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Gas flow characteristics of argon inductively coupled plasma and

advections of plasma species under incompressible and
compressible flows™
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In this work, incompressible and compressible flows of background gas are characterized in argon inductively coupled
plasma by using a fluid model, and the respective influence of the two flows on the plasma properties is specified. In the
incompressible flow, only the velocity variable is calculated, while in the compressible flow, both the velocity and density
variables are calculated. The compressible flow is more realistic; nevertheless, a comparison of the two types of flow is
convenient for people to investigate the respective role of velocity and density variables. The peripheral symmetric profile
of metastable density near the chamber sidewall is broken in the incompressible flow. At the compressible flow, the electron
density increases and the electron temperature decreases. Meanwhile, the metastable density peak shifts to the dielectric
window from the discharge center, besides for the peripheral density profile distortion, similar to the incompressible flow.
The velocity profile at incompressible flow is not altered when changing the inlet velocity, whereas clear peak shift of
velocity profile from the inlet to the outlet at compressible flow is observed as increasing the gas flow rate. The shift of
velocity peak is more obvious at low pressures for it is easy to compress the rarefied gas. The velocity profile variations at
compressible flow show people the concrete residing processes of background molecule and plasma species in the chamber
at different flow rates. Of more significance is it implied that in the usual linear method that people use to calculate the
residence time, one important parameter in the gas flow dynamics, needs to be rectified. The spatial profile of pressure sim-
ulated exhibits obvious spatial gradient. This is helpful for experimentalists to understand their gas pressure measurements

that are always taken at the chamber outlet. At the end, the work specification and limitations are listed.

Keywords: gas flow, inductively coupled plasma, compressible flow, fluid model

PACS: 47.10.ad, 47.11.Fg, 47.15.—x, 52.30.Ex

1. Introduction

In low-pressure radio frequency plasma sources, the gas
flow and heating, together with the neutral depletion, com-
prise the background gas dynamics. The gas dynamics are
tightly coupled to the process of plasma production and trans-
port, via their missions of providing feedstock species, ex-
posing plasma to advection, re-distributing deposited energy,
etc. Hence, investigations on the gas dynamics are useful
for people to understand the plasma properties and process-
ing techniques, in view of their attendance in delivering im-
pinging ions and reactive radicals to the surfaces, where the
material etching or film deposition is conducted. At present,
most efforts on the gas heating scheme were aimed at mea-
suring the gas temperature!'! and analyzing the heating
mechanism,*°! e.g., elastic and charge exchange collisions
and Franck—Condon. In addition, the influence of the gas heat-
ing on the magnitudes of electron density and temperature,’!
the varying trend of electron temperature against power, ®! the
wave magnetic fields and skin effect, ! efc., are also specified.
As analyzed, the neutral depletion!%-131 is actually caused co-
operatively by the pressure balance and gas heating. It could
enhance plasma transport and result in non-monotonic varia-
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tion of plasma density versus power.! 4!

The gas flow!!>1% is caused by the system that feeds gas
into the reactor and the pumping setup. A gas flow channel
is formed between the locations of gas entrance nozzle and
pumping port. The gas flow rate and the channel, together with
the chamber dimension, cooperatively determine the residence

17.18] This parameter is im-

time of feedstock gas in the reactor. !
portant as it might be comparative to the timescale of plasma
species crossing over the reactor via the diffusive and drift pro-
cess and that of the chemical reactions with metastables. As
a result, the plasma species densities changed with the resi-
dence time, as observed in Ref. [19]. In addition, the density
profile alters when changing the gap between the electrodes

5,291 or by con-

due to the competition of the above time scale
sidering a gas flow module into the fluid model or not,?!! in
a capacitively coupled plasma source. Still, the gas flow, to-
gether with the feedstock gas fragmentation, multi component
mass transport, gas heating, pumping speed, efc., influence the
accuracy of gas pressure measurements at the chamber outlet.
Lastly, the pressure, spatially averaged, should increase with
increasing the gas flow rate, which influence the plasma. In

Ref. [22], the electron density and collisional power loss in-
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creased and the electron temperature decreased with the gas
flow rate, in an inductively coupled Ar/N; plasma. All the
above studies focus on the influence of gas flow on the plasma
properties. Other gas flow works report on its inference on the
aspects that relate to the plasma processing techniques, e.g.,
the ion flux profile,>’] the saturate current densities and its
dependence on gas type (Ar versus C4Fg),”*! the ion energy
and angular distribution functions,?>! the Si etch rate with SFg
plasma, %! the uniformity of deposition rate of hydrogenated
silicon nitride film,?”! and the life cycle of silicon chloride
etch product.[?8]

The above literature review tells us that the gas flow plays
very important role in both the plasma itself and the related
processes. This is contradictory to the assertion that it had
minor influence on the plasma due to the dominance of dif-
fusion over advection in the bulk plasma, which was given
early in Refs. [29] and [30]. We believe that the gas flow only
exhibits its importance under certain conditions, which is co-
operatively determined by the coupling mechanism of all the
above factors mentioned, such as the residence time, chem-
ical kinetics, pressure measurements, gas heating, feedstock
molecules fragmentation, neutral depletion and pumping sys-
tem, efc. Hence, it is of great importance to investigate the
gas flow effect systematically. As reviewed, the gas flow ef-
fect in inductively coupled plasmas (ICPs) has been studied
by several works. However, we feel that these studies are not
enough, and not systematic either. For instance, the influence
of gas flow on the density profiles of neutral species is yet re-
ported. The magnitudes of diffusive and advective velocities
of neutrals are in the same order, at strong flows. Hence, the
advection ought to disturb the conventional density profiles of
neutrals that are formed via pure diffusion, as expected. Be-
sides, although the basic characteristics of flow velocity, i.e.,
streamline and magnitude, were given in Refs. [30] and [31],
detailed structure, e.g., axial and radial velocity profiles, and
their evolution as a function of flow rate and pressure, are not
studied yet.

In this work, a two-dimensional fluid model is used to
investigate the characteristics of background gas flow in an
argon ICP, and meanwhile the advections of plasma species
at incompressible and compressible gas flows are discussed.
Logically, the compressible flow is more realistic. Never-
theless, we found that the utilization of incompressible flow
and of its comparison to the compressible flow, can be very
helpful for us to understand the respective behavior of veloc-
ity and density variables and their influence on the plasma.
The pressures used in this work are selected in a range, i.e.,
20 mTorr ~ 50 mTorr (1 Torr = 1.33322 x 102 Pa), such that
the gas flow kinetics studied are in the domain of fluid model.
Meanwhile, at these pressures and the discharge frequency of
13.56 MHz, the experimentally measured electron energy dis-
tribution functions are found more or less Maxwellian, 327351
which meets the requirement of electron fluid equations.

2. Model description

2.1. Chamber configuration, spatial discretization and re-
action set

The two-dimensional axial symmetric ICP reactor used in
this model is shown in Fig. 1. In the matching box that is filled
with air, a two-turn coil with the thickness of 0.6 cm is placed
above the quartz window. The turns of the coil are 6.0 cm and
10.0 cm in radius, respectively. The coil is supplied with a ra-
dio frequency power source of 13.56 MHz. In the simulations,
the coil current is tuned until the total deposited power in the
chamber, defined as spatial integration of the electron power
density, equals to the pre-designed value, i.e., 200.0 W. The
working gas is delivered into the chamber from the circular
open loop around the roof edge of discharging chamber and
expelled away via pumping system at the chamber outlet. The
total height of the chamber is 17.0 cm. The window and the
matching box are both 14.0 cm in radius, and the discharging
chamber beneath them is 15.0 cm in radius. The window width
is 1.0 cm and the box height is 3.0 cm. A grounded substrate is
seated at the bottom of the chamber, with its radius and height
fixed at 13.0 cm and 4.0 cm, respectively.
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Fig. 1. (color online) ICP chamber used in the simulations

The gas phase and surface chemistries of argon plasma
used in this model are listed in Tables 1 and 2, respectively.
Four types of species are considered, i.e., electrons, argon ions
Ar™, metastable argon atoms Ary,, and grounded atoms Ar. In
Table 1, the following collision types are included, i.e., elas-
tic, electronic excitation, de-excitation, direct ionization, mul-
tistep ionization, Penning ionization and metastable quench-
ing. These different rate coefficients of electron collisions are
calculated via the integration of the Maxwellian electron en-
ergy distribution function with their respective cross section
set. The rate coefficients of all heavy species reactions are
given as constants. Upon arriving at chamber surface, the ar-
gon ions are neutralized and the metastables are de-excited,
and they both return to the ground state, as illustrated in Ta-
ble 2. The sticking coefficients of ions and metastables at the
surfaces both equal to 1.0.
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Table 1. Gas phase electron impact collisions and chemical reactions. 6]

Reaction Formula Type Ag/eV  Rate coefficients®

1 e+Ar—=— e+Ar elastic 0 c

2 e+Ar=— e+ Arp, excitation 11.5 c

3 e+ Ary, = e+ Ar de-excitation —11.5 c

4 e+ Ar=2e +Ar" direct ionization 15.8 c

5 e +Ar, = 2e +Art multistep ionization 4.24 c

6 Arp + Arm = e + Ar+Art  penning ionization 0 3.734 x 108

7 Arp +Ar = Ar+Ar metastable quenching 0 1807

The unit of rate coefficient is m? /s-mol.

The space of the ICP chamber is discretized by the fi-
nite element method. The mesh set used in the simulations,
i.e., mesh set I, is shown in Fig. 2(a). There are totally 17400
mesh elements that fill up the geometry, among which 9559
elements are triangle and 7841 are quadrilateral. Note that
the fine mesh is used around the coil to resolve the skin ef-
fect of electromagnetic field and the boundary layer meshes
are created around the plasma region border to capture the
space charge separation between electrons and ions. *7! To dis-
cuss numerical errors, the dependence of simulation results on
mesh size are tested. We believe that the errors are more
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Fig. 2. (color online) (a) Mesh set I is used for the spatial discretiza-
tion of ICP chamber in the simulations. (b) Mesh set II holds fine mesh
in the plasma region as compared to mesh set I. It is used to test the
dependence of simulation results on mesh size, i.e., numerical errors.
The tests show that the absolute relative differences of electron densi-
ties and temperatures that are calculated by using mesh sets I and II,
respectively, are about 0.05%. The difference is tiny, and the simulation
results are hence independent of the mesh size.

related to the mesh size of plasma region; hence the test is
carried on the original mesh of Fig. 2(a) and a new mesh set
that holds fine mesh in the plasma region, i.e., mesh set II,
as shown in Fig. 2(b). The tests show that the absolute rela-
tive differences of electron densities and temperatures that are
calculated by using mesh sets I and II, respectively, are about
0.05%. The difference is tiny, and the simulation results are
hence independent of the mesh size.

