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Improving plasma uniformity is a critical issue in the development of large-area radio-frequency (RF) inductively
coupled plasma (ICP) sources. In this work, the effects of coil structure and electromagnetic shielding on the spatial
distribution and uniformity of the plasma are systematically investigated using a three-dimensional fluid model. The model
integrates plasma and electromagnetic field modules to simulate the discharge characteristics of a large-area RF ICP source
with dimensions of 100 cm x 50 cm. The results reveal that the electron density distribution varies significantly with the
coil structure. For the rotating and translating coil structures, the electron density is high at off-axis positions and low at the
center. In contrast, the mirror coil structure exhibits a significantly higher electron density at the chamber center, resulting
in a high-center and low-edge density distribution. Among the three configurations, the rotating coil structure provides the
best plasma uniformity. The incorporation of electromagnetic shielding further improves plasma uniformity, particularly
for the mirror coil structure. For the rotating and translating coil structures, the electron density exhibits a saddle-shaped
distribution regardless of electromagnetic shielding. However, introducing electromagnetic shielding into the mirror coil
structure reduces the electron density at the chamber center and decreases the non-uniformity degree by 18.4%. Overall, the
mirror coil structure with electromagnetic shielding achieves the highest uniformity, with an exceptional plasma uniformity
of 94%. This work offers valuable insights for the design of large-area ICP sources in advanced plasma processing systems.

Keywords: large-area radio-frequency inductively coupled plasma, three-dimensional fluid model, plasma

uniformity
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1. Introduction

Large-area inductively coupled plasma (ICP) sources are
widely used for plasma etching, thin film deposition, mate-
rial surface modification, and plasma cleaning in the semi-
conductor manufacturing and flat panel display industries due
to their ability to generate high-density plasma under low-
pressure conditions and to independently control plasma flux
and ion energy.'-'! However, the increasing dimensions of
ICP sources have amplified the challenges associated with
electromagnetic effects in inductively coupled discharges, in-
cluding the skin effect, the standing wave effect, and the edge
effect.!!! These challenges impede the generation of uniform
plasma across large areas, adversely affecting the efficiency
of etching and deposition processes and ultimately degrading
product quality. Therefore, improving plasma uniformity in
ICP sources is of paramount importance.

In recent years, researchers have proposed various strate-
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gies to improve plasma uniformity in ICP sources. One
prominent approach involves optimizing coil and chamber
structures.'>18] Zhao et al.!'?! developed a two dimensional
(2D) self-consistent fluid model for a radio-frequency (RF)
ICP source and demonstrated that adjusting the radial spac-
ing of the coils enhanced plasma uniformity to 96%, while the
chamber aspect ratio had a negligible influence. Kim et al.!'3!
utilized a passive resonant coil, which is a coil device that
does not require an external power supply and achieves en-
ergy transfer through inductor—capacitor (LC) resonance and
magnetic resonance coupling, to control the local electron
and ion density distributions using experimental diagnostics
in an inductively coupled argon gas discharge. The results re-
vealed that the current flowing through the passive resonant
coils reached a maximum value under resonant conditions, and
the radial distributions of electron and ion densities became
nearly flat. Lim er al.!'¥ investigated the effect of RF power
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applied to an internal linear-type antenna on plasma homo-
geneity in an ultra-large ICP source. They found that increas-
ing the RF power improved plasma uniformity by increasing
the plasma density near the chamber wall. Other studies have
shown that gradient coil devices, chamber aspect ratios, Ni-Zn
ferromagnetic-enhanced antennas (an improved antenna de-
sign that installs Ni—Zn ferrite material near a U-shaped induc-
tively coupled plasma antenna; this material has high resistiv-
ity, high magnetic permeability, and excellent high-frequency
characteristics, enabling it to concentrate and enhance the an-
tenna’s magnetic field), and parallel resonance coils (antenna
structures that [18] reduce inductance by connecting coils in
parallel, thereby lowering antenna voltage, and that use an
external coil connected in series with a variable capacitor to
induce LC resonance and regulate current distribution) could
also modulate plasma uniformity.[!5-17]

The application of external magnetic fields is another ef-
fective method for enhancing plasma uniformity.['°2!1 Lee

(191 designed a magnetized ICP system in which the

et al.
magnetic flux density increased radially and axially from the
substrate center and found that flute instability (a macro-
scopic interchange instability caused by magnetic field gra-
dients and plasma density gradients oriented in the same di-
rection in magnetized plasmas, manifested as low-frequency
slot-shaped disturbances) could be suppressed, resulting in
increased plasma density and a significant reduction in non-
uniformity. O’Connell et al.>") demonstrated that a weak
magnetic field gradient significantly improved plasma uni-
formity without scanning the position of the magnetic neu-
tral loop, which is a three-dimensional ring structure with
zero magnetic field strength produced by the bending of a
quadrupole magnetic field in a specific coil configuration.
Kim et al.?! adopted multipolar magnetic fields in a large-
area internal linear ICP source, which not only increased
plasma density but also improved homogeneity by minimiz-
ing plasma diffusion toward the chamber edges. Addition-
ally, RF bias has emerged as a viable technique for modu-

222241 Huang et al.'*?! employed a

lating plasma uniformity.|
2D hybrid model to investigate the influence of bias effects
on stochastic heating and plasma uniformity in low-pressure
ICP discharges. Their results indicated that higher bias ampli-
tudes yielded a more uniform radial plasma distribution. This
behavior arises because, under high bias voltage, pronounced
stochastic sheath heating in the main chamber slows the re-
duction of electron density, while in the diffusion chamber, the
discharge process is enhanced by stochastic sheath heating at
both the substrate and the grounded metal chamber walls. The
combined effect of these mechanisms leads to a more uniform
plasma distribution. He et al.!>3! connected an impedance con-
trol unit to the bias electrode to achieve series resonance in the
ICP source, resulting in more uniform distributions of plasma

potential, ion energy loss, and photoresist etch rates. Based on
spatially resolved radial electron energy distribution function
(EEDF) measurements, Lee er al.l?*! observed that increas-
ing RF bias power under high-pressure conditions significantly
enhanced plasma uniformity, primarily due to relatively small
ion losses near the radial edge and enhanced power deposition
at the radial edge through the edge and skin effects.

Despite numerous studies on the uniformity of ICP
sources, several problems remain unresolved. On the one
hand, most simulation studies rely on 2D fluid or hybrid mod-
els, which inherently assume complete geometric symmetry
and neglect many three-dimensional effects. These effects are
critical to the discharge characteristics of ICP sources and the
spatial distribution of plasma parameters. On the other hand,
existing studies predominantly focus on chambers with dimen-
sions limited to a few tens of centimeters, which simplifies
the achievement of dense and uniform plasma. In large-area
ICP discharges, however, the coil length becomes comparable
to the electromagnetic wavelength, leading to standing wave
effects associated with long coils,!>! which severely disrupt
plasma uniformity.

To address the above issues, this study develops a three
dimensional (3D) fluid model using COMSOL Multiphysics
to investigate the effects of coil structure and electromag-
netic shielding on the spatial distribution and uniformity of
plasma in a large-area rectangular RF ICP source (dimensions:
100 cm x 50 cm). The paper is organized as follows. Section 2
provides a detailed description of the discharge chamber, coil
structures, and the 3D fluid model, and presents model valida-
tion. Section 3 presents and discusses the results, focusing on
the effects of coil structure and electromagnetic shielding on
plasma distribution and uniformity. Finally, Section 4 summa-
rizes the findings and proposes future research directions.

2. Model description
2.1. Discharge chamber and coil structure

The discharge chamber structure of the large-area rectan-
gular RF ICP source is depicted in Fig. 1. The plasma region
measures 100 cm in length, 50 cm in width, and 20 cm in
height. The copper coils are positioned 1 cm above the dielec-
tric window, which is composed of quartz with a thickness of
2 cm. The coils are surrounded by a 10 cm-high shield. The
coordinate origin is defined at the center of the chamber bot-
tom surface. The z-axis origin is located at this point, with the
positive direction pointing from the bottom surface toward the
top of the chamber. Argon is used as the discharge gas, and
the RF power supply operates at a frequency of 13.56 MHz.

The dual-coil configuration includes three types of coil
structures: rotating coil, translating coil, and mirror coil, as
shown in Fig. 2. In the rotating coil structure (see Fig. 2(a)),
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each coil comprises four turns, with a spacing of 4 cm be-
tween adjacent turns. The distance between the outermost coil
and the chamber wall is also 4 cm, and the coil cross section
has a radius of 0.5 cm. The right coil is obtained by rotating
the left coil by 180° around the z-axis. The translating coil
structure (see Fig. 2(b)) is constructed by shifting the left coil
48 cm to the right while preserving identical dimensions for
both coils. The mirror coil structure (see Fig. 2(c)) is char-
acterized by a mirror-symmetrical arrangement of the left and
right coils with respect to the chamber center. In all studied
coil structures, the currents are supplied from the outer sides
of the coils.

Discharge coils Electromagnetic shielding

/ |

Shielding cover

32 em Quartz window

Plasma

50 cm
100 cm

Fig. 1. Schematic diagram of the large-area rectangular RF ICP source.

50 cm

100 cm

(b)

50 cm

100 cm

50 cm

100 cm

Fig. 2. Schematic of the dual-coil configuration: (a) rotating coil struc-
ture, (b) translating coil structure, and (c) mirror coil structure.

2.2. Three-dimensional fluid model

We utilized COMSOL to construct a three-dimensional
large-area ICP source geometry model including three coil
structures and an electromagnetic shielding device. A self-
defined mesh division scheme was adopted to achieve a bal-
ance between computational accuracy and efficiency. Un-
der appropriate initial and boundary conditions, the 3D fluid
model, integrated with both the plasma and electromagnetic
field modules, was coupled to the large-area ICP source
for self-consistent calculations, thereby obtaining the spa-
tial distribution of plasma parameters. All equations in-
volved in the model adhere to the official COMSOL technical
documentation. [0

2.2.1. Plasma module

The plasma module includes the fluid equations for elec-
trons and heavy particles. The electron continuity equation is
expressed as

one
ot

where n. and I represent the electron density and flux, re-

+V-I. =R, ey

spectively, and R. is the source term. I, is derived using the
drift-diffusion approximation

Fe:_(lie'E)ne_De'Vnm 2)

where U, and D, are the mobility and diffusion coefficients of
electrons, respectively, and F represents the electrostatic field.
In Eq. (2), the first term on the right-hand side represents the
electron drift flux induced by the electrostatic field, and the
second term represents the electron diffusion flux induced by
the density gradient. R. accounts for electron generation and
loss, and is defined as

Re =Y kjnany, 3)
J

where n, and ny, are the reactant number densities and k| is the
rate coefficient for reaction j, which can be calculated from
the cross-section data as follows:

kj= }’chj (e) f () de, )

where y = \/2(1/7me is a coefficient, g is the electron charge,
and m, is the electron mass. € denotes the electron energy,
o; is the collision cross section, and f is the electron energy
distribution function.

