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Plasma Diagnostics in rf Discharges Using Nonlinear and Resonance Effects
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In modelling rf discharges, nonlinear phenomena usually are treated as inconvenient effects. A method based
on a nonlinear phenomenon is the self excited electron plasma resonance spectroscopy (SEERS). This new method
for plasma monitoring allows to determine density and collision rate of the electrons and the power dissipated in
the plasma body. Microwave interferometry (MWI) and Langmuir probe (LP) measurements were used to verify
this method. This is shown for inert (He, Ar) and electronegative gases (O, CF4). Examples of in situ control in
plasma etching process are described. The high sensitivity and the capability of endpoint detection are shown.
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1. Introduction

- The measurement of plasma parameters as density,
collision rate and temperature of electrons, the power
dissipated in the plasma body by electrons, provides
important parameters for the characterization of the
plasma, plasma sources, and modelling of discharges used
for etching and deposition. A variety of techniques as
Self Excited Electron Resonance Spectroscopy (SEERS),
Langmuir Probe (LP), and Microwave Interferometrie
(MWI) are available to determine plasma parameters.
LP and MWI are well known methods and were often
used for different plasmas. SEERS is a special method
for cylindrical discharges with (also additional) capaci-
tive rf excitation. Thus SEERS has to be verified com-
paring the results with independent diagnostic methods.
Based on its unique properties concerning stability under
real process conditions, it is utilized to show the correla-
tion of plasma parameters (electron density and collision
rate) and external parameters. Furthermore, SEERS is
able to ensure stability and scaling of plasma processes
in RIE, PE or PECVD systems.

2. Self Excited Electron Resonance Spectroscopy
(SEERS)

Nonlinear phenomena in asymmetrical rf discharges
are well known. A simple example is the bias voltage
as a result of the rectification of the rf sheath voltage
due to the nonlinear relation of sheath voltage and con-
duction current, particular the electron current. Also the
occurence of harmonics in the discharge current is known
but an exact theoretical treatment and measurement are
difficult. Additional resonance effects in rf discharges are
only reported recently.’™ It will be shown that a non-
linear resonance is a fundamental effect of the capacitive
rf discharge and allows to determine essential plasma pa-
rameters.

Assuming a cylindrical and strong asymmetrical dis-
charge and taking into account the electron density dis-

tribution within the sheath of the rf electrode, the oc-

currence of harmonics in the rf discharge can be investi-
gated. Because of the inertia of the bulk electrons these
harmonics excite oscillations in the discharge at the geo-
metric resonance frequency located below the plasma res-
onance frequency.’™ Similar effects are known as main

resonance of the Tonks-Dattner-resonances,”® using an
external excitation of (resonance) probes'® or resonant
rf discharges.'t1?

For 1f frequencies well above the ion plasma frequency,
w > w;, the lons cannot respond to the fast varia-
tions of the electric field. The ion and electron plasma
frequency (Langmuir frequency) is defined by w.; =
(nei€2/m. ig0)1/2, where m,; denotes the electron or ion
mass, e its charge, and &, and n.; the permittivity of the
free space and the electron or ion density, respectively.
Therefore the ion density depends only on the time av-
eraged electric field and is not a function in time. Since
wt is, at least for the rf discharge, less than the time
constant of the ambipolar diffusion, the plasma density
can be assumed to be independent of time.'**® Usually
the plasma density is sufficiently high so that the Debye
length

Ap = (EOkT

€
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1/2
) <L, R (1)

and, respectively, for moderate sheath voltages, also the
sheath width are significantly less than electrode gap and
radius R for any ion density n; within the plasma body.