Table 2. Surface reactions mechanism.

Reaction Formula Sticking coefficient
1 Ary, = Ar 1
2 Art = Ar 1

2.2. Formulation of the model

The inductively coupled plasma (ICP) and the single-
phase flow (SPF) modules of the COMSOL software are taken
for this gas flow study. The former module describes the
plasma generation and transport, while the latter describes the
background gas flow. The ICP module consists of electron,
heavy species, electromagnetic field, and electrostatic field
equations. In the SPF module, the Navier—Stocks equation is
selected to study the incompressible gas flow, and the momen-
tum conservation equation is selected for the compressible gas
flow. The flow velocity and density of gas mixture, calculated
from the SPF module, are sent to the ICP module in the com-
pressible flow, while only the velocity variable is delivered in
the incompressible flow. Reversely, the ICP module calculates
the viscosity coefficient of gas mixture and transfer it to the
two types of gas flow, besides for describing the plasma trans-
port. The interacting mechanism of the two modules is shown
in Fig. 3. The equations of each module will be elaborated
next.

2.2.1. Electron equations

The equations of electron density and energy are ex-
pressed as

d

£+V~I‘e:Re—(u~V)ne,

ot

ang

W—FV'F&‘—FE'FC:RS_(U'V)n£+POhm' (1)

The drift diffusion approximation is selected for the number
and energy flux of electrons, due to the tiny mass of electrons.
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Fig. 3. (color online) Interactions of single-phase flow (SPF) and inductively
coupled plasma (ICP) modules in this study.
The fluxes of electrons density and energy are described as
follows

I, =—(pte - E)ne — D, - Vng,
I':=—(pe- E)ng — D¢ - Vne. 2)

Here, ne and ng are the number and energy densities of elec-
trons. pe and pe are the number and energy mobility coeffi-
cients. D, and Dy are the number and energy diffusivity coef-
ficients. These above coefficients are related with each other,
via the formulas, De = pe Ty, De = peTe, and pe = (5/3) e
R. and R, in Eq. (1) are source terms of the continuity and
energy conservation equation, respectively, and they are ex-

pressed as
M P
Re = lekj H n,\,/{'",
j=1 m=1
M P
Re=Y eilik; [T nni" 3)
j=1 m=1

Here, [; is the number of electrons created or lost per collision
of reactions that generate/deplete electrons. M is the number
of such reactions. k; is the rate coefficient of reaction j, taken
from Table 1. n,, is the number density of reactant m of reac-
tion j. v is the stoichiometric coefficient of the reaction, and
P is the number of reactants. €; is the energy loss of related
electron-impact reaction. The terms of Eq. (1), (u-A)n. and
(u - A)ng, describe the transport of electron mass and energy
via the background gas advection, and the gas flow velocity
u is calculated from the SPF module. Usually, the electron
directional velocity of drift and diffusion is rather higher than
advective velocity caused by the gas flow; hence the influence

of incompressible advection on the electron is expected to be
insignificant. Nevertheless, it will be significantly affected by
the mixture density in the compressible gas flow, as revealed
later. Ponm is power density deposited into the plasma through
the Ohm’s heating mechanism,

1
Pom = 5 Re(0 |Eg ), 4)

where o is the electron conductivity and Eg is the azimuthal
electric field of electromagnetic effect.

Without the secondary electron emissions, the boundary
conditions of the continuity and energy equations of electrons

1— 1
n-I.= e (Ve,thne> )

are defined as

14+r \2
1—re (5
n-I.= Tr: <6Ve,thne) ) (5)

where V., is the thermal velocity of electrons and r. is the
reflection coefficient of electrons from the chamber surface,
which is set to 0.2 in this model.

2.2.2. Heavy species equations

The heavy species means all plasma species except the
electrons, i.e., grounded and excited argon atoms, and argon
ions. In this heavy species module, an approximation is used.
If there are totally Q heavy species, only the transports of Q — 1
species are described directly via the transport equation, i.e.,

ow .
p()—t"+p(u-V)wk:V.gk+Rk. 6)
The transport of the Q™ heavy species, fixed as the feedstock
molecule, is controlled via the mass conversation law, i.e.,

0-1
PWQ:P<1—ZWk>- )
k=1

Here, p is the total mass density of heavy species, also named
as the mixture density. The contribution of electrons to the gas
mixture density is omitted due to its tiny mass weight, as com-
pared to the heavy species. This mixture density is calculated
from the SPF module. As known, it is unchangeable in the
incompressible flow. Nevertheless, in the compressible flow,
it can be both spatially and temporally altered via the com-
pressibility. wy is the mass fraction of species k, and w is the
velocity of background gas flow. j; is the diffusive and drift
flux of species k and expressed as

jk = PWkaa
Vi = Dk,mVIH(Wk) — Zklm B, 3

where V; is the diffusive and drift velocity of species k, z
is elementary charge number of charged species k, and F is
the electrostatic field of spatial charge density. The multi-
component mass diffusion mechanism!3#! is taken into account

