
towards the wafers are expected to be homogeneous along the
radial direction. However, the increase of the wafer size is
more likely to exacerbate the difficulties in obtaining the ho-
mogeneous plasmas. Therefore, the control of the plasma uni-
formity over the entire wafer is one of the major challenges for
the design of plasma systems.

The plasma uniformity is influenced by many factors,
which can be broadly separated into three categories: the
working gas (e.g., pressure and composition), the driven
source (e.g., rf frequency and discharge power), and the reac-
tor geometry (e.g., the electrode shape and material property).
In capacitive discharges, when the frequency is not too high,
such as 13.56 MHz, the plasma radial uniformity is compro-
mised by the electrostatic edge effect. How to suppress the
edge effect and obtain homogeneous plasmas have been the
subject of intense research. Our previous work showed both
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theoretically and experimentally that the edge effect could be
effectively suppressed and the more uniform plasma was ob-
tained by properly decreasing the rf power or enlarging the
electrode gap.*>! Furthermore, Xu et al. studied the phase-
shift effect on the CCP discharge, especially on the radial uni-
formity of the plasma density and the ion flux.[%! They found
that the edge effect could be controlled by adjusting the phase
difference.

In addition, the dielectric materials also have an important
influence on the plasma uniformity, and have been employed
in the design of plasma reactors. Yang et al. utilized the graded
conductivity electrode with a multilayer of dielectrics on it,
and they found that the radial uniformity of the plasma and
the ion flux in the sheath became better than in the case with
the traditional flat electrode.®! By means of a self-consistent
fluid model, Bi et al. revealed that blocking the electrodes with
dielectrics was an effective method to suppress the edge ef-
fect, thereby increasing the plasma uniformity.!”! Moreover, in
Michna’s work, multi-tile systems with neighboring tiles out
of phase was proposed for obtaining good deposition unifor-
mity in plasma enhanced chemical vapor deposition (PECVD)
processes.[g] In the presence of dielectrics, the ions and elec-
trons are accumulated on the dielectric surface, which is the
so-called “surface-charging effect”. The property (i.e., rela-
tive permittivity) and the geometrical size (i.e., thickness and
length) of the dielectric affect the accumulated charge density,
and therefore influence the potential on the dielectric surface.
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Due to the “surface-charging effect”, an electric field with op-
posite direction is built up, and it has a significant influence
on the plasma behavior, especially on the plasma uniformity.
Compared with the working gas and the driven source, the di-
electric material has less effect on the plasma density magni-
tude, but it significantly changes the plasma density profile.
This is important for the uniformity of the etching and deposi-
tion, especially in large-scale plasma processing applications.

In the plasma treatment process, a dielectric ring (e.g.,
silicon dioxide and alumina ceramics) is used to fix the wafer
and to suppress or weaken the edge effect. However, in the
previous research mentioned above, the investigation of the di-
electric ring effect on the plasma uniformity is limited, i.e., the
working gas is simple (such as Ar), and the discharge reactor is
simplified. Therefore, it is of great importance to well under-
stand the effect of the dielectric ring on the plasma parameters
in large-area actual reactors with complex gas mixtures. The
emphasis of this work is on the influence of the dielectric ring
on the plasma uniformity in large-area Ny/Ar capacitive dis-
charges, which can help us to improve the uniformity in the
plasma processing applications.

This paper is organized as follows. The fluid model is

presented in Section 2. In Section 3, by changing the property
of the dielectric ring, i.e., the relative permittivity, the thick-
ness and the length, the plasma characteristics are investigated
systematically. Finally, a brief summary is given in Section 4.

2. Description of the fluid model
2.1. Plasma equations

In recent years, Wang and his group developed a
software platform for Multi-physics Analysis of Plasma
Sources (MAPS), which contains three models, i.e., the fluid
model, 402111 the Particle-In-Cell/Monte Carlo (PIC/MC)
model®12-151 and the global model.l"®! The MAPS can be
used to investigate the plasma behaviors in CCP and induc-
tively coupled plasma (ICP) discharges. In this work, the
fluid model is employed to study the N/Ar CCP discharge,
in which 4 charged species (Ar", NJ, N and electrons) and
5 neutral species (Ar metastable, the ground-state N atom, and
the excited-state N; (A’E,), N (B *Tl,), N» (2’ £,) molecules)
are considered. Various chemical reactions between the elec-
trons, ions and neutral species are listed in Table 1 and Table 2.
Arp, No (A), Ny (B), and N (a') are used to indicate the Ar
metastable and three excited N, molecules.

Table 1. Overview of the chemical reactions for electrons taken into account in the model.

No. Reaction Rate coefficient/cm? - s~ ! Threshold Ref.
1.1 Ar+e— Art +2e 2.34 x 1078(T3)" exp(—17.44/T;) 15.76 [2]
1.2 Ar+e— Arp +e 2.48 x 1078(T3)0 B exp(—12.78/Tp) 11.55 [2]
1.3 Arp +e— Art 4 2e 6.8 x 107°(T,)* exp(—4.2/T.) 4.43 2]
1.4 Ny +e— Nj +2e 7.76 x 107°(T;)*7% exp(—16.75/T¢.) 15.60 [4]
1.5 N+e— Nt +2e 3.87 x 107°(T;)* %0 exp(—14.62/T;) 14.54 [4]
1.6 Ny +e— Nt +N+2e 2.90 x 107%(T,)*"? exp(—29.71/T,) 18.0 [41,[17]
1.7 No+e—Ny(A)+e 8.06 x 10710(7;)03% exp(—8.87/T,) 6.17 [41
1.8 Nz +e— No(B)+e 1.56 x 1078(T.) =932 exp(—9.16/T) 7.35 [4]
1.9 N2 +e— Ny(a) +e 6.6 x 107°(T,) %% exp(—11.05/T¢) 8.40 [4]
1.10 No+e—N+N+e 2.15 x 10 8 exp(—14.39/T) 9.75 [41
1.11 Ny +e—>N+N 1.8 x 1077(300/T,) ~03° [4]

In the fluid model, the plasma behaviors can be described
by a series of fluid equations. For electrons, the density,
flux and temperature can be obtained by solving Eqgs. (1)—(3).
Since the inertial term can be ignored due to the small electron

mass, the electron flux is expressed as the drift-diffusion form.

on
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Here, ne, It, me, and T; are the density, flux, mass, and tem-
perature of the electrons, respectively. S. = Y, kininy, is the

source term, including the reactions that create and destroy
electrons, where k;, ny, ny are the rate coefficients and particle
densities. W, =Y, j €jk;nine is the electron energy loss term,
and g; represents the threshold energy. Ve, is the electron—
neutral collision frequency, and FE is the electric field.

Since the ion temperature is assumed at Ty = 300 K
based on the cold fluid approximation, only the continuity
equation and momentum balance equation are needed for ions

an;

(Ttl + V- (niu;) = Si, “)
d iy

% +V~ (nimiuiui) = 7Vpi+€niE+Ml‘, (5)

where n;, m;, u;, p; are the density, mass, velocity, and pres-
sure of the ions, respectively. S; is the source term. M, the
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momentum transfer term of the ions with neutral species, can
be expressed as
miny
i = mnzuz Vin,
where Vj, represents the collision frequency between the ions
and neutral species.
The density of the neutral species is obtained by solving

the continuity equation:
on,
ot

where n,, I,,, and S,, are the density, flux, and source term of

+V.I, =S, (6)

neutral particles.

Under the conditions investigated in this paper, the in-
duced electric field excited by the plasma is negligible. Thus
only the electrostatic field is considered by solving the Pois-
son equation, and can be regarded as the total electric field
in Eq. (2).

VIV = ——(nj—ne), @)
E=-Vv, (8)

where V represents the electric potential, and & is the dielec-
tric constant in a vacuum.

Table 2. Overview of the chemical reactions for ions and neutral species taken into account in the model.

No. Reaction Rate coefficient/cm? - s~ Ref.
2.1 Aty + Aty — Art 4+ Art-e 5.0x 10710 [9]
22 N2(A) +Na(a') > NJ + Ny +e 32x 10712 41
23 No(a') +Na(a') = NJ + Ny +e 5.0x 1071 [4]
24 N2(A)+N— N, +N 2.0x 10712 [4]
2.5 N2(A) + Ny — Ny + Ny 3.0x 10718 [4]
2.6 N2 (A)+Ny(A) = Np(B) +N, 7.7 %1071 [4]
2.7 N,(B) +N; — Ny +N, 1.5x 10712 [4]
2.8 N2(B)+Np = Na(A) + N, 2.85x 107! [4]
2.9 Na(a') + Nz = Na(B) + N, 1.9x10713 (4]
2.10 N+N+N; = Na(B) +N, 8.27 x 1073*exp(500.0/ Tgas) (cm®-s71) 4]
2.11 N+N+N—=N;+N 1.0x 10732 (cm®-s71) [4]
2.12 N»(B) = Na(A) +hv 2.0x10° (s71) [4]
2.13 Art +N; = Ar+Njy 4.45x 10710 [18]
2.14 Art +N — Ar+N* 4.45x 10710 [18]
2.15 NJ +Ar— Ny +Ar* 2.81x 10710 [18]
2.16 N2(B) +Ar — Np(A) + Ar 3.0x 10713 [18]
2.17 Ny (a') + Ar — Ny (B) + Ar 1.0x 10714 [18]

2.2. Dielectric boundary

To solve Egs. (1)—(8), appropriate boundary conditions
(BCs) are needed. The schematic diagram of the CCP reactor
used in this study is shown in Fig. 1. An Si wafer (45 cm in
diameter and #; = 0.08 cm in thickness), surrounded by an L-
shaped dielectric ring, sits in contact with the grounded lower
metal electrode (50 cm in diameter). The relative permittivi-
ties of the wafer and the dielectric ring are &, = 12.5 and &,
respectively.

1.5 i

g i metal shield
g ; . L

> i wafer e, dielectric ring €

O R |
| 10 20 30
R

r

> r/cm

Fig. 1. (color online) Schematic diagram of the reactor configuration.

Since charges are accumulated at the dielectric surface
due to the “surface-charging effect”, as mentioned in Sec-
tion 1, the potential at the plasma-wafer interface cannot be
treated as that at the lower metal electrode (i.e., grounded).

Moreover, it is observed from Fig. 1 that, a segment of the di-
electric ring is sandwiched between the wafer and the lower
metal electrode, which forms a two-layer dielectric structure.
Therefore, the potential at the wafer edge is expected to be
different from that at the central region. In order to obtain the
plasma potential at the plasma-dielectric surface accurately, a
general formula of the potential at the two-layer dielectric sur-
face is given for the first time.

z
A

plasma V;)

0 T

e} . .

_d11 . dielectric 1, Vl

7‘12‘ =~ dielectric 2, V,
= metal, V|

symmetric plane

Fig. 2. (color online) Schematic diagram of the two-layer dielectric structure.

A typical two-layer dielectric structure is shown in Fig. 2.
The first dielectric plate (with a thickness of d; and relative
permittivity of €) is placed above the second dielectric plate
(with a thickness of d» —d; and relative permittivity of &),
and a metal plate is placed below them. The dielectric-plasma
interface potential V is deduced as follows.
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Since there are no free charges in the dielectrics, the po-
tential in the first dielectric layer (V;) and in the second layer
(V) can be determined by the Laplace equation:

V3V, =0, (i=1or2). )

Assuming that the diameter of the dielectric is much larger
than its thickness, the problem rules out the radial variation,
and only the axial variation is considered. Accordingly, equa-
tion (9) is simplified to be
d?v
dz2

Due to the continuity of the potential at the dielectric interface,

0, (i=1or2). (10)

we get
Vil,_o=Ve
Vil g =Val s (11)
Vol =Vo

where Vj is the potential at the lower metal electrode. Since
the ions and the electrons rapidly charge up at the dielectric
surface, the potential at z = 0 has to satisfy the generalized
Gauss law:

12)

Here, V,, is the plasma potential. o; in Eq. (12) represents the
surface charge density, and it is obtained by integrating the

flux over time, i.e.,

t
o :/ o(T,— T dr.
0
Similarly, at z = —d|,

dv,

e W1 dv,
! dz

=&8—
7=—d dz

13)

7=—d

Substituting the BCs (11)—(13) into Eq. (10), V; is expressed
Azoy Az

as
V, = <VP+ +avo>/<1+Aaz), (14)

Wherea=d1/81—|—(d2—d1)/£2.

Since the upper electrode is powered by an rf source, and

the lower electrode together with the side wall is grounded in
this paper, the BCs of the potential at the dielectric-plasma in-

terface can be expressed as:

Azc,)/( Az
Vi, + 1+ Ocm <r<R,),
( P € h]/gm ( r)
Aza,)/( Az )
Vi = Vo+ —— 1+—F, R, <r<22.5cm), (15)
’ ( P g i /€ + 2 /€ ( )
AZGI)/( Az )
Vo + 1+—F, 22.5ecm < r<25.0cm).
( P & (hl+h2)/8rr ( )

Here, R, is defined as the distance from the central axis to
the left edge of the dielectric ring along the radial direction.

Besides, other BCs, which are also needed to complete
the model, have been described previously in Ref. [4]. So a
brief description is here. The ion densities are assumed to be
continuous at the walls and the axial, i.e., Vn; = 0. Since the
neutral species are considered to be lost at the walls with a
surface-loss probability 8, in the simulation, the BCs for the
neutral species continuity equation are given by

I, = L X 1y Vth,ny (16)

2(2 - ﬁn)
where vy, is the thermal velocity of the neutral species.
The excited Ar atoms and N, molecules (N> (A), N» (B),
and N, (C) are supposed to be completely absorbed at the
walls,[1 ie.,

sumed to be 0.008.12°1 As for the electron continuity equation,

»=1. The N atom surface-loss probability is as-

the BC is not necessary due to the discrete schemes adopted in
the model.

\
3. Results and discussion

To understand the influences of the dielectric ring on
the plasma characteristics, the simulations were performed in
Ny/Ar (0.1/0.9) plasmas at the pressure of 300 Pa, with the fre-
quency of 13.56 MHz and voltage of 50 V. In addition to the
previous description of the reactor in Section 2, some other de-
tails about the reactor are added here. The radius of the reactor
is 30 cm, and the gap between the wafer and the upper elec-
trode is 1.5 cm. Unless otherwise specified, the dielectric ring
is made of silica (¢, = 3.9 and thickness i; +hy, = 0.98 cm),
and the distance from the central axis to the left edge of the
dielectric ring R, is 18.8 cm.

3.1. Effects of the dielectric ring relative permittivity

In this part, the plasma parameters are examined with
different dielectric rings, i.e., silicon (Si), ceramic alumina
(Al0O3) and silica (SiO,), whose relative permittivities are
12.5, 8.5, and 3.9, respectively.

Radial profiles of the N2+ ion density along the mid-gap

105206-4



Chin. Phys. B  Vol. 25, No. 10 (2016) 105206

between electrodes (i.e., z = 0.75 cm, r = 0 — 30 cm) and the
axial N; ion flux towards the wafer surface (i.e., z = 0 cm,
r =0—22.5 cm) with different &, are presented in Figs. 3
and 4. It is obvious that the NJ
the wafer center (i.e., r < 15 cm) are quite uniform and al-

ion density and the flux at

most constant for all €., which means the dielectric ring has
no significant influence on the plasma properties at the central
region. Whereas, the N; ion density and the flux at the wafer
edge behave differently with different &... The radial profile
of the NJ
electrode edge (i.e., r = 24 cm). The N; flux first increases
along the radial direction at 15 cm< r < R, (18.8 cm), then
there is a significant drop at r = R,, and finally it increases
again at R, < r < 22.5 cm. Besides, both the ion density and
the flux at the wafer edge increase with &, due to the strong

ion density is characterized by a tiny bump near the

electric field at large €, (as shown in Fig. 6(b)).
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Fig. 3. (color online) Radial distributions of the N; density along the mid-
gap between electrodes (z=0.75 cm) with different dielectric ring relative
permittivities.
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Fig. 4. (color online) Radial distributions of the axial flux of N;’ on the
wafer (z = 0 cm) with different dielectric ring relative permittivities.