In order to investigate the plasma body only the range
between the ion and electron plasma frequency

w; K w <K w, (2)

is considered. Particularly for w., this condition has to
be satisfied for any electron density n. within the plasma
body. Because of the last two assumptions, kinetic ef-
fects, wave propagation, and local resonances play no
role and the well known hydrodynamic approach (cold
plasma approximation) can be used.®™%1%17 It involves
electron collisions by the constant collision rate v. and

results in the permittivity £ of an isotropic plasma
€ w?
— =1 R (3)
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Since a rf resonance is treated only, displacement D, elec-

. tric field E and potential ¢ were considered without dc

18)

part. They meet, e.g.,
VD=V . -(¢E)=eV-E+FE-Ve=0, 4)

and for a weakly inhomogenous plasma body
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one can approximate € by its reciprocally averaged value,
analogeous to the exact result of the one-dimensional

case,”
1 —1
E=|= [ &* dV) 6
& ©)

and obtains finally the Poisson equation for the rf poten-
tial ¢. Taking into account the boundary conditions in

cylinder coordinates, the above equation can be written
2519

v %p

dr2 dz?
which has, for finite potential ¢ at r = 0, the series
solution'®

o(r, 2)

10¢
r dr

=0, 7)

= Z Jo(kr)(Ax cosh kz + By, sinh kz), (8)
= — .

where J, denotes the Bessel function of first kind and
zero order. This type of solution are well known from the
theory of ambipolar diffusion for the density distribution
in cylindrical systems,?% 2" but the boundary conditions
are completely different in this case. The eigenvalues
k and the unkown coeflicients B, have to be determined
from the boundary conditions shown in Fig. 1. R and Rg
are the radii of the vacuum chamber and the rf electrode,
respectively. L is the length of the plasma body.

Because of the area ratio, the potential drop of the
sheath at the wall is usually much smaller than the
sheath voltage at the driven electrode.?**®) In agreement
to modeling and experimental experience, this results,
particular concerning the ratio of bias and peak voltage,
in the thickness ratio s > s,,. Thus the sheath at the
wall can be neglected for the approach used here and
the boundary conditions can be simplified so that the
potential equals zero at the conducting wall

o(r,0)=V,, r<Rp
o(r,0)=0, Re<r<R
p(r,L)=0, <R
o(R,2)=0, z< L.

©)

Now there is only one region and no separate treatment
and matching is necessary.

Sheath at the wall,

Plasma, Re[e] < 0] Z i =
N [ ]z= LT thickness s,,, e=¢,

rI’TOr T e

Sheath at rf electrode,
rf electrode, ¢ =V, thickness s, € =g,

Fig. 1. Boundary conditions of the cylindrical rf discharge.
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Using the substitution y = z — L, the A; vanish owing
to the boundary condtion at z = L (y = 0). The bound-
ary condition at z = 0 (y = L) can be expanded into
a Fourier-Bessel-series.!® The comparism of the coeffi-
cients in eq. (11) provides the unknown Bj and results

in
7, <£k5—E)
o(r,y) = 2V — Z

k£, J7 (&) sinh (fk )

o () (7).

£, denotes the zeros of J;. The derivative of the potential
with respect to y at z = 0 (y = L) in the above equa-
tion shows that the field has a singularity by reason of
the jump of ¢ at Rg. This is, basically, the consequence
of the unphysical boundary condition which is contrary
to the finite conductivity of the plasma body. In order
to remove this singularity, the higher eigenvalues are ne-
glected keeping ¢ at r = 0, z = 0 constant (¢ = V,).

Since the permittivity of the plasma is given, the so-
lution (10) of the partial differential eq. (7) results in
a total current, using j(r, y) = —iweFE(r, y) for the lo-
cal current density, and an (complex) impedance of the
plasma body. In order to get a complete one-dimensional
model, we introduce the effective length of the plasma
body as the length of a cylindrical plasma body with
the diameter Rg the same total current. This yields, in
agreement to a numerical solution, the approximation for
the effective length of the plasma body* 2%

[ = E tanh — Zol

2 tann 22, (1)
Zo = 2.405 is the first zero of the Bessel function (comp.
eq. (11)). This result is correct for L < R/2 (I = L)
or R =~ 1.5Rg and otherwise a good approximation. For
L > R/2 one obtains | & R/xz,. That can readily under-
stood, in order to obtain the effective length of I of the
plasma body the radial and axial current has to be taken
into account. For z > R/2 rf potential and current are
very small and this part of the plasma body plays no role
concerning the whole current. Finally, we obtain for the
impedance of the plasma body

(10)

mel
Z-_— et ———(iw+v) (12)
consisting of a resistive and an inductive part. The
volume averaged electron density can, for (w./w)?
1+ (v/w)?, be derived from eq. (6)

i (2 [ear)”
n=\v Vne .