124701-4
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in this model. Dy, is the diffusion coefficient of the gas mix-
ture and expressed as

1—w
Din = 5——— ©)
)y xj/Dx;
J#

where x; is the molar fraction of species j and Dy ; is binary
diffusion coefficient of the Chapman-Enskog theory. u,, is
the mobility of ions, given by the Einstein’s relation. In the
Einstein’s relation, the ion temperature is assumed room tem-
perature. The validity of this assumption will be discussed in
the section of conclusion and further remarks. The source term
of heavy species transport equation is expressed as

N
Re=M Y I jrj, (10
j=1
where M;. is molecular weight, r; is the rate of reaction j that
creates/consumes species k, N is the reaction number, and ;. ;
is the particle number of species k created or lost per collision
of reaction j. The reaction rate, r;, is expressed as

N
ri=ki [Ten" (11)
m=1

In this formula, % is the rate coefficient, S is the number of re-
actants, v is the stoichiometric coefficients, and c is the molar
concentration of reactants. The boundary condition of heavy
species equation considers the components of the Bohm’s ve-
locity, species surface kinetics and advection of gas flow.

2.2.3. Electromagnetic equations

The electromagnetic field in this discharge is calculated
via the following equation,

(joo — 0?ee) A+V x (4 'u ' B) = J, (12)

which is deduced from the Maxwell’s equation (details about
this deduction can be found in the appendix). Here, j is the
imaginary unit and ® is the angular frequency, & and & are
the vacuum permittivity and the relative permittivity of spe-
cific media, U and y, are the vacuum permeability and the
relative permeability of specific media, A is the magnetic vec-
tor potential and J, is the applied coil current. ¢ is the electron
conductivity and calculated as,

oo Mt (13)

me(Ve +j0)
where 7. is the electron number density; m. and g are the elec-
tron mass and charge, respectively; and V. is the collision fre-
quency of electrons with neutrals. The magnetic insulation
condition, . X A = 0, is taken as boundary for this electro-
magnetic equation. Note that the general inductive discharges

operate at two modes, i.e., E and H modes. In our present

study, only the H mode is discussed. The above electromag-
netic vector equation presented actually can describe both the
E and H mode discharges. We therefore in the appendix illus-
trate explicitly how to use this equation to describe the H mode
discharge.

2.2.4. Electrostatic equations

The Poisson’s equation is used to calculate the electro-
static field,

E=-VV, V-D=py, (14)
where py, is the charge density of the space. The boundary
condition of zero potential is used at chamber surfaces that are
grounded, such as the sidewall and the bottom, while the con-
dition of surface charge accumulation, i.e.,

aps
at

is used at the surface of dielectric window. Here, ps is the sur-

=n-Ji+n-J.,, —n-D=p (15)

face charge density, accumulated by the fluxes of arriving ion
and electron. n is the normal unit vector of dielectric window
surface. D is the electric displacement vector and related to
the electrostatic field via the formula, D = &6y F.

2.2.5. The Navier—Stocks equation for gas flow

When the temperature variation in the gas flow is insignif-
icant and the flow velocity is low, i.e., with the Mach number
less than 0.3, the flow can be assumed incompressible.**! The
Navier—Stocks equation can therefore be used, i.e.,

pV-u=0, p(u-Viu=V- [pr+/.L(Vu+(Vu)T)}. (16)

Here u is the gas dynamic viscosity and w is the mass
weighted flow velocity. In the incompressible flow, the pres-
sure, p, has actually no physical meaning, while the pressure
gradient formed is useful for it drives the gas flow. p is the
total mass density of gas mixture and unaltered in the incom-
pressible flow.

Slip velocity at the walls is negligible in this work due to
the selected high-pressure range and no-slip boundary condi-
tion is therefore used. At the gas inlet, fixed inlet velocities
are taken as boundary condition. At the chamber outlet, fixed
gas pressure boundary condition is used. In the incompress-
ible flow, the gas mixture density is fixed in the whole space,
whose value is given via the state equation of ideal gas with
the outlet pressure and the room gas temperature. Here, the
validity of assuming room gas temperature will be discussed
in the section of discussion and further remarks.

2.2.6. Momentum conservation equation of gas flow

When the compressibility is taken into account, the con-
tinuity and momentum conservation equations are used for the
gas flow, i.e.,

plu-Viu=V- [—pI—l—,u (Vu+(Vu)")

124701-5
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—%u(Vﬂu)I +F. (17)

No-slip velocity boundary condition is used at the walls and
fixed pressure boundary condition is used at the outlet. At
the inlet, the boundary condition of gas flow rate, in a unit of
sccm, is taken. In the compressible flow, the pressure itself
is meaningful and related to the gas mixture density via the
state equation of ideal gas, again at the condition of room gas
temperature.

3. Results and discussion
3.1. Species advection at incompressible flow

In Fig. 4, the velocity profiles of incompressible flow are
plotted at the inlet velocity of 200 m/s, the power of 200 W,
and the pressure of 20 mTorr. Two peaks occur in the radial
velocity profile, which are located under the inlet nozzle and
at the substrate corner, respectively. The axial velocities are
maximal under the inlet nozzle and second largest in the an-
nular passage between the substrate and the sidewall. As the
inlet velocity is axial oriented, the axial velocity magnitude is
about one factor larger than the radial velocity. In Fig. 5, the
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Fig. 4. (color online) Profiles of radial (a) and axial (b) velocity com-
ponents for the inlet velocity of 200 m/s, the power of 200 W and the
pressure of 20 mTorr, at the incompressible gas flow.

advective mass flux profiles of metastables at the same dis-
charge condition are plotted. Two maxima occur in the radial
advective flux, which is similar to the radial velocity. Never-
theless, a tilted “bulb” shape is seen from the axial advective
flux profile that is quite different with the morphology of axial
velocity. The radial fluxes above the substrate edge are dis-
tributed similar to the radial velocity the most. In a small area
just beneath the nozzle, where the radial and axial velocities
are both peaked, the two components of advective flux, nev-
ertheless, are both minimal. This is because the metastables
densities at the locations where the velocities of the two com-
ponents peak, are quite low. Instead, a blue peak of radial flux
and the head of an axial flux bulb occur more in the bulk cham-
ber due to the high metastables densities therein. Of interest is
in the outlet passage, where the metastables densities are sup-
posed to be low, prominent axial fluxes are observed. This is
related to the novel metastables density profile formed by the
gas flow process.

In Fig. 6, the metastables density profiles, when the gas
flow, i.e., advection, is not included and at the inlet velocity of
200 m/s, are plotted at the discharge condition of 20 mTorr
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Fig. 5. (color online) Profiles of radial (a) and axial (b) advective fluxes
of metastables for the inlet velocity of 200 m/s, the power of 200 W and
the pressure of 20 mTorr, at the incompressible gas flow.
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and 200 W. The density profile without the advection is sym-
metric with respect to the half height plane of the chamber.
At the 200 m/s inlet velocity, this symmetry is destroyed by
the advection. In particular, the density profile in the upstream
chamber is horizontally compressed inward for the radial dif-
fusion in this region is counteracted by the advective compo-
nent. In the downstream, the profile is horizontally prolonged
outward, which, we believe, is a synergistic effect of radial and
axial advective fluxes. The densities of metastables, as well as
its axial advective fluxes, near the outlet passage are increased,
along with the prolonged density profile in the downstream.
The density profile border is in total shifted away from the
chamber wall. As a result, the atoms loss on the wall is re-

ionizations that consume metastables happen more frequently
at this pressure. At high pressure, the deformations of den-
sity profile, i.e., upstream compression and downstream pro-
long, via the advection are more obvious. The strong influence
of advection on metastables is because the peak of its density
profile is close to the gas flow path and the interaction of dif-
fusion and advection is stronger. Moreover, prominent high
metastables densities are seen in the passage, as illustrated by a
red dashed line circle, formed by strong axial advective fluxes
therein. As noted, these high metastables densities of passage
could cause diffusions to both the substrate and the sidewall,

forming novel double-way diffusion scheme.
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Fig. 6. (color online) Metastables density profiles when the gas flow is
not included (a) and at 200 m/s inlet velocity, at the discharge condition
of 20 mTorr and 200 W.

In Fig. 7, the metastables density profiles when the gas
flow is not included and at the inlet velocity of 200 m/s are
plotted at the discharge condition of 50 mTorr and 200 W. The
metastables density is peaked under the dielectric window, dif-

ferent with the 20 mTorr, because the multistep and Penning

3.2. Species advection under compressible flow

In Figs. 8(a) and 8(b), the metastable density profiles
without advection and at the inlet flow rate of 2000 sccm in
the scope of compressible flow are plotted, at the discharge
condition of 20 mTorr and 200 W. The density profile with-
out advection is symmetric and center peaked. At 2000-sccm
flow rate, all distortions of neutral density profile occurred

in the incompressible gas flow, i.e., inward shift of upstream
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border, outward extension of downstream border, and novel
double-way diffusion in the outlet passage, are observed in
the compressible flow as well. Besides, the metastable den-
sity profile becomes localized and the density magnitude de-
creases obviously. To explain this new change, in Fig. 8(c) the
metastable density profile without advection while at the high
pressure of 40 mTorr is plotted, still at the power of 200 W. It
is seen that except for the peripheral density profile distortions,
the bulk density profile and the peak magnitude of metasta-
bles at 40 mTorr when excluding advection are similar to the
case of 2000 sccm. It implies that the compressible gas flow
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Fig. 8. (color online) Metastable density profiles without advection (a)
and at 2000 sccm inlet flow rate (b), at the discharge condition of
20 mTorr and 200 W. Also plotted is the metastable density profile of
40 mTorr and 200 W without advection (c) for comparing its profile
with the metastable density profile of 2000 sccm (b).