In practical processes, N atoms are also very important, as
they are responsible for the film deposition. Fig. 5 illustrates
spatial distributions of the N atom density at different €,.. The
results indicate that the evolution of the N atom density with
€&, 1s similar to the N;r ion density. The peak of the N den-
sity increases from 2.8 x 10" /cm? to 3.6 x 10'! /em? when
€&, increases from 3.9 to 12.5.

The non-uniform distribution of the axial N{ ion flux is

caused by the discontinuity of the dielectric materials. This

phenomenon has also been observed in previous research
though under different discharge conditions.!?!! Indeed, part
of the dielectric ring is sandwiched between the wafer and the
lower electrode (cf. Fig. 1). Hence, the surface charge den-
sity and the electric field above the wafer here (i.e., R, < r <
22.5 cm) are different from those at the central region (i.e.,
r < 15 cm), and this gives rise to the different plasma proper-
ties. In order to highlight the different plasma parameters at
the wafer edge, the surface charge density and the axial elec-
tric field in the range of R, < r < 22.5 cm are shown in Fig. 6.
From Fig. 6(a), it is clear that less negative charges are accu-
mulated at the wafer edge at larger €,.. At the wafer center, the
surface charge density is almost constant with low values (not
shown here), because the wafer is very thin.

Density of N atom/(10'/cm?)

1.5
1.0 3.60
0.5

20 25 30

z/cm

2.20

z/cm

1.50

1.5

(b)
1.0
0.5

0.73

5 10 15 20 25 30
r/cm

Fig. 5. (color online) Spatial distributions of the N density with different di-
electric ring relative permittivities: (a) & = 3.9, (b) &, =8.5, (¢c) &, =12.5.
From Fig. 6(b), it is observed that the electric field at the
wafer edge increases along the radial direction due to the edge
effect, and therefore the plasma density and the ion flux in-
crease with the radial distance at the wafer edge, as shown
in Figs. 3—5. Since the so-called “surface-charging effect” is
more remarkable at the wafer edge, the induced electric field
in the dielectric materials (E,.) weakens the axial electric field
in the plasma more effectively. Therefore, the electric field at
the center (not shown here) is stronger than at the wafer edge,
and this gives rise to a rapid drop in the axial N;“ ion flux at R,.
However, the drop in the plasma density at R, is less obvious,
due to the diffusion. Since E is proportional to the ratio of
the surface charge density to the dielectric relative permittiv-
ity, E, becomes weaker at larger &,,, leading to the stronger
electric field on the wafer. As a result, both the plasma density
and the axial ion flux at the wafer edge increase with &, as
shown in Figs. 3-5. When ¢, is large, the stronger axial elec-
tric field at the wafer edge results in a higher plasma density,
which indicates worse uniformity. However, the discontinuity
in the ion flux becomes less obvious at larger €,.. Hence, the
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dielectric ring material needs to be chosen carefully to satisfy
the specific requirements in actual production processes.

—4
____________ (a)
T 31 @]
SO SRt
~ L e
o | o
AR ST .
c o e N
‘O 8” 3.9 TTTTteell \.\
; “s
\ 1 87_8.5 ~‘~~~
S -
---- £,=125 .
0 T T ; . . | |
19 20 o -
r/cm
1.4
— =
S
< Y NPT Ll
SR PPEEEE L oo
S Y S
< i - Err:8'5
S e
E —————————
a ce-- g, =125
0‘8 l ' T T T T T
19 20 M -
T’/Cm

Fig. 6. (color online) Radial distributions of (a) the accumulated charge
density and (b) the axial electric field at the wafer edge (i.e., z =0 cm and
R, < r < 22.5 cm) with different dielectric ring relative permittivities. In
panel (a), the minus sign (-) scale on the vertical axis indicates negative
charge accumulation.