After the treating behavior of the plasma body (bulk),
one has to analyse the nonlinear effect providing harmon-
ics. For the one-dimensional analysis of the rf sheath we
introduce the dlmensmnless quantities

(13)
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=22 r-u, (14)
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normalizing the electron and ion densities n.; with the
plasma density close to sheath edge n, = n(r, z;), the
potential V' with the (thermal) electron energy kT, the
space coordinate z with the Debye length Apo at n,. The
plasma density n, and the electron temperature 7, are
supposed to be constant. 7 denotes the normalized time.
The ions can respond only to the time averaged
electric field. Thus we define z, (¢ = 0) on the one-
dimensional scale of the sheath to be the point where
the Bohm criterion is satisfied.

The displacement current jy is expressed in units of
the electron saturation current j
Ja

Ii=————
47 J.(2m)i7

: kT, 1/2
(27) % os = engApwe = eng ( ) . (15)
me
The relation between (normalized) displacement current
Iy, sheath voltage 7, and sheath width § can now be
written in the time domain as®
2 dn
= — 5 16
d 5(775) dT ) ( )
which is a fundamental relation without any direct de-
pendence on the density distributions & . In ref. 4 this
relation is found to be not bounded on a step-wise elec-
tron density if a generalized definition of the time depen-
dent sheath boundary is used.
We introduce the normalized coefficients for the
plasma body

the potential drop of the plasma can now be written in
the frequency domain as

Mp = ipAl + pI, (18)

ip is the operator resulting from the Fourier transfor-
mation, g = w/w; is the normalized frequency being
integer for the harmonics of w;. Neglecting the thin
sheath at the grounded electrode, see eq. (9), the total
discharge voltage can be expressed as n, = 7, + 7, and
we obtain for the whole rf discharge the following set of
two coupled first order, non-linear differential equations
for sheath voltage and discharge current? or in the fre-
quency domain (2 = wy¢/w,)

ipne = Q76 x I +ippl — p’ AT, (19)

where * denotes the convolution and involves the non-
linear excitation. Note that 6§ depends on the sheath
potential. In agreement with a theoretical estimation?
and experimental results,? the convection current, ion
and electron current in the sheath, can be neglected
(I’ = I'y). In order to calculate the discharge current
a sinusoidal voltage at the rf electrode

(7)) = fisinT + g, (20)

is assumed, 7 is the (self) bias voltage. This approach
was verified in ref. 4. '
Taking into account the capacitive behavior of the
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Fig. 2. Discharge current, ref. 2, 7 = 100, ng = 105, a) 2 = 0.05,
p=8, A=6;b) 2=003,p=4, A=3.
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Fig. 3. Measured part of the discharge current in Ar (see Fig. 4).

sheath, the discharge can be regarded as a damped oscil-
lation circuit. The nonlinear sheath “capacitance”, see
eq. (16), excites the plasma by providing harmonics caus-
ing damped oscillations close to the geometric resonance
frequency,? which is located below the plasma frequency.
For asymmetrical discharges and sinusoidal voltage, the
current can be shown to consist of a saw tooth shaped
part (nonlinearity) and a superposed damped oscillation.
A numerical solution of egs. (19) and (20), assuming a
homogeneous ion density distribution within the sheath,
was given in ref. 2 and is shown in Fig. 2. The sheath
thickness 6 was calculated in terms of the displacement
D by integrating I'.*) The assumption of homogeneous
ion density provides é o< D.

