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Inductively coupled plasmas (ICPs) are currently being investigated as high density (> 10—
102 cm™?), low pressure (< 1-20 mTorr) sources for semiconductor etching and deposition.
We have developed a two-dimensional (#,z) hybrid model for ICP sources and have used the
model to investigate Ar/CF,/O, mixtures for etching applications. The simulation consists of
electromagnetic, electron Monte Carlo, and hydrodynamic modules with an “off-line” plasma
chemistry Monte Carlo simulation. The model produces the temporally and spatially dependent
magnetic and electric fields (both inductively and capacitively coupled), plasma densities, and
the energy resolved flux of ions and radicals to the substrate. We discuss_results for densities,
power deposition, and ion energies to the substrate as a function of position.

Plasma etching is moving toward reactors using lower
pressures ( <a few to 10 s mTorr), and having a low and
controllable bias on the substrate.! These systems have less
ion scattering, and a more anisotropic, less damaging flux
of energetic ions to the wafer. Inductively coupled plasma
(ICPs) using new coil configurations have recently been
introduced which are capable of producing high density
(>10-10 cm™3) plasmas at low pressure (<1-20
mTorr) over large wafers (200-mm diameter).2® This
configuration is shown in Fig. 1(a). The reactor is a squat
cylinder with a dielectric roof. The roof-to-substrate height
is 5-15 cm, and the plasma zone is 10-30 cm in diameter.
The plasma is generated by an inductively coupled azi-
muthal electric field produced by a flat spiral coil antenna
having a rectangular cross section. Applied voltage to the
antenna at rf produces currents of a few to 10 s A through
the coil and peak azimuthal electric fields in the plasma of
a few of 10 s Vem™!. In carefully designed reactors, the
fractional amount of power which is capacitively coupled
by the antenna into the plasma can be small, and the
plasma potential can be quiescent. The substrate can also
be independently biased by applying a rf potential. Multi-
pole magnets can also be placed on the outer periphery of
the chamber to produce a radial magnetic bucket. Plasma
densities > 10''-10'2 cm ™3 have been measured in Ar and
O, for power depositions of 100 s W-1 kW at gas pressures
of 1-20 mTorr, with plasma potentials of 10-30 V.28

We have developed a computer model of the ICP re-
actor to investigate excitation mechanisms and the unifor-
mity of ion energy fluxes to the substrate.’ The two-
dimensional (2D) (#z) model is a hybrid simulation
consisting of an electromagnetic module (EMM), an elec-
tron Monte Carlo Simulation (EMCS), a hydrodynamic-
chemical kinetics simulation (HKS), and an off-line
plasma chemistry Monte Carlo simulation. The model is
conceptually a 2D analogue of the one-dimensional Monte
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Carlo-fluid model for rf discharges described in Ref. 10.

The simulation begins with the EMM by calculating
the coil generated electric and magnetic fields [E(r,z,¢)
and B(r,z,¢)] in the plasma as a function of position and
phase ¢ during the rf cycle. The method of solution is
functionally the same as used by Yu and Girshick!! in
which we solve the complex wave equation

© V2E(r,z) =iougo (r,2) E(rz), (1)

where E(r,z) is the complex amplitude of the azimuthal
field, o(r,z) is the plasma conductivity, and we assume a
purely sinusoidal field driven at frequency w. (rad/s).
Equation (1) is solved within the plasma using the method
of successive-over-relaxation (SOR). These fields are then
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FIG. 1. (a) Schematic of the ICP reactor. (b) Time averaged plasma

potential and amplitude of the azimuthal electric field. Selected contours
have been removed for clarity.
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used in the EMCS to advance electron trajectories to cal-
culate the time averaged electron energy distribution,

f(e,rz). This is obtained by averaging electron trajectories -

over =50 rf cycles while including all pertinent colli-
sions.© f(e,rz) is then used to calculate source functions
for electron impact process, transport coefficients, and av-
erage electron energies as a function of (#,z). These quan-
tities are then passed to the HKS.

The HKS integrates the continuity equations for the
densities of all charged and neutral species, and solves
Poisson’s equation for the electrostatic plasma potential
using the SOR method. Longitudinal and transverse trans-
port coefficients are used to account for the effects of the
confining multipole magnets. Since our mesh spacing is
presently not fine enough to resolve the sheath at the sur-

face of dielectrics at high plasma densities, we use an an- -

alytic sheath model placed between the last mesh point and
the actual physical boundary. To extend the continuum
portion of the model to lower pressures we limit diffusion
speeds to the thermal velocities of the particles. When in-
cluding a rf bias on the substrate, we calculate the electro-
static field as a function of phase during the rf cycle,
E(r,2,¢). We account for the different effective areas of the
electrodes by using a simple circuit having a blocking ca-
pacitor, and calculate the dc bias generated on the sub-
strate. The surfaces of the chamber are specified as being
either metal or dielectric. The potential boundary condi-
tion on the surface of the dielectric is obtained by specify-
ing the potential on the “backside” of the dielectric, and
using the calculated surface charge density and Gauss’ law
at the boundary. An acceleration technique is used to speed
the convergence of the HKS by predicting future species
densities based on recent time histories of those densities. !>
After the HKS, o(r,z) is cycled back to the EMM; and
E(rz¢) and species densities are cycled back to the
EMCS to iterate through the model until convergence.
Typically 10-20 iterations are required.