Additionally, the electron energy satisfies the following
energy conservation equation:

d
§+V-FE+E-R:RE+RM, )

where ne and Iy are the electron energy density and flux, re-
spectively, R, represents the energy loss or gain resulting from
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inelastic collisions, and Py is the inductive power deposition
density. I is expressed as

I'e = — (e E)ng — D¢ - Vng, (6)

where e and D, are the mobility and diffusion coefficients of
electron energy. The electron energy density is calculated as
ne = 3n.T./2, where T, represents the electron temperature.
The source term for the electron energy is obtained by sum-
ming the non-collisional energy loss or gain over all reactions

Re =Y kjnanpe;, (7)
J
where ¢; is the threshold energy for reaction j. In this way,
the electron density and energy distributions can be obtained
by solving the above equations.

In addition to electron dynamics, this module incorpo-
rates the transport processes of heavy species, including ions
and neutral particles, which are described by the following
multicomponent equations:

Bwk

X V.5, +R 8
p ot Jk + R, )]
de=pwiVi, )
‘/k :DkVIHWk +DkV1nMn—qk[,LkE7 (10)

where wy, ji, and V; are the mass fraction, diffusion flux vec-
tor, and multicomponent diffusion velocity of heavy species
k, respectively, and Ry is the source term. p = M, Pa/(RT) is
the mixture density, where M, is the average molar mass, Pa
is the pressure, R is the universal gas constant, and 7T is the
gas temperature. In Eq. (10), Dy and . are the diffusion co-
efficient and mobility of species k, respectively, and gy, is the
particle charge. For neutral particles, the last term in Eq. (10)
can be neglected. The diffusion coefficient for ions and neutral
particles is expressed as

o l—Wk
Y%/ Dij’

where Dy; is the binary diffusion coefficient between species

Dy (1)

k and j, and x; is the mole fraction of species j. The ion mo-
bility is calculated from the ion diffusion coefficient using the
Einstein relation (Dy /. = Ty /e).

2.2.2. Electromagnetic field module

The electromagnetic field is described by Maxwell’s
equations, which are given as follows:

(iwo, — w*eoe) A+V x (g 'y "' B) = Joon, (12)
B=VxA, (13)

where j is the imaginary unit, @ is the angular frequency of
the power source, and o, is the plasma conductivity. & and

& are the vacuum permittivity and the relative permittivity of
the material, respectively. & is set to 1 for the vacuum and
plasma regions and to 4.2 for the quartz window. Similarly, Ly
and W, are the vacuum magnetic permeability and the relative
magnetic permeability of the medium, with u; set to 1 in this
model. A is the magnetic vector potential, B is the magnetic
field, and J.j is the coil current density.

In addition, the inductive power deposition density is cal-
culated as

Ppd = %Re( waJIp) s (14)

where Ej,q = jwA is the inductive electric field, and E ; de-
notes its complex conjugate. According to Ohm’s law, the
plasma current density is given by J}, = 0 - Ejpq.

The plasma potential and the electrostatic field are ob-
tained by solving the Poisson equation, as shown below:

V-D =py, (15)
E=-VV, (16)

where py represents the space charge density, which is auto-
matically computed based on the plasma chemistry defined in
the model. D = gy&. F is the electric displacement vector, and
V is the plasma potential.

2.2.3. Boundary conditions

Since the drift effect, secondary electron emission, and
thermal emission are neglected in this model, the boundary
conditions for the electron flux and electron energy flux are
defined as

1—re (1

n-I.= 1+r: <2Ve,thne)a )
1—re (5

n-I.= ﬁi’i (6ve,thnc) , (18)

where n is the outward normal vector, r. is the reflection co-
efficient, and vep = /87 /(7me) is the thermal velocity of
electrons. As neutral particles and ions are generally lost at
the chamber walls, the inward mass flux is expressed as

n - I = MRy + Mycrqipi (E -, (19)

where M, and c¢; are the molar mass and molar concentration
of species k, respectively. For neutral particles, only the first
term is considered.

In the electromagnetic field module, a magnetically insu-
lating boundary condition is applied to all outer walls of the
discharge chamber

nxA=0. (20)

Additionally, the bottom and side walls of the plasma re-
gion are grounded, leading to the following boundary condi-
tion for the plasma potential:

V=0. 2y
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2.2.4. Initial conditions and mesh configuration

For convenience in the calculations, the model also de-
fines several initial conditions, including an initial electron
density of 1 x 10'® m~3, an initial average electron energy of
4 eV, an initial gas temperature of 300 K, and an initial plasma
potential of 0 V.

The numerical framework is based on the finite element
method, which allows the use of triangular mesh grids at
boundaries and tetrahedral grids in the volume. The coil struc-
tures employ swept meshes; the interface between the plasma
region and the quartz window uses extremely refined free tri-
angular meshes; the plasma region uses extremely refined free
tetrahedral meshes, with additional boundary layer meshes ap-
plied to refine the plasma region boundaries; the remaining
regions use relatively refined free tetrahedral meshes. The
complete mesh comprises 1064703 domain elements, 55452
boundary elements, and 8896 edge elements.