3.2. Effects of the dielectric ring thickness

In order to study the influence of the dielectric ring thick-
ness on the plasma parameters, h, varies from 0.1 cm to
0.9 cm, with g, fixed at 3.9. Since the dielectric ring thick-
ness has little effect on the plasma behavior at the central re-
gion, only the parameters at the wafer edge are shown here.
Fig. 7(a) shows the radial distribution of the potential on the
wafer (V;) in the range of R, < r < 22.5 cm at different h,. Itis
clear that V; increases along the radial direction, and a higher
Vs is obtained with a thicker dielectric ring. This is because the
wafer and the dielectric ring can be treated as two parallel plate
capacitors which are connected in series, and the capacitance
of the dielectric ring (and the wafer) is in inverse proportion to
its thickness %, (and /) and the potential difference between
the upper and lower surfaces. Hence, for the “capacitor sys-
tem”, there is a positive correlation between the thickness and
the potential difference between the upper and lower surfaces.
In other words, with a constant £, the potential difference be-
tween the upper surface of the wafer and the lower surface of
the dielectric ring, which is equivalent to Vj, increases with /.

The electric field on the wafer surface at the edge is plot-
ted in Fig. 7(b). It is clear that the electric field increases grad-
ually along the radial direction due to the edge effect, and it
decreases with the increasing dielectric ring thickness due to
the surface charging effect. By comparing Figs. 6(b) and 7(b),
it is clear that the evolution of the electric field with the di-

electric ring thickness is in contrast to that with the dielec-
tric ring permittivity. This can be simply interpreted as the
inverse relationship between the dielectric ring thickness and
the permittivity in the capacitor system. This can also be un-
derstood by examining the potential distribution at and above
the wafer. Although the potential above the wafer (not shown
here) increase with &, the potential at the wafer surface in-
creases faster. Therefore,we can conclude from Eq. (8) that
the axial electric field at the wafer surface decreases with the
ring thickness. The higher potential corresponding to a lower
electric field was also observed in Ref. [3], by using the seg-
mented dielectric electrodes.
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Fig. 7. (color online) Radial distributions of (a) the electric potential and (b)
the axial electric field at the wafer edge (i.e.,z=0cmand R, < r < 22.5 cm)
with different dielectric ring thicknesses.
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Fig. 8. (color online) Radial distributions of the N;r density along the mid-
gap between electrodes (z = 0.75 cm) with different dielectric ring thick-
nesses.

Since the electric field in the plasma at the edge is
stronger when the dielectric ring is thinner, higher N ion

density and ion flux are obtained under this condition, as is
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clear from Figs. 8 and 9. Similarly, the peak of the N atom
density at the radial edge descends significantly when A, in-
creases to 0.9 cm (not shown here), and the radial uniformity
of the plasma density becomes better due to the weaker edge
effect.
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Fig. 9. (color online) Radial distributions of the axial flux of N;r on the
wafer (z =0 cm) with different dielectric ring thicknesses.

3.3. Effects of the dielectric ring length

From the results discussed above, it is clear to see the dis-
continuity in the ion flux at R,. In this subsection, the effect
of the dielectric ring length on the discharge is investigated to
improve the ion flux distribution, by changing R, in the range
of 0 cm to 18.8 cm. Note that R, = 0 cm indicates that the en-
tire SiO, dielectric ring is sandwiched between the wafer and
the metal electrode, as shown in Fig. 10.

wafer € rw dielectric ring e
Tr

i 10 20 25 (cm)

Fig. 10. (color online) Schematic diagram of the entire-layer dielectric ring
case (R, =0 cm).