Energy distributions for ions and radicals are not ob-
tained in the model just described. To obtain this informa-
tion as a function of (7,z), we use an “off-line” plasma
chemistry Monte Carlo Simulation (PCMCS) which uses
electron impact sources and electric fields from the EMCS
and HKS. The PCMCS launches pseudoparticles for ions
and radicals based on the source functions, and advances
their trajectories using the imported fields. All pertinent
collisions and chemical reactions are included on a
particle-mesh basis using a modified null cross-section
technique.'® Heavy particle reactions are taken from Som-
merer and Kushner,!® and Plumb and Ryan.13

A unique feature of the HKS is a semi-implicit solution
of Poisson’s equation which allows us to take time steps
10-100 s times larger than the dielectric relaxation time.'*
The solution uses a predicted charge density at a future
time (#4+ Atf) to obtain the potential which is used to ad-
vance the densities from the present to that future time

V2¢(t+At)——l[ (£) +At d—p(t)] (2a)
- €gy P dt ’
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FIG. 2. (a) Maximum plasma potential as a function of time. (b) Time
averaged plasma potential (»=0) as a function of height.

dp

dt (2b)

= 2 eqV(DVN+gNuN$).

1
In Eq. (2), ¢ is the potential, p is the charge density, g; is
the charge (1 or —1), N, is the density, D; is the diffusion
coefficient, and yu; is the mobility of species i. Since local
reactions are conservative with respect to p, dp/dt in Eq.
(2) contains only transport terms. We can rewrite Eq. (2)
as

1 :
V(1A + o At 2 equ(VNN$+NNV*$)

1) .1 _ B )
PO 14 S a(VDwNY, 3)
€o € i :

which is the form we solve. This form is conceptually La-
grangian since the effect of the added terms on the left-
hand side of Eq. (3) is to distort the computational mesh
to eliminate any change in charge density due to drift.

The model was applied to analyzing ICP reactors hav-
ing Ar/CF4/0,=85/12/3 mixtures as used in the etching
of silicon dioxide. The gas pressure is 15 mTorr and the
total power deposition is 900 W. A rf bias of 75 V (ampli-
tude) is applied to the substrate at 13.56 MHz. There is no
capacitive coupling from the coil. The radial magnetic
bucket has a peak field of 1.5 kG at the periphery. The time
averaged azimuthal electric field E, and plasma potential
are shown in Fig. 1(b). The peak plasma potential (mea-
sured with respect to ground at the sidewalls) as a function
of time, and the time averaged plasma potential are shown
in Fig. 2. E, is toroidal shaped® with a maximum value of
=5 Vcm™! under the dielectric, which is approximately
the same E/N measured in Ar plasmas.’” E, is asymmetric
due to the higher electron density and smaller skin depth at
small radii. The peak electron temperature of ~3 eV, is
also commensurate with that measured in Ar plasmas.’
The time averaged plasma potential is radially flat (maxi-
mum value ~8 V) due to the confining effects of the mag-
netic bucket, and approximately one-half to two-thirds that
without the bucket.* The dc bias is —53 V with a mini-
mum excursion of the plasma potential of —128 V. The
mal)scimum plasma potential oscillates between =6 and 20
V.
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FIG. 3. Calculated plasma parameters. (a) Electron density and time’
averaged power deposition. (b) CF;” and O~ densities. Selected contours

have been removed for clarity.

Time averaged power deposition and electron density
as a function of position are shown in Fig. 3(a). The power
deposition from Ej is the toroidally shaped region under

the top dielectric. Power deposition from the rf bias is:

dominantly near the wafer and sidewalls, and consists pri-
marily of ion acceleration. The peak electron density ex-
ceeds 102 cm™3 (in agreement with experiments on a

power/volume basis’) and has a fairly uniform radial pro-

file due to the confining effects of the magnetic bucket, as
shown by probe measurements.® The densities of CF5 and
O~ are shown in Fig. 3(b). The O~ ions pool at the peak
of the plasma potential since they are near ambient tem-
perature. A small amount of noise in the O™ density is
caused by ~0.05 V noise in the plasma potential resulting
from the Monte Carlo generated sources. We find that the
electronegativities of low pressure, high plasma density dis-
charges are lower than conventional higher pressure RIE
discharges. This results from the production of negative
jons scaling as [e]V (¥ is the neutral gas density) whereas
the destruction mechanism scales as [N ][N *]. Therefore
low pressures and high plasma densities favor destruction
processes over production processes.

Calculated energy distributions for Ar* and CF3 ions

as they strike the substrate are shown in Fig. 4. The CF;"

ions undergo only elastic collisions and so the maximum
CF; energy is somewhat higher than the Ar*. Their en-
ergy distributions are shifted by ~50 V by transport
through the nearly collisionless sheath. The radial distri-
bution of ion energies is fairly uniform.

In conclusion, we have developed a 2D hybrid model
for ICP reactors. We have used the model to investigate
plasma densities and particle distributions incident on the
wafer in Ar/CF,/0, gas mixtures. Plasma densities in ex-
cess in 10'* cm™3
500-1000 W. We find that ion energies arriving at the
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FIG. 4. Ion energy distributions incident on the substrate. (a} Radiall?
averaged values for Ar* and CFyf . (b) Radially dependent energy dis-
tribution for CF3" .

substrate are fairly uniform as a function of radius, and

‘have energies near the dc bias.
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