2.2.5. Ar plasma reactions

The model includes four species (e, Ar, ArT, Ars) and
nine reactions. The expressions, reaction types, and threshold
energies of these reactions are listed in Table 1.

Table 1. Reactions for Ar plasma.

No. Reaction Type Ae (eV) Reference
1 e+Ar— e+ Ar elastic 0 [27]
2 e+ Ar— e+ Ars excitation 11.5 [27]
3 e+ Ars — e +Ar super-elastic —11.5 [27]
4 e+Ar—2e+Ar" ionization 15.8 271
5 e +Ars —2e+Art ionization 4.427 [27]
6 Ars+Ars — e+Ar+Ar"  penning ionization - [28]
7 Ars+ Ar — Ar+ Ar metastable quenching - [28]
8 Ars +wall — Ar surface reaction - [29]
9 Ar™ 4+ wall — Ar surface reaction - [29]

2.3. Model validation

To ensure the reliability of the proposed model, simula-
tions performed using the fluid model developed in this study
are compared with experimental results reported in Ref. [30].
The cylindrical reactor has a height of 19 cm and a radius
of 13 cm. An RF power of 13.56 MHz is applied to a two-
turn planar antenna with an inner diameter of 18 cm and an
outer diameter of 21 cm. The discharge conditions are main-
tained at an argon gas pressure of 50 mTorr and a power of
100 W. Figure 3 illustrates the radial profiles of ion density
at different gap lengths, where the solid lines represent the
experimental results and the dashed lines indicate the simula-
tion results obtained using this model. The comparison reveals
strong agreement between the experimental and simulated re-
sults, with both exhibiting consistent trends across the radial
profiles. However, the ion density predicted by the simula-
tions is slightly higher than that observed in the experimen-
tal measurements. This discrepancy arises from differences in

power interpretation: the experimental power corresponds to
the output power of the power supply, which includes match-
ing losses and does not represent the actual power coupled to
the plasma, whereas the simulations account for the power di-
rectly deposited into the plasma.®!l As a result, the simulated
ion density is marginally higher than the experimental values,
while the overall trend remains consistent, confirming the ac-
curacy and validity of the model.

& 1.8} — Exp. 65 mm (Ref. [30]) | > a0l — Exp. 80 mm (Ref. [30])
g 150 Sim. 65 mm g 7 - Sim. 80 mm
N 16
S 1.2F L ememeeeeall S e
N T 12
£ 09 ~|z
z Z 0.8 -
E 0.6 /\ —42 \
e 0.4
£ 031 () g (b)

0 15 30 45 60 75 90 0 0 15 30 45 60 75 90

Radial position (mm) Radial position (mm)

Fig. 3. Radial profiles of the ion density for different gap lengths at 100 W
and 50 mTorr: (a) a gap length of 65 mm and (b) a gap length of 80 mm.
The results are compared with the experimental data reported in Ref. [30].

To quantitatively validate the interpretation of this power
discrepancy, we performed supplementary simulations under
the same conditions. Figure 4 presents the radial distribu-
tion of argon ion density at different simulated powers for gap
lengths of 65 mm and 80 mm. The figure reveals that as the
simulated power decreases, the ion density correspondingly
decreases, and the simulated results gradually approach the ex-
perimental results. For a gap length of 65 mm, the simulated
curve at 80 W coincides with the experimental curve within
the 0—45 mm range, while the simulated curve at 60 W coin-
cides with the experimental curve within the 45-90 mm range.
For a gap length of 80 mm, the simulated curve at 65 W coin-
cides with the experimental curve within the 0—45 mm range,
whereas the simulated curve at 50 W coincides with the ex-
perimental curve within the 45-90 mm range. These results
confirm that the interpretation of power loss in the experiment
is reasonable and further reinforce the reliability of the consis-
tency analysis between the model and the experiment.

% 1.6F—Exp. 65 mm 100 W (Ref. [30]) | 7 2.0F —Exp. 80 mm 100 W (Ref. [30])

2 UO[---Sim 65 mm 100 W - “Sih 80 mm 100 W
22Sim’ 63 mm 80 W & 27Sim. 80 mm 65 W

= ---Sim. 65 mm 60 W = 1.6} --- Sim. 80 mm 50 W

S 1.2 2

Z (S

- - 1.2

= B

Z 0.8 Z 08

i) i)

=l =l

= s 04

L 04 2

0 15 30 45 60 75 90 0

Radial position (mm)

15 30 45 60 75 90

Radial position (mm)

Fig. 4. Radial profiles of the ion density for different simulated powers at
50 mTorr: (a) a gap length of 65 mm and (b) a gap length of 80 mm. The
results are compared with the experimental data reported in Ref. [30].

It should be noted that the reference experimental sys-
tem used for model verification is a small cylindrical cham-
ber, while the main subject of this study is a large-area rect-
angular ICP source. Although the core physical framework of
the model is applicable across both scales, and the validation
results confirm the model’s accuracy in capturing fundamen-
tal physical mechanisms, differences in geometric symmetry
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and dimensions between the two systems should be regarded
as a potential limitation. The experimental setup for a large-
area plasma source is currently under design and construction;
however, the equipment development cycle is relatively long.
Our simulations are intended to provide guidance for future
experiments, which will be conducted in the next step of this
study.

