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High-resolution energy distributions of ions, accelerated by the sheath at the powered electrode
of a low-pressure 13.56-MHz gas discharge, have been measured. The observed spectra are
compared to existing models. Excellent agreement between measured and calculated spectra is
obtained. Detailed information on rf sheath behavior is derived from the observed energy
profiles and from the measured total ion current densities towards the electrode surface.
Amnalogous to the case of de discharges, a decrease of sheath thickness is observed when a
homogeneous variable magnetic field (0<B<315 G) is applied. However, the product of
magnetic-field strength B and sheath thickness d is found to be independent of sheath voltage.
This leads to the conclusion that in rf discharges, sheath contraction under infiuence of a
magnetic field proceeds by a different mechanism than in dc discharges. It is suggested that the
value of the product Bd is determined by the (virtually constant) temperature of the plasma
electrons, rather than by the energy of secondary electrons that have been liberated from the
electrode surface by ion bombardment. The decrease of sheath thickness  with magnetic-field
strength B leads to & changing capacitive-voliage division of the applied generator voltage over
the discharge. When the magnetic-field strength is sufficiently high, this may result in a sign

reversal of the electrode self-bias voltage.

L INTRODUCTION
A. Motivation of this study

The use of high-frequency discharges for surface modifi-
cation of semiconductor materials is still a relatively new
field. The development of micron- and submicron-scale elec-
tronic circuits, where the demand for improved pattern de-
finition implied the need for highly anisotropic etching pro-
cesses, has led to a rapid development of this technique. '

Reactive-ion etching combines the selectivity of chemi-
cal processes with the anisotropy of ion and electron bom-
bardment of the surