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Fluid model of inductively coupled plasma etcher based on COMSOL*
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Abstract: Fluid dynamic models are generally appropriate for the investigation of inductively coupled plasmas. A
commercial ICP etcher filled with argon plasma is simulated in this study. The simulation is based on a multiphysical
software, COMSOL™, which is a partial differential equation solver. Just as with other plasma fluid models, there are
drift—diffusion approximations for ions, the quasi-neutrality assumption for electrons movements, reduced Maxwell
equations for electromagnetic fields, electron energy equations for electron temperatures and the Navier—Stokes equa-
tion for neutral background gas. The two-dimensional distribution of plasma parameters are shown at 200 W of power
and 1.33 Pa (10 mTorr) of pressure. Then the profile comparison of the electron number density and temperature with
respect to power is illustrated. Finally we believe that there might be some disagreement between the predicted values
and the real ones, and the reasons for this difference would be the Maxwellian eedf assumption and the lack of the cross

sections of collisions and the reaction rates.
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1. Introduction

Inductively coupled plasmas (ICP) sources are widely used
in etching and deposition, etc, because of high density and
low operation pressure. During recent decades there has been
a growing interest in modeling and simulation for the ICP
sources!!]. At present, the plasma modeling is used as a sig-
nificant assistant in the development of new equipments and
the improvement of process control schemes in semiconduc-
tor equipment manufacturers. An accurate plasma discharge
model is hardly achieved, for the lack of the essential informa-
tion in plasma, such as the collision cross sections, the chem-
ical reaction rates and the surface coefficients. Although there
are usually some differences between the plasma models and
the experimental results, much effort has been made in using
simulation to explain some phenomena and enhance the pro-
cess. Meanwhile there are numerical simulation techniques for
plasma discharge, where the most important methods include
fluid dynamic, kinetic and hybrid models. Three simulation
models are significantly different in principles, strengths and
limitations. So there is no so-called “the best” model as the
criteria for a certain selected plasma tool, if appropriate as-
sumptions are madel2]. The kinetic models, such as PIC-MCC,
are used for more precision, and the fluid models are for quick
computation and barely basic accuracy, and then the hybrid
models are in balance of precision and efficiency. In spite of
this, the fluid model is also able to keep the computational
accuracy even at very low pressurel®]. In this paper the fluid
model is appropriate and sufficient for the plasma experiment.

It is well-known that gaseous electronics conference RF
reference cell (GECRC) was conceived to serve as a conve-
nient test system for experimental and modeling studies. In
another paper (not published), we had simulated the GECRC
in ICP mode with the fluid model, and then compared with
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the measured values obtained from this system. This research
provides evidence to confirm the validity of our plasma fluid
model based on COMSOL™.

COMSOL is a PDE (partial differential equation) solver
which comes from MATLAB™I. Users could conveniently
formulate physical equations in three ways according to their
requirements, and don’t have to spend more time in coding
and numerical algorithm. In this paper, firstly the fluid plasma
model and numerical method are described detailedly. Then the
argon discharge in a commercial ICP etcher system is com-
pared with the simulation based on COMSOL™. Finally the
prediction results and the analysis are both discussed.

2. Description of the plasma fluid model

Concerning the plasma fluid models there are lots of pre-
vious publications discussed, and in this paper our model is
mainly based on them>~1%, Each species is considered as a
separated fluid to satisfy mass conservation in all computa-
tional regions. A Maxwellian distribution is assumed for elec-
trons. In some conditions, this is a reasonable assumption while
the electron energy is lower than 15 eV at low pressures(!!.
The existence of a high energy tail of the electron energy dis-
tribution function (eedf) will be the main cause of disagreement
in the electron energy. However the disagreement is acceptable
in this paper, compared to other assumptions.

2.1. Mass conservation equations

For ions, electrons, and neutrals, three different transporta-
tion equations are provided to describe, which all follow mass
conservation equations. The details are as follows.
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Table 1. Important collision parameters in the argon discharge.

ki(Te) = airexp(=2r/Te)

Reaction & (eV)i
air (10713 m3/s) T o (V) '
Ionization etAr— Art +e+e 1.2 18.7 15.6
Excitation e+ Ar —> Ar*¥+e 0.12 11.94 11.6
Step-wise ionization e+ Art > Art +e+e 3 5.22 4.14

TComes from CFD-ACE+ 2004, which refers to JILA collision cross-section database in Colorado University. ¥Comes from Ref. [6].

2.1.1. For ions

Ions continuity assumption is valid, and electric field force
drives efficiently ions, so ions conservation equation is
%zOzSi—V-Ji. 1)
where n; and J; are the ion number density and the ion flux,
respectively. Considering this model as steady static, we let
dn;i/dt = 0. The source or sink of ions, Sj, is determined by
the product of reaction ion number density and reaction rate
coefficient as follows,

Si = Z Kk (Te)njng, (2)
J, k

where K ;i (T¢) is the reaction rate coefficient which is gener-
ally related with the electron temperature, T, just as Table 1
has shown; n; and ny are number densities of the two species
which collide (react) each other to generate ions in plasma (two
species collision is common in low temperature plasma.). The
important collision parameters of argon plasma are listed in Ta-
ble 1.

In Table 1, the symbols +, *, and e denote positive ions,
metastable atoms and electrons, respectively. e, indicates the
reaction energy in the corresponding equation.

In this paper, the drift—diffusion approximation is used to
describe the ions fluxes. This appears to be a good approxima-
tion for K, < 0.2 (~10 mTorr for typical ICPs)!l.

Ji = —=DiVn; + zijuin; Es, (3)

where z; is the number of elementary charges on the ion. D;
and p; are the diffusivity and mobility of the ion.

kT;
D= —-, (4)
mM;iVin
e
Hi = P (5)
m;iVin

where k is the Boltzmann constant, 7; and m; are the tempera-
ture and mass of the ion. The collision frequency between ions
and neutral background species, vi,, is given by

Vin = Oin UiV, (6)

where oy, is the collision cross section, and v; = +/8kT;/wm;
is the mean thermal movement velocity, and N is the number
of neutral background species density. One of the main forces
driving ions, the static electric field Es, is induced by ambipo-
lar diffusion (in next section for details).

In general, the sheath calculation in ICP models is treated
as the boundary conditions of bulk plasma because of the non-
collision in it. In this paper, the boundary condition of positive

ions at the walls is represented by the Bohm flux, while the flux
of negative ions is zero in the model,

kT
n, ™)

Jibc = I’liuBiﬁ = n;
i

where up; is the Bohm velocity of positive ions, and 7 repre-
sents the normal vector towards the wall[®],

2.1.2. Quasi-neutrality for electrons

For ICP, many models consider that the quasi-neutrality
constraint in the bulk plasma is applicablel® 12

ne = ZZini- )

where . is the electron number density, which is equal to the
summation of all ions number densities everywhere.

In general, the static electric field mentioned above is
solved from the Poisson equation especially in the sheath zone,
but it is not necessary if the quasi-neutrality assumption is used
to simplify the model. In this model no negative ion is consid-
ered, so for electrons in the thermal equilibrium state the static
electric field can be obtained from the Boltzmann relation of
electrons!,

k
Es = —
qne

V(nTe), (€)

where ¢ is the elementary charge.
2.1.3. For neutrals

Neutrals (refer to metastable atom, Ar*, in this model) are
of no electric charge, so they are completely unaffected by the
electromagnetic force. In argon plasma the ambipolar-diffusion
is the main driving force for neutrals at low pressure. In active
gas plasma (e.g., O3, Cly), the contribution of gas flow is gen-
erally more important rather than diffusion, because the radical
density depends on flow velocity[!]. For the reason of pressure
grads at the chamber inlet, the convection term of the mass con-
servation equation for neutral species cannot be neglected,

ony

W = 0 = Sn—v (—DnVnn +Mnnn)7

(10)
where Dy, up, and n, are the diffusivity, convection velocity,
and number density of the neutral species (metastable atom,
Ar*). In Eq. (10), S, indicates all source/sink reactions related

to neutral species[©].
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2.2. Electron energy equations

There are several theories on electron energy equations un-
der different conditions!'3~15]. In this paper, the electron en-
ergy balance is described by

d (3
5(EnekTe)"'v'QS"'eJe'E_Pind

+ 3%;16/% (To—To) +neN Y Kj (T e; =0, (11)
i

where the second term is the divergence of the total electron en-
ergy flux, the third term stands for Joule heating, and Pj,q rep-
resents the inductive heating, that is the power deposited into
the plasma which is solved from electromagnetic field model.
The fifth and sixth terms are energy loss in elastic/inelastic col-
lisions between electrons and neutral species respectively. E
is the static-electric field Eg induced by ambipolar-diffusion,
which can be obtained from Eq. (9). T} is the gas temperature
(for convenience, in this case Ar, Ar™ and Ar* are of the same
temperature). The total electron energy flux is given by

5
ge = SKTeJe = KVT., (12)

where the thermal conductivity of electrons is K. =
3kDene/2. In bulk plasma electron flux is equal to the sum-
mation of the ions flux through the ambipolar approximation:

Jo= > (13)
iF#e

The boundary conditions of the electron energy towards the

wall was taken as

5 . 5 .
debc = EkTeJ&bc'n = EkTe Z Jive - 11, (14)
i#e

where 71 represents the unit normal vector. The boundary con-

ditions at the inlet/outlet of the chamber are set as Neumann
conditions, 71 - g, = 0.

2.3. Electromagnetic equations

Maxwell equations could be used in solving electromag-
netic field, in the case of two-dimensional axisymmetric ICP
model, these equations can be reduced in the form of magnetic
vector A as

1

o Mr
where Jg is the current density in coils. Since high frequency
(13.56 MHz) results in the skin effect, the current in coils is
conducted by the coil surface. Once the distribution of elec-
tromagnetic field is obtained, the time-averaged value of the
power density deposited in the plasma could be evaluated by

V2A + goe,0% A = —Js,

(15)

1
Pia = 3Re (0p) wge |41 (16)
where wgp is the angular frequency (wrr = 27 frr), and o, is
the complex plasma conductivity,

nee?
Ne (ven +j(1)RF) '

(17)
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Fig. 1. Schematic diagram of the ICP etcher.

where m. and v, represent the electron mass and effec-
tive momentum-transfer collision frequency respectively. The
plasma dielectric constant &, is obtained from

(18)

where g is the permittivity of vacuum.

2.4. Navier-Stokes equation for neutral background gas

Neutral background gas has an important influence on the
distribution of plasma in two aspects: one is that the source/sink
where plasma generates or dissipates is proportional to the
number density of neutral gas; the other is that the number den-
sity of neutral gas can change the collision frequency of elec-
trons and other particles. In consideration of the influence of
neutral background gas and pressure distribution on plasma,
argon background gas flow is described by incompressible
Navier-Stokes equations in this model.

0
pa_l:_v.n(vujL(Vu)T)+pu-Vu+Vp=F, (19)

V-u=0

where p, 1, u represent gas density, dynamic viscosity and
velocity vector respectively, P is pressure, and F is force. In
this case the force is equal to zero. The boundary condition of
inlet and outlet are set to velocity inlet type and pressure outlet
respectively and the wall boundary condition is simply defined
with the Dirichlet condition, that is u = 0.

2.5. Set of COMSOL model

The two-dimensional axisymmetric schematic diagram of a
commercial ICP etcher is given in Fig. 1. It shows that a flat spi-
ral coil supplied by a 13.56 MHz radio frequency (RF) power
above the quartz window generates plasma at low pressure. The
process conditions of this system in this paper are at 1.33 Pa (10
mTorr), and from 100 to 500 W in RF power.

Users could use three application PDE modes (coefficient
form, general form and weak form) to describe general equa-
tions. In this paper the mass conservation equations of ions
and neutrals are described by the convection and diffusion
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Table 2. Coefficients of the electron energy equation.

Coefficient Expression or value
Sts 0 (static state)
P 1
G —2.5k(D; — 2kTe/e)
K 3kDene/2 + Spik2neTe/2e
1 m
0 0 = Ping — Qec — Qic — Qjoule — Qother = ERe (Gp) w]%F |A|2 - 3ﬁe”ckvm (Tc - Tg)
5 ik
—neN (Kizeiz + Kextex) — e (—DiVnj + uiEs) Es — Ek (—DiTe — %Tez) V2ne
u Vn;

0.26
0.24
0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

Height of Chamber H /(m)

-0.02
-0.04
-0.06

QEJ' Symmetry Axis

0 004 008 0.12 016 02 024 028
Radius of Chamber R (m)

Fig. 2. Geometry and grids of ICP etcher.

equations in chemical engineering module (chcd). The elec-
tromagnetic field equation can be represented in the form of
the perpendicular induction current equation (vector potential)
in quasi-statics magnetic module (emqa). Also, the electron
temperature balance equation is too hard to solve so that all
energy source/sink is substituted by the source/sink term of
the convection and condition in the heat transfer module (cc).
According to the description of etcher mentioned above, the
two-dimensional axisymmetric geometry with meshes of ICP
etcher is shown in Fig. 2.

This COMSOL model is fulfilled with 2549 triangle
meshes, although it wouldn’t be enough if the Poisson equation
was solved. When we refine meshes, the accuracy of result is
not promoted obviously, which is to say that the meshes are
enough in this model.

The coefficient form of the PDE is used to describe the
electron energy equation which is one of the most complicated
equations hardly solved in plasma fluid model. In COMSOL
the heat transfer convection and condition equation is shown
as follows, which is similar to the electron energy equation for-
mally,

aT
8tspCp5 + V.- (=KVT)+ pCou-VT = 0. (20)
We can compare Eq. (20) with the form of Eq. (11), and then
conclude the corresponding coefficients of PDE, as listed in
Table 2. The total energy source/sink Q includes Pj,q (induc-

tive heating), Q.. (elastic collision heating), Q. (inelastic col-
lision heating) and Qjoule (Joule heating) and the power term
separated from the divergence of the energy flux.