A rough approximation for the resonance or, strictly
speaking, the eigenfrequency can, in case of low damping
and using timely averaged sheath thickness 5, be derived
from eq. (19)%'

5\ (5 ne H 21)
Wo = (—l-) We = I meey ) (

Generally, a characteristic eigenfrequency w, can
be defined by the additional condition that the displac-
ment D, or the field E, equals its averaged value D = D.
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This results also in a ‘electrical’ sheath thickness which
replaces 5 in the above equation and was used for the
frequency f, = wy /27 in Fig. 6.

When the discharge current was measured, a least
squares fitting (maximum likelihood estimation)

K. I K, I
0-1s plp o — uZA pip
2|77 (@) o0 ()

2

—ipng| — min (22)

provides the unknown coefficients p and A in eq. (19)
and the ratio between the true discharge current and the
current from the sensor K, which was assumed to be in-
dependent of u. From these normalized coefficients one
can derive the averaged electron plasma density defined
by eq. (13), the electron collision rate, the plasma resis-
tance and other important plasma parameter as the bulk
power.22%)

Two different measurements of the discharge current,
strictly speaking a part of the current, using a sensor flat
in the wall, are shown in Fig. 3. (see experimental setup).
As expected, the predicted oscillations in the discharge
current are well pronounced and the damping increases
at higher pressure.

3. Experimental Setup

Because of unavoidable stray and feedthrough capac-
itances at the powered electrode, a direct measurement
of the discharge current is very difficult in commercial
systems. SEERS uses a special sensor in a coaxial geom-
etry (5012) inserted into the wall (flange) of the recipient
as a virtual part of the wall. By means of the nonlinear
model, the current pitch ratio of the current measured
and the real discharge current can be determined. There-
fore, calibration depending on the sensor position is not
necessary.

The discharge current is detected by a digital sampling
oscilloscope HP 54616B (500 MHz, 2 GS/s) and the cor-
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responding parameters are processed by a fast numerical
algorithm. Using the differential equation and the mea-
sured discharge current, the unknown coeflicients can be
determined.

For the experimental comparism with Langmuir probe
measurements, a commercial RIE system was used (Al-
catel GIR 300). As can be seen in Fig. 4, the chamber
comprises a driven substrate electrode and a grounded
upper electrode in a cylindrical vessel. The lower elec-
trode was powered at 13.56 MHz. The diameter of elec-
trodes and chamber was 15.5 cm and 30 cm, respectively.
The electrode gap was 6.7 cm. The details were described
in ref. 25.

The experiments were carried out in inert (Ar)
and electronegative gases (O;,CF,) at a pressures of
2 Pa. The sensor for the discharge current measurement
(SEERS) and the Langmuir probe (LP) were mounted in
KF 40 flanges. The position of the Langmuir probe tip
was between the electrodes at a radius of 12cm with a
distance of 3 cm to the grounded, upper electrode. The
Langmuir probe system from the Munich University of
Technology used a tungsten wire with 8 mm length and
a diameter of 100 um as the probe tip.

The comparison of MWI and SEERS (see Fig. 5) was
performed in special chamber with quartz ring (diameter
21 cm). In order to keep the discharge asymmetrical and
to minimize the influence of the quartz wall, the gap of
electrodes (4cm) and the rf electrode (diameter 4 cm)
were small. '

4. Experimental Results

For the experiments a bias voltage (power) was varied
in Ar, O,, and CF,. The range around 2Pa ensures a
sufficiently homogenous plasma. Therefore the Langmuir
probe measurement (LP), providing local values of the
electron density, can be compared with SEERS, yielding
averaged values, see eq. (13).

At first, the basic effect should be illustrated discussing
the dependence of the resonance frequency on external

measurement electrode for
discharge current (¢ 5 mm),

50 Q to ground (passive)
Langmuir probe
(LP)
=l 1
External dc coaxial cable | Digital sampling
voltage supply, oscilloscope,
measurment: I(V)| 50 Q input
IEEE 488.2
Approximately
' sinusiodal  Vj
LP theory if voltage and SEERS
bias voltage Vg
ne(r>z)> Te(I',Z) : <ne>: <Ve>7 S: Pbu]k

Fig. 4.