Radial distributions of the N2+ ion density along the mid-
gap between electrodes, and the axial flux of the N ion on the
wafer at different R, are plotted in Figs. 11 and 12. It is obvi-
ous that the dielectric ring length exercises a great influence on
the plasma parameters. The results in the case of R, = 18.8 cm
have been previously described in Subsections 3.1 and 3.2. As
R, is shortened to 10.5 cm, the ion density is lower than in the
case of R, = 18.8 cm. Moreover, the N;r ion density first de-
creases to 5.0 x 108 / cm? at about 15 c¢m, and then it increases
along the radial direction. Apparently, the radial plasma uni-
formity is worse at this condition. This is because the stronger
“surface-charging effect”, due to the existence of the dielec-
tric ring at r > 10.5 cm, weakens the electric field there, and
results in the lower ion density. Moreover, abundant N; ions
at the wafer center and the edge diffuse to the low density re-

gion, and this gives rise to the lower ion density at the central

and edge areas than that of the case R, = 18.8 cm. The evolu-
tion of the N atom density with R, is similar to the ion density
(cf. Fig. 13(b)). The radial distribution of the N;’ ion flux at
R, = 10.5 cm is similar to that of the case of R, = 18.8 cm,
except for the lower value and the radial position where the
ion flux exhibits a rapid decrease, as shown in Fig. 12. On
one hand, the lower ion flux is caused by the lower ion den-
sity. On the other hand, the significant reduction in the ion flux
at r = R, demonstrates that the discontinuity of the dielectric
materials affects the plasma properties remarkably. The re-
sults indicate that small R, (R, > 0 cm) leads to bad plasma
radial uniformity. By enlarging R,, a larger area of uniform
plasma can be obtained, and this accordingly helps to improve
the etching and deposition quality.
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Fig. 11. (color online) Radial distributions of the N;’ density along the mid-
gap between electrodes (z = 0.75 cm) with different R,.

5-
"-"Q‘

o L eccccccccccccmccccacaane® - '
E oAbt '
: =\ .
2> == R =0cm \ “ e
=) »°
2 31=°- R =105cm e
R s
Z ee== R =18.8 cm e e =2
G T —-
O 24 cm o o= o= = = - - - -
g

1 : . .

7.5 15.0 22.5
r/cm

Fig. 12. (color online) Radial distributions of the axial flux of N;r on the
wafer (z = 0 cm) with different R,.

For the case of R, = 0 cm, which is similar to a dielec-
tric barrier discharges,[>??! the N ion density and the N atom
density at the central region are much lower than the other two
cases (i.e., R, = 18.8 cm and R, = 10.5 cm), and they gradu-
ally increase along the radial direction. This is again because
more negative charges are accumulated at the wafer center, and
weaken the electric field there. Moreover, the ion flux on the
wafer exhibits a strikingly different distribution, i.e., it shows a

lower value at the center, and it increases monotonically along
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the radial direction. This indicates that the discontinuity of
the dielectrics is effectively eliminated, although the plasma

density and the flux decrease to some extent.
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Fig. 13. (color online) Spatial distributions of the N density with different
R,: () R, =0cm, (b) R, =10.5 cm, and (c) R, = 18.8 cm.

4. Summary

In this paper, a two-dimensional self-consistent fluid
model is employed to study the effects of the dielectric ring
on the plasma characteristics, especially on the plasma unifor-
mity, for a large-area Np/Ar discharge. The results indicate
that the plasma parameters strongly depend on the properties
of the dielectric ring.

First, the effects of the relative permittivity and thickness
(or the ratio of the thickness to the relative permittivity, i.e.,
hy /&) of the dielectric ring have been investigated, and an
important influence on the plasma parameters, especially at
the wafer edge, has been observed. This is because when
hy /&, is large, the electric field at the wafer edge becomes
much weaker. This gives rise to the lower N5 ion density, ion
flux and N atom density there, and a better uniformity of the
plasma density is obtained. Moreover, it is also observed that

the radial distribution of the ion flux exhibits a rapid drop near
the radial position of R,, which is caused by the discontinuity
of the dielectric materials. Although the entire-layer dielectric
ring (i.e., R, = 0 cm) helps to eliminate the discontinuity, the
better uniformity is obtained at the expense of a drop in the
production efficiency. From the results discussed above, the
relative high plasma density and ion flux can be obtained by
decreasing h, / €, of the dielectric ring. Therefore, by employ-
ing a dielectric ring with larger R, and lower hy /€, the larger
area uniform plasma with a higher deposition or etching rate

can be achieved.
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