seemingly has the same effect as the pressure. To assess this
guess, we plot the electronic excitation rate profiles of the
above three cases in Fig. 9. It is seen that the peripheral exci-
tation rate profile shifts toward the dielectric window and the
peak magnitude of excitation rate increases whenever increas-
ing the flow rate or the pressure, as compared to the 20 mTorr
without advection. The electronic excitations are known to
occur at high threshold, 11.56 eV and the electron tempera-
ture decreases with the pressure due to in-elastic electron col-
lisions. These two effects cooperatively result in the shift of

its rate profile toward the coil.
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Fig. 9. (color online) Electronic excitation rates without advection (a)
and at 2000 sccm inlet flow rate (b), at the discharge condition of
20 mTorr and 200 W. Also plotted is the excitation rate at 40 mTorr
and 200 W without advection (c) for comparing its profile with the ex-
citation profile of 2000 sccm (b).
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In Fig. 10, the peaked values of both electron density
and temperature profiles versus the flow rate are plotted, at
the discharge condition of 20 mTorr and 200 W. The electron
density linearly increases while the temperature monotonically
deceases with the flow rate. These trends of electron density
and temperature against the flow rate are quite similar to their
variations with the pressure,*?) which again testifies that the
compressible gas flow and the pressure have the same effects
on the plasma, except for the neutral density profile distortions
caused by incompressible gas flow. Besides, the variations of
electron density and temperature with flow rate, this model
predicted, qualitatively agree well with the experimental work
of Doh and Horiike,?*! where the electron density decreased
and electron temperature increased with the residence time in
argon inductive coupled plasma. Here, we believe that the in-
verse relation between the residence time and the gas flow rate

still works.
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Fig. 10. (color online) Peaked values of electron density and tempera-
ture profiles versus the gas flow rate at 20 mTorr and 200 W.

To explain the above discovering, in Fig. 11 the calcu-
lated gas mixture density profiles of 2000 sccm, with widely
and finely resolved legends, respectively, are plotted, at the
discharge condition of 20 mTorr and 200 W. At the wide and
complete legend resolution, i.e., in Fig. 11(a), the mixture den-
sity peaks at the inlet nozzle and sinks at the pumping port.
The mixture density minimum at the port, 4.276 x 107> kg/m?>,
is calculated via the outlet pressure value, i.e., 20 mTorr, which
serves as the boundary condition of the flow equation, based
on the state relation of ideal gas. As seen, the most promi-
nent variations of gas mixture density occur at the inlet nozzle
and outlet port while it is more or less unchanged in the cham-
ber bulk. At the fine but incomplete color legend resolution,
i.e., in Fig. 11(b), the mixture density of bulk chamber lies in
a small range of 8.32 kg/m3 ~ 8.4 x 107> kg/m>. The three
yellow circles in this figure enclose the mixture densities that
that are out of the limits of the fine resolution legend. In the
experiments, the pressure is always measured at the locations
near the outlet port.[*?! The simulations reveal that this mea-

surement can severely underestimate the bulk pressure when

the pressure is measured at the locations near the outlet. This
observation is qualitatively agreeable well with the work of
Ref. [41], where the neutral argon density profile was deter-
mined in a helicon source by using the spectroscopic measure-
ments and the collisional-radiative model, and the meaning of
the measured neutral profile on the ionization degree of bulk

plasma was discussed.
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Fig. 11. (color online) Calculated gas mixture density profiles with wide (a)
and fine (b) resolution legends, at the discharge condition of 20 mTorr,
200 W, and 2000 sccm. In Fig. 11(b), a special way of demonstrating this
fine data structure around the chamber periphery is used, i.e., a small range
of data, 8.32 x 1075 ~ 8.4 x 107, is used to define the color bar while a
wide range of actual data, 4.3 x 107> ~ 8.4 x 1073, is represented by this
color bar.

In Fig. 12(a), the center mixture density versus the flow
rate is plotted, at the discharge condition of 20 mTorr and
200 W, together with the outlet mixture density given by the
pre-set outlet pressure of 20 mTorr, 4.276 x 107> kg/m?>, that
is unvaried with flow. In Fig. 12(b), the mixture density ver-
sus pressure without gas flow is plotted. The center mixture
density significantly increases with the flow rate, as shown in
Fig. 12(a). It resembles the trend of mixture density with pres-
sure in Fig. 12(b). This figure interprets why the compressible

flow has the same effect on plasmas as the pressure, i.e., it ac-
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tually increases bulk pressure. Note that the present study is
based on the boundary condition that fixes pressure at the out-
let position, which is frequently used in relevant studies.!?>%3]
In the real industry or academia lab, the complicated pumping
system is installed and the outlet boundary condition is there-
fore more complex than the fixed pressure. Application of this
new outlet boundary condition, i.e., pumping speed and con-
figuration, into the gas flow model should amend the above
conclusions to some extent. This is certainly a new interesting

work for future.
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Fig. 12. (color online) (a) Center mixture density versus the flow rate and the
outlet mixture density that is determined by the outlet pressure of 20 mTorr
and unvaried with flow rate, at 20 mTorr and 200 W. The mixture density
versus pressure without gas flow at the power of 200 W is plotted(b).