3. Results and discussion
3.1. Effect of coil structure on plasma distribution

This subsection investigates the effect of coil structure
without electromagnetic shielding on the spatial distribution
of plasma. The simulations are performed under the following
discharge conditions: chamber height of 20 cm, RF power of
1000 W per coil, pressure of 5 Pa, and coil spacing of 4 cm.
This study focuses on plasma distribution near the substrate
surface, as it most directly impacts the uniformity of processes
such as etching and deposition. The substrate stage is typically
located at the bottom of the discharge chamber. Therefore, un-
less otherwise specified, the xy-plane distributions presented in
this paper are taken from the cross-section near the chamber
bottom (z = 2 cm), approximating the plane where the sub-
strate is positioned.

Figure 5 presents the plasma parameter distributions in
the xy-plane for different coil structures without electromag-
netic shielding. The first, third, and fourth rows show the dis-
tributions of electron density, electron source term, and elec-
tron flux in the xy-plane (z = 2 cm), respectively, while the
sixth row shows the distributions of electric field in the xy-
plane (z = 19.5 cm). The electric field reported here is the
vector sum of the three components E,, E,, and E,. Data at
7 =19.5 cm are shown because the inductive electric field
generated by the coil rapidly decays upon entering the plasma
due to the skin effect; the skin depth is much smaller than the
chamber size. At the chamber bottom (z = 2 cm), the electric
field has decayed to a weak level and lost its spatial distribu-
tion characteristics. All fluxes depicted in the figures repre-
sent projections of vector flux onto the corresponding plane,
while the source term represents the volume source term. In
Figs. 5(j)-5(r), the color bar indicates the magnitude of vec-
tor values, and the arrow length and direction represent vector
magnitude and direction, respectively.

From Figs. 5(a)-5(c), it is evident that for the rotating
and translating coil structures, the electron density is high at
off-axis positions symmetrically located on both sides of the
chamber center (approximately x = £25 cm, corresponding to
the 1/4 and 3/4 points of the chamber length) and low at the
center. In contrast, the mirror coil structure exhibits high den-
sity at the center and low density at the edges. This behavior
results from the interplay between electron generation (charac-
terized by the source term) and transport (characterized by the

electron flux) processes.!!>3?! For the rotating and translating
coil structures, the electron source term is notably higher at
off-axis positions (see Figs. 5(g) and 5(h)). Furthermore, the
electron flux (Figs. 5(j) and 5(k)) shows that electrons move
towards the off-axis positions due to electric field migration
and gradient diffusion, forming the observed density distribu-
tion. In the mirror coil structure, although the electron flux is
directed towards the edges, the strong electric field at the cen-
ter of the xy-plane leads to an extremely high electron source
term (see Fig. 5(i)), resulting in high central electron density.

Among the coil configurations, the mirror coil structure
exhibits a significantly higher electron density at the center
of the xy-plane compared to the rotating and translating coil
structures. This arises from differences in current directions
within the coils: for the rotating and translating structures,
currents at the xy-plane center flow in opposite directions,
whereas the mirror coil structure maintains consistent current
directions across both coils. This alignment enhances mu-
tual inductance, concentrating currents near the center, gen-
erating a stronger magnetic field, inducing a stronger electric
field, and producing higher electron density. An asymmetric
electron density distribution (see Fig. 5(b)) is observed in the
translating coil structure, likely because the coil is not fully
enclosed, causing asymmetry in the coil opening relative to
x =0 cm. The current return path is inherently asymmetric
with respect to chamber boundaries, producing a lower elec-
tron source term on one side and a higher electron source term
on the other. The resulting electron density exhibits a low con-
centration on the left and a high concentration on the right.

The second and fifth rows of Fig. 5 show the distributions
of electron temperature and electron energy flux in the xy-
plane (z = 2 cm), respectively. While the maximum electron
temperature remains similar across the three configurations,
the mirror coil structure exhibits elevated electron temperature
near x = 0 cm (see Fig. 5(f)). As shown in Figs. 5(m)-5(0),
the mirror coil structure also facilitates higher electron energy
flux compared with the rotating and translating coil structures,
resulting in increased electron temperature in the central re-
gion.

Figure 6 illustrates the plasma parameter distributions in
the xz-plane for different coil structures without electromag-
netic shielding. The first, third, and fourth rows show the dis-
tributions of electron density, electron source term, and elec-
tron flux in the xz-plane (y = 0 cm), respectively. It can be ob-
served that the mirror coil structure exhibits the highest elec-
tron density at the chamber center compared to the rotating
and translating coil structures. This trend can be explained
in terms of both generation and transport. On one hand, the
central electric field is stronger in the mirror coil structure, re-
sulting in a higher electron source term (see Fig. 6(i)). On the
other hand, as illustrated in Figs. 6(j)-6(1), electrons in the ro-
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tating and translating coil structures primarily move towards
the chamber edges, thereby reducing the central electron den-
sity. In contrast, the mirror coil structure propels electrons ver-
tically upwards near x = 0 cm, leading to a markedly increased
electron density at the chamber center.