For the electron temperature T, the energy balance equa-
tion is too high non-linear to solve. Also, there are the strong
coupled variables T, and 7. in the mass and energy balance
equations, so the two equations must be directly solved al-
together and the magnetic vector A is the middle variable to
connect the energy balance and the electromagnetic equation
through the inductive power Pjng.

3. Results and discussions

In general experiments the measurement data is often one-
dimension, however in simulation plasma parameters distribu-
tion profiles can be of two-dimensions. Figure 3 shows the re-
sults of electron temperature and electron density distribution
in the chamber at 1.33 Pa (10 mTorr) and 200 W. The electron
temperature is the highest under the window just between the
2nd and the 4th coil turn, where the dissipated power density
is also the highest (shown in Fig. 4(b)). Under the diffusion
and recombination of ions and electrons at the wall, the elec-
tron density is higher in the central chamber than near walls.
And then we can find that Figure 4 describes the profiles of az-
imuthal electric field and dissipated power density in the same
conditions as well. And also the max electric field intensity and
power density is 1114.39 V/m and 2.415 x 10° W/m?3, respec-
tively. From Fig. 4, it is proposed that there is certain numberi-
cal relation between power density and azimuthal electric field
through the electric conductivity.

In Fig. 5 the metastable atom density and ionization rate are
shown as follows. There is a difference in distribution shape be-
tween Fig. 3 (b) and Fig. 5 (a). That is to say that the electron
density profile is almost symmetric between up-down walls,
but the center of metastable atom density profile is closer to
upper wall. The main reason for this situation is because of
the main driving forces of them. In the drift—diffusion approxi-
mation, the electric-static field induced by ambipolar diffusion
dominates the movement of ions, which is responded rapidly
by electrons. However for the metastable atom the main driving
force is diffusion and the density of background argon gas is
higher near the inlet. According to the definition of the source
term of the ions mass conversation, the ionization rate will in-
crease with the electron density and temperature. So we can
find that Figure 5(b) implies this relation.

The predicted electron density profiles changing with re-
spect to power are shown in Fig. 6. The simulated data is in the
radial direction 5 mm above the wafer. The electron density in
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Fig. 3. (a) Electron temperature and (b) electron density distributions.
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Fig. 4. (a) Azimuthal electric field and (b) power density distributions.
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Fig. 5. (a) Metastable atom density and (b) ionization rate distributions.
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Fig. 6. Electron number density radial profiles for different RF powers
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Fig. 7. Electron temperature radial profiles for different RF powers 5
mm above electrostatic chuck.

the central chamber at each power level is higher than the one
near the sidewall. There is an inflexion for electron density at
the edge of the electrostatic chuck. It is clear that the electron
density increases with the dissipated power in proportion, be-
cause of ionization rate increasing as well.

From Fig. 7 we could conclude that there is no clear vari-
ation in the electron temperatures with power, just like Ref-
erence [16] shows. Although the experiment system built by
Miller and his co-workers is smaller than the etcher in this
study and there is some difference between them, researchers
could hardly find out the relations of electron temperature and
power. From the conclusion above, we can find that the elec-
tron number density and the total electron energy will both
increase with the power. So the electron temperature hardly
changes when the power increases. Besides this study, our pre-
vious research results in the same conclusion['”). As we men-
tioned above, there might be the disagreement of predicted val-
ues and experimental measurement, which can be explained
by using of the Maxwellian eedf in the model. In the real dis-
charge, the high energy tail of Maxwellian is depleted for ion-
ization. So when we assume the eedf is Maxwellian, the re-
quired mean electron energy is lower than the true values['!].
If we apply with an offline method to calculate the true eedf and
reaction rate, we would make the prediction more accurate.

4. Conclusions

A commercial inductively coupled plasma etcher filled
with argon is simulated on the COMSOL platform. We present

that the electron number density increases with the dissipated
power, and then the power has little effect on the electron tem-
perature, as seen in other research['®17] In addition, we be-
lieve that there should be disagreement between the simula-
tion and the real values, although the distribution profiles are
of similar shape in the changing trend. The most important fac-
tor of disagreement is that the electron follows the Maxwellian
distribution assumption. In addition, the lack of reasonably ac-
curate cross sections makes the disagreement worse. An offline
computational method which can calculate more quantitively
accurate eedf and other plasma coefficients would be a perfect
way, such as the Boltzmann equation solver. This is an area of
our current research.
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