Experimental setup of Langmuir probe and SEERS.
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Fig. 5. Special experimental setup of Microwave interferometry and SEERS.
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Fig. 6. Resonance frequency vs. bias voltage.

discharge parameters. As expected, the resonance fre-
quency increases if power or bias voltage is increased.
This can readily be understood bearing in mind that an
increasing power leads to a higher density causing an
increase of the retarding field within the rf sheath.
Figure 6 shows the influence of gas type on the depen-
dence of the resonance frequency. Notice that, in con-
trast to linear systems, the resonance frequency timely

1010

sE 1, (SEERS) ilw
@ [ °
£210°% 0@ I
28 14 €
gz 3 g2
Q
.2 ! 13 &
o= *;
"o i
3° 108k ° 1? &
(0] - . _1§

5F ] o

200 400 600 800 1000
bias voltage Ug [ V]

Fig. 7. Density, collision rate, and temperature of electrons vs.
bias voltage in Ar.

varies. Thus, the resonance frequency is defined by the
additional condition that the field at the rf electrode
equals its average value.

The lower frequencies for O, indicates a lower electron
density, comp. Fig. 8. For the experimental conditions
used here, the resonance frequency is located around the
10th harmonics, generally between the 3th and 25th har-
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Figure 7 shows the density, temperature, and collision
rate of the bulk electrons in Ar at 2Pa from ref. 25.
Both independent methods show a good agreement for
the electron density values, the increase of the collision
rate is owing to the stronger field within the plasma body
resulting in a higher electron temperature as well.

Being independent of gas type, SEERS can easily ex-
tented to the electronegative gases. Figure 8 presents
the electron densities in O, and CF,. For oxygen, one
obtains a good agreement between both methodes. For
CF,, which is much more complex because of the high
fragmentation, the discharge is slightly less stable yield-
ing an increased error of both methodes. A second known
reason is the rising density of negative ions resulting in a
different axial density profile in the bulk plasma of CF,.

The collision rate is calculated from the damping con-
stant of the measured oscillations and is compared for
Ar, O, and CF, at 2Pa in Fig. 9. The dependence of the
collision rate on the bias voltage requires further discus-
sion. The high collision rate for Ar appears due to charge
transfer collisions resulting in a large effective cross sec-
tion. This predicts also a higher bulk power of the Ar
discharge, as can be seen in Fig. 10.

For the microwave interferometry, a higher pressure
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Fig. 10. Bulk and generator power vs. bias voltage for different
gases.
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Fig. 11. Comparism of electron densities from SEERS and MWI
vs. bias voltage in Ar.

(10Pa) was required for sufficient discharge stability.
The different kind of averaging of SEERS and MWI
(A = 8mm) predicts, a deviation between both meth-
odes. It should be noted that the average electron den-
sity determined by MWI is averaged along the path of
the microwave signal through the plasma. The electron
density from MWI was calculated from the phase shift of
the microwave signal, see experimental setup and ref. 26.
The lower drawing in Fig. 5 demonstrates that the weak
part of the bulk, far away from the small rf electrode,
will decrease the averaged density delivered by SEERS
in comparism to the MWI value. Fortunately, this ef-
fect is only weak pronounced and both systems provide
approximately the same values for the electron density.
This is shown for Ar and O, in Figs. 11 and 12.

5. Application

Figure 13 demonstrates an example for the etching of
poly-Si/SiO, /Si with HI-chemistry. Contrary to the bias
voltage, the electron density depends strongly on plasma
physics and chemistry and indicates also slight changes
of process conditions. Because of the sensitive responds

.of SEERS plasma parameters on reactor changes, the
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Fig. 13. Gate etching (poly-Si/SiO3/Si) in SiCly/Cly /Na; 250 W;
13.56 MHz; 5 Pa.

monitoring system is suitable to define the chamber con-
dition exactly and reproducibly,?” an extention to high
density plasma appears to be possible.?®) The control
and monitoring of plasma properties during dry etching
and deposition processes remains integral in microelec-
tronic technology. This process control of semiconductor
manufacturing is of crucial economic importance.
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