The second and fifth rows of Fig. 6 show the distribu-
tions of electron temperature and deposited power density in
the xz-plane (y = 0 cm), respectively. The rotating and trans-
lating coil structures exhibit a bimodal temperature distribu-
tion near x = 0 cm, whereas the mirror coil structure gener-
ates a unimodal temperature distribution. This difference is

Rotating coil

Translating coil

primarily determined by the spatial distributions of deposited
power density, as clearly shown in Figs. 6(m)-6(0). In this
study, the power deposition distribution is dominated by the
standard skin and edge effects, with no evidence of standing
wave effects at all. This is because the ICP source operates
at a frequency of 13.56 MHz, corresponding to a wavelength
of approximately 22 m, while the total coil length is 4.27 m,
which is far shorter than half of the electromagnetic wave-
length. Therefore, no macroscopic resonant standing waves
are generated, and the power deposition distribution exhibits
no standing wave characteristics.

Mirror coil
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different coil structures without electromagnetic shielding.

025201-7



Chin. Phys. B 35, 025201 (2026)

Rotating coil

Translating coil

Mirror coil

(a) T T T T T (b) T T T T T (C) T T T T
o _ 30 {301 H — 30K HA S
| E 20_. s s 'y o s s N E 20_ o E 20_ e o 2 s s 4
g 35 S S 1.5
~ — 10f 15 10H 41 10 1 1
e v ol | = al B 5l | 05
1 1 I 1 1 | 1 L I 1 L L L LW 4.09x10'
-50 -25 0 25 50 -50 -25 0 25 50 -50 -25 25 50
z (cm) z (cm) z (cm)
(d) T T T T T (e) T T T T (f) T T T T
" 30f {30t {30t (R
2 & 20— =1 & 20F== ~—1 £ 20F== — (4
= S o ﬁvm”“ﬁvwm ] iljﬁ
& w ot 1" of 1" of 1 Wi
L 1 1 1 1 1 1 1 1 L 1 1 L 1 v ]_36
-50 -25 0 25 50 -50 -25 0 25 50 -50 -25 25 50
z (cm) z (cm) ] z (cm)
? (g) T T T T T (h) T T T T T (1) T T T T T A ] 5])(]022
'y~ 30 | I 2 305 I 2 30 TR
T B 20tge - - 15 20 - 15 20¢ {ms
o o 1 o} {1 of N
Il L 1 1 1 1 1 1 1 1 L 1 Il 1 v J‘Oleolﬂ
-50  -25 0 25 50 -50  -25 0 25 50 -50 25 25 50
z (cm) z (cm) z (cm)
— (J) T T T T T (k) T T T T T (l) T T T T T 5
a | A 3_911;”10-1
n o~ 102
‘T'E E 3
BN !
L‘:u
L L 1 1 1 1 1 L 1 1 1 1 1 L v ]_3)(10'9
-50 -25 0 235 50 -50 -25 0 25 50 -50 -25 25 50
z (cm) z (cm) z (cm)
_m) ; . : n(n) [ : : : n(o) : . ; 3 T—
E 0} g x10°
s < is
= n
& vo'
1 1 1 L 1 1 1 1 1 1 L L 1 1 0
-50 -25 0 2 50 -50 -25 0 25 50 -50 -25 25 50
z (cm) z (cm) z (cm)

Fig. 6. Distributions of electron density (first row), electron temperature (second row), electron source term (third row), electron flux (fourth
row), and deposited power density (fifth row) in the xz-plane (y = 0 cm) for different coil structures without electromagnetic shielding.

In RF ICP discharges, the inductive electric field gen-
erated by the coil decays rapidly upon entering the plasma,  tion.
and the penetration depth of the electromagnetic field is much
smaller than the chamber dimensions. Consequently, the de-
posited power is primarily concentrated near the upper sur-
face of the plasma region. For the rotating and translating coil

structures, the deposited power density peaks on either side of

y (cm)

x = 0 cm, producing a bimodal temperature distribution. In
contrast, the mirror coil structure consolidates these two peaks
into a single central peak near x = 0 cm, resulting in a uni-
modal temperature distribution.

As an example of the mirror coil structure without elec-
tromagnetic shielding, we systematically analyzed the contri-
butions of the dominant transport terms in distinct regions.
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Fig. 7. Distributions of (a) electron flux, (b) drift electron flux, and

The electron flux comprises a drift term driven by the electro-
static field and a diffusion term driven by the density gradient.
To elucidate the dominant transport mechanisms in the central
and edge regions, Figs. 7-9 present the distributions of elec-
tron flux, drift electron flux, and diffusion electron flux in the
xy-plane along the x, y, and z directions, respectively, for the
mirror coil structure without electromagnetic shielding. Simi-
larly, Figs. 1012 show the distributions of electron flux, drift
electron flux, and diffusion electron flux in the xz-plane along

025201-8

(c) diffusion electron flux in the x-direction in the xy-plane (z =2 cm)
for the mirror coil structure without electromagnetic shielding.

As seen from the figures, the bipolar electric field con-

fines electrons toward the chamber center, resulting in the drift
electron flux pointing centrally. Meanwhile, the high electron
density at the chamber center and the low electron density near
the wall edges establish a density gradient between the center
and edges, which drives the diffusion electron flux outward to-
ward the chamber walls. Consequently, the transport process
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in the central region is dominated by the drift electron flux,
while in the wall edge region it is dominated by the diffusion
electron flux. In the intermediate regions, the transport is in-
fluenced by both drift and diffusion electron fluxes.