3.3. Velocity characteristics of two flows

The velocity magnitude profiles at the inlet velocity of
100 m/s and at the inlet flow rates of 200 sccm and 2000 sccm
are sequentially plotted in Fig. 13, at 20 mTorr and 200 W.
When the flow is incompressible, and the inlet velocity is
100 m/s, the velocity magnitude peaks at the inlet and the
peaked value is 112.8 m/s. The model predicts that the veloc-
ity magnitude profile is not changed, but the peaked value lin-
early increases on increasing the inlet velocity (see Fig. 14(b)).
When the flow is compressible and the inlet flow rates are low,
e.g., at 200 sccm, the velocity magnitude profile (with a small
peaked value of 17.6 m/s) in Fig. 13(b) is similar to that of
the incompressible flow. When increasing the flow rate, e.g.,
to 2000 sccm, the velocity magnitude profile is changed, with
its peak shifting from the inlet to the pump port, as shown in

Fig. 13(c). This trend is more clear in Fig. 14(a), where the ve-
locity magnitude of pump port increases faster with flow rate
than at the inlet.
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Fig. 13. (color online) Velocity magnitude profiles at 100 m/s in-
let velocity and incompressible flow (a), and at 200 sccm (b) and
2000 sccm (c) inlet flow rates and compressible flow, at 20 mTorr and
200 W.

The different characteristics of velocity magnitude pro-
files at the two flows are analyzed. At the incompressible
flow with fixed mixture density, the gas flows freely across
the chamber. Nevertheless, in the compressible flow the mix-
ture density is varied, and the fluid becomes elastic. It can
efficiently respond to the external disturbance via its pressure
alteration, proportional to the mixture density alteration, as
shown in Fig. 11. At the inlet, the direction of mixture den-
sity gradient is along the velocity direction, i.e., from zero to
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the maxima. So, the fluid elasticity resists the flow, and the
velocity magnitude is reduced. At the pump port, the direction
of mixture density gradient is against the velocity direction,
from the minimum to zero. So, the fluid elasticity accelerates
the flow, and the velocity magnitude is increased. This mech-
anism can be described by the definition of compressibility,
V.u = —VInp - u, analogous to the Poisson’s equation that
describes the variation of active field with the source term.
As seen, at the inlet, an equivalent negative source is formed
for the velocity field, while at the port an equivalent positive
source term is formed. In addition, at 2000 sccm, obvious gra-
dient of axial velocity is observed in the pumping port channel
and meanwhile a maxima of velocity magnitude is formed at
the port outlet, as compared to the case of 200 sccm. This is
because the gradient of mixture density in the channel holds
the same direction as that of the port outlet, both increasing
the velocity field; but the increasing rate at the port outlet is
stronger, due to the strong mixture density there. Accordingly,
the mixture density gradient in the channel at 2000 sccm is
stronger than the 200 sccm, as the model predicted. This is a
positive feedback process, as the above compressibility equa-
tion predicted.
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Fig. 14. (color online) (a) Velocity magnitudes at the inlet and the pump
port of the chamber versus the flow rate at compressible flow and (b) veloc-
ity magnitude that is peaked under the inlet nozzle in the profile versus the
inlet velocity at incompressible flow, at 20 mTorr and 200 W.

The influence of the compressibility on velocity mag-
nitude profile becomes less important at high pressure, like

50 mTorr in Fig. 15 where the velocity magnitudes at the inlet

and pump port both significantly increase with the flow rate.
This is because it is more difficult to compress dense gases.
As checked, the maximal pressure variation caused by the in-
let flow rate of 2000 sccm at 20 mTorr is indeed larger than that
of 50 mTorr, i.e., 4.0 Pa versus 3.5 Pa. In addition, the velocity
magnitudes at 50 mTorr is totally decreased, as compared with
the 20 mTorr, due to the high viscosity at high pressures.

The flow velocity profile is tightly related with the res-
idence time calculations and depicts the picture of plasma
species residing in the chamber. Moreover, the velocity mag-
nitude profile evolution implies that the residence time of
background gas in the chamber might not be proportional to
the gas flow rate, which is contradictory to the present recog-
nition that based on one simple formula, 7, = pV/(pamQ),
where p is the gas pressure, V is the plasma volume, Q is the
gas flow rate in units of standard cubic centimeter per minute
(sccm), and Quyy is defined as atmosphere pressure.[42] The
literature review revealed the importance of residence time in
both the plasma dynamics and etching and deposition process.
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Fig. 15. (color online) Velocity magnitudes at the inlet and the pump port
of the chamber versus the flow rate at compressible flow and 50 mTorr and
200 W.

4. Conclusion and further remarks

In this work, the characteristics of both incompressible
and compressible background gas flows and their influences
on plasma in argon inductively coupled plasmas are investi-
gated by a fluid model. The results show that incompress-
ible flow can distort the conventional symmetric metastable
density profile, and the compressible advection can bring to
pressure effect, besides the neutral density profile distortions.
The velocity profile of incompressible flow does not change as
increasing the inlet velocity, while the velocity peak of com-
pressible flow shifts from inlet to the pump port on increasing
flow rate, due to the compressibility. The compressibility in-
fluence on velocity magnitude profile become less important at
high pressure because of the difficulties in compressing dense
gases. The compressible mixture density is considerably var-
ied in gas flow channel, while more or less unchangeable in
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bulk chamber. This work helps people understand the rela-
tion of measured discharge pressure with the real bulk cham-
ber pressure. Meanwhile, it reveals novel neutral density pro-
files via incompressible flow and depicts the resident process
of plasma species via the flow velocity profile.

As described in the literature, the plasma transport can be
substantially influenced by the neutral depletion process that is
caused by gas heating effect and pressure balance.!!%-'4 This
attendance of gas temperature in plasma dynamics is impor-
tant only at rather high deposited power values, i.e., several
kilowatts,[1>14 when the feedstock gas is severally depleted,
plasma density is high enough, i.e., above 10'8 cm 3, and the
ionizing degree is high enough, i.e., larger than one percent.
This is because that the gas heating effect is more obvious at
high powers due to high plasma density and hence high col-
lision rates that heats the gas.[8J Nevertheless, in this work,
the power is fixed at 200 W, and the ionizing degree, 0.1%, is
accordingly far lower than the above threshold, in a chamber
with more or less the same size. Hence, it is believed that the
findings of this model that aims at revealing gas flow charac-
teristics ought to be insignificantly influenced if excluding the
gas heating effect. In addition, the gas temperature increases
with pressure due to high feedstock molecule density that in-
creases the collision rates,!'?! and hardly changed with flow
rate, as observed in the experiment of Ref. [43]. These new
features of gas heating effect, on the other hand, authenticate
this discovery on the gas flow effect that is carried out at low
pressure, 20 mTorr. As noted, the present study successfully
decouples the gas flow and heating effects. This is useful for
us to see each role of the effects in the discharge dynamics.

As we understood, the ion temperature is important in ad-
dressing the spatial transport of charged species via the dif-
fusion and mobility of ions, and correlated to the gas heat-
ing effect via the elastic and charge exchange collisions be-
tween the charged and neutral species, which transfer energy
from ions to neutrals. One paper has reported that the axial
and radial profiles of plasma density, temperature and poten-
tial agreed well with the experiment, based on the ion mobil-
ity data predicted by the Monte Carlo technique and the local
field approximation that calculates ion temperature, which is
used to calculate the diffusion via the Einstein’s relation. [+4]
We believe that properly addressing ion temperature can be
very helpful for the model to predict well the spatial charac-
teristics of charged species. Clearly, this is out of the scope of
the present work, which is focused on the gas flow effect. On
the other hand, as found in our work, the ion density profile is
not changed by the gas flow, due to the fact that the ion direc-
tional velocity is always several orders higher than the gas flow
velocity. Therefore, we believe that the present work that at-
tempts to reveal the qualitative trends of plasma against the gas
flow, be insignificantly affected by utilizing room temperature

assumption for the ions. Still, as the gas heating effect is less
important at this low power selected in this work, the influence
of ion temperature on the gas temperaturel® is therefore of no
interest.

In the present work, the steady state gas flow equation is
used. This indicates that plasma was produced and transported
on one already established fields of flow velocity and mixture
density. Hence, the influence of gas flow on the plasma is well
explained. Nevertheless, the influence of plasma generation
and transport on the gas flow is not properly addressed. Still,
this is a two-dimensional simulation, hence the gas flow be-
havior across the radial and axial plane cannot be described
yet. To sum up, in future works, it is expected that more in-
sights about the gas dynamics can be revealed by considering
the gas temperature and ion temperature kinetics, and mean-
while introducing the unsteady state and full dimensional gas
flow equation.

Appendix A

Usually, the inductive discharges can operate on two
modes, i.e., E and H modes. The mode transition is a very in-
teresting topic that attracts much attentions.[*>*3] As we men-
tioned in Subsubsection 2.2.3, the electromagnetic equation
we gave, i.e., Eq. (11), can describe both the two discharge
modes. Nevertheless, our gas flow study is conducted in the H
mode. In the appendix, we plan to show explicitly how to use
that vector electromagnetic equation to describe the H mode
discharge.

First, we deduce Eq. (11) from the Maxwell’s equations,
via the magnetic vector potential. The full Maxwell equation
set is described as

VXH:JJra—D,
ot
JB
VXE=——
X ot’
V.-B=0,
V-D=p.

In the above equations, considering that the magnetic field is
passive and rotational field, we can introduce the magnetic
vector potential to describe the magnetic field, B =V x A.
Besides, in the ICP simulations, the usual way of solving the
electric field is dividing it into two parts, i.e., electromagnetic-
induced and electrostatic fields. The Poisson’s equation is
used to describe the electrostatic field, and the Maxwell equa-
tions are used to describe the electromagnetic-induced field.
Hence, in the above Maxwell equations, the electric charge
density is set as p = 0, and accordingly, the electric field com-
ponent that is induced by the electromagnetic effect in the
Maxwell’s equations is a passive and rotational field, which
can be expressed as E = —d A/(dt). The conductive current
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density includes two parts, i.e., J = J, + J,, where J, is the
applied coil current density and J}, = o E is the plasma current
density. By further using the harmonic wave approximation,
we can deduce the equation of Eq. (11), i.e.,

(joo — 0’eoe) A+V XV x (g 'y " A) = J,.

We now observe the H mode discharge by means of this equa-
tion. We know that the in the H mode, the radial and axial
components of magnetic field and the azimuthal component
of electric field work. Hence, we only need to consider the
azimuthal component of the above vector equation, namely,

(joo — 0?eoe) Ag + V7 (1g ' 1 'Ag) = Jue.

This is the scalar equation that describe the H mode discharge
of ICP. After Ag is calculated, the azimuthal electric field can
be calculated as, Eg = —dAg/(dt) = —jwAg.
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