T T
TA511x10°  A367x102 A 325x10%
x1020 %102 x102
3 3
4 3
b
3
2
2 1
Bl i I
L 0
> 0 0
1 -1
2 -1
2
3 5
-4 -3
3
. W -495x10° W -3.22x102 W -3.7x102

z (cm)

Fig. 8. Distributions of (a) electron flux, (b) drift electron flux, and
(c) diffusion electron flux in the y-direction in the xy-plane (z =2 cm)
for the mirror coil structure without electromagnetic shielding.
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Fig. 9. Distributions of (a) electron flux, (b) drift electron flux, and
(c) diffusion electron flux in the z-direction in the xy-plane (z =2 cm)
for the mirror coil structure without electromagnetic shielding.
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Fig. 10. Distributions of (a) electron flux, (b) drift electron flux, and
(c) diffusion electron flux in the x-direction in the xz-plane (y = 0 cm) for
the mirror coil structure without electromagnetic shielding.
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Fig. 11. Distributions of (a) electron flux, (b) drift electron flux, and
(c) diffusion electron flux in the y-direction in the xz-plane (y = 0 cm) for
the mirror coil structure without electromagnetic shielding.
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Fig. 12. Distributions of (a) electron flux, (b) drift electron flux, and
(c) diffusion electron flux in the z-direction in the xz-plane (y = 0 cm)
for the mirror coil structure without electromagnetic shielding.

3.2. Effect of electromagnetic shielding on plasma distri-
bution

This subsection examines the influence of electromag-
netic shielding on the spatial distribution of plasma. Electro-
magnetic shielding is implemented by placing a metal spacer
between the two coils, which is numerically treated as a mag-
netic insulator via the boundary condition n X A = 0. The
discharge conditions described in the previous subsection are
consistently maintained.

Figure 13 shows the plasma parameter distributions in
the xy-plane for different coil structures with electromagnetic
shielding. The first, third, and fourth rows present the distri-
butions of electron density, electron source term, and electron
flux in the xy-plane (z = 2 cm), respectively, while the sixth
row presents the distributions of the electric field in the xy-
plane (z = 19.5 cm). Comparing Figs. 5 and 13 reveals distinct
shielding effects across the coil configurations.

For the rotating coil structure, electromagnetic shielding
does not noticeably affect the spatial distribution of electron
density. In the translating coil structure, shielding effectively
eliminates the left-right asymmetry in electron density about
the symmetry axis. This improvement results from the decou-
pling of coil interactions by the shielding, producing a sym-
metric electron source term (see Fig. 13(h)), and thus a sym-
metric electron density distribution around the center of the
xy-plane.

In the mirror coil structure, incorporating electromagnetic
shielding reduces the electron density at the center of the xy-
plane. This reduction occurs because the shielding suppresses
mutual inductance between the coils, thereby decreasing the
electric field near x = 0 cm (see Fig. 13(r)). Consequently, the
electron source term diminishes, leading to a lower electron
density in the central region.

The second and fifth rows of Fig. 13 show the distribu-
tions of electron temperature and electron energy flux in the
xy-plane (z =2 cm), respectively. Electromagnetic shielding
does not significantly influence the electron energy flux in the
rotating and translating coil structures, resulting in negligible
changes in the electron temperature distributions. However,
for the mirror coil structure, shielding reduces the electron en-
ergy flux at the center of the xy-plane, leading to a lower elec-
tron temperature near x = 0 cm.
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Fig. 13. Distributions of electron density (first row), electron temperature (second row), electron source term (third row), electron flux (fourth
row), and electron energy flux (fifth row) in the xy-plane (z = 2 cm), as well as the electric field (sixth row) in the xy-plane (z = 19.5 cm), for

different coil structures with electromagnetic shielding.

Figure 14 depicts the plasma parameter distributions in
the xz-plane for different coil structures with electromagnetic
shielding. The first, third, and fourth rows show the distribu-
tions of electron density, electron source term, and electron
flux in the xz-plane (y = 0 cm), respectively. By comparing
Figs. 6 and 14, the effect of electromagnetic shielding on dif-
ferent coil structures becomes evident.

For the rotating coil structure, electromagnetic shielding
has a negligible influence on the electron density distribution.
For the translating coil structure, shielding significantly en-
hances the symmetry of the electron density. In the mirror
coil structure, introducing electromagnetic shielding reduces

the electron density at the chamber center. This reduction
arises from two factors: First, the shielding weakens the cen-
tral electric field, resulting in a decreased electron source term
(see Fig. 14(i)). Second, as shown in Fig. 14(1), electrons in
the central region exhibit both upward motion and lateral dif-
fusion toward the chamber edges under shielding. These com-
bined effects lead to a reduced electron density at the chamber
center.

The second and fifth rows of Fig. 14 show the distri-
butions of electron temperature and deposited power den-
sity in the xz-plane (y = 0 cm), respectively. For the ro-
tating and translating coil structures, the electron temperature
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Fig. 14. Distributions of electron density (first row), electron temperature (second row), electron source term (third row), electron flux (fourth
row), and deposited power density (fifth row) in the xz-plane (y = 0 cm) for different coil structures with electromagnetic shielding.

distribution is largely unaffected by shielding. However, in the
mirror coil structure, the electron temperature near x = 0 cm
evolves from a unimodal to a quasi-bimodal distribution with
shielding. This transformation is attributed to the proximity of
two peaks in the deposited power density near x = 0 cm, as
shown in Fig. 14(0).

The spatial heating mechanism in ICP arises because the
alternating current in the coil generates a time-varying mag-
netic field, which induces a vortex electric field. Electrons
gain energy from this inductive electric field. After applying
electromagnetic shielding to the mirror coil structure, a com-
parison of Figs. 5(r) and 13(r) shows that the electric field dis-
tribution near x = 0 cm changes from a centrally concentrated
profile to a separated but not completely isolated pattern. Con-
sequently, the two peaks of the deposited power density move
closer together; they do not fully merge, ultimately producing
the observed quasi-bimodal electron temperature distribution.

3.3. Analysis of plasma uniformity in the x-direction

This subsection investigates in detail the influence of coil
structure and electromagnetic shielding on plasma uniformity.
Figure 15 shows the normalized electron density along the x-
direction (y = 0 cm, z = 2 cm) for various coil structures, with

and without electromagnetic shielding. The non-uniformity
degree for each configuration is summarized in Table 2. The
degree of plasma non-uniformity is defined as

_ Nmax — Nmin

o= 22
2nave 22)

)

where nmax, Mmin, and naye represent the maximum, minimum,
and average plasma densities, respectively. ]
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Fig. 15. Normalized electron density distributions along the x-direction
(y =0 cm, z =2 cm) for different coil structures, both with and without
electromagnetic shielding.
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Without electromagnetic shielding, the normalized elec-
tron density of the rotating and translating coil structures dis-
plays a saddle-shaped profile, while the mirror coil structure
exhibits a convex profile. Among the three configurations,
the rotating coil structure achieves the best plasma uniformity
(ot = 0.065). The inferior uniformity of the mirror coil struc-
ture is due to the strong induced electric field generated by
aligned currents near the chamber center, resulting in a high
electron source term and centrally concentrated electron den-
sity. The translating coil structure shows two distinct peaks
in its normalized electron density profile because of its inher-
ent asymmetry, leading to poorer uniformity compared to the
rotating coil structure.

With electromagnetic shielding, the rotating and translat-
ing coil structures maintain their saddle-shaped profiles. In
contrast, the mirror coil structure experiences a notable reduc-
tion in central electron density, mitigating overconcentration
and promoting a more uniform plasma distribution. This im-
provement occurs because electromagnetic shielding weakens
the mutual inductance between the coils, thereby reducing the
central electric field and electron source term. Consequently,
the non-uniformity decreases by 18.4%, and the mirror coil
structure with electromagnetic shielding achieves the highest
plasma uniformity, reaching 94%.

Table 2. Degree of plasma non-uniformity for different coil structures,
both with and without electromagnetic shielding.

Coil structure Non-uniformity degree

Rotating coil — w/o electromagnetic shielding 0.065
Translating coil — w/o electromagnetic shielding 0.087
Mirror coil — w/o electromagnetic shielding 0.244
Rotating coil — with electromagnetic shielding 0.066
Translating coil - with electromagnetic shielding 0.084
Mirror coil - with electromagnetic shielding 0.060

4. Conclusion

In this paper, a 3D fluid model incorporating plasma and
electromagnetic field modules was developed to investigate
the effects of coil structure and electromagnetic shielding on
the spatial distribution and uniformity of plasma in a large-
area rectangular RF ICP source (100 cm x 50 cm). The results
demonstrate that coil structure significantly influences plasma
uniformity. The rotating and translating coil structures pro-
duce electron density distributions that are high at off-axis po-
sitions and low at the center, whereas the mirror coil struc-
ture exhibits a pronounced central peak in electron density.
This behavior arises because the spatial distribution of electron
density is primarily governed by the electron source term and
electron flux. The mirror coil structure generates a stronger
central electric field due to the identical current directions in
the coils, resulting in higher electron density at the chamber
center compared to the rotating and translating coil structures.

Furthermore, the electron temperature near x = 0 cm exhibits a
bimodal distribution for the rotating and translating coil struc-
tures, whereas a unimodal distribution is observed for the mir-
ror coil structure. Among the three configurations, the rotating
coil structure achieves the best baseline plasma uniformity.

Electromagnetic shielding further enhances plasma uni-
formity by modulating the spatial distribution of the electro-
magnetic field. For the rotating and translating coil structures,
the electron density distribution — high at off-axis positions
and low at the center — remains largely unaffected by shield-
ing. In contrast, incorporating electromagnetic shielding into
the mirror coil structure reduces the electron density at the
chamber center, promoting a more uniform plasma distribu-
tion. Additionally, shielding does not significantly alter the
electron temperature distribution in the rotating and translat-
ing coil structures. For the mirror coil structure, the electron
temperature near x = 0 cm decreases with shielding and transi-
tions from a unimodal to a quasi-bimodal distribution. Conse-
quently, the mirror coil structure with electromagnetic shield-
ing achieves a plasma uniformity of 94%, the highest among
the studied configurations.

In summary, modifying coil structures and incorporating
electromagnetic shielding can markedly improve plasma uni-
formity in large-area RF ICP sources. Future work will extend
the 3D fluid model to array coil structures and include RF bias
to further optimize plasma uniformity over large areas. More-
over, experimental and simulation studies involving complex
gases (e.g., Oy and CF,) will be conducted in conjunction with
practical industrial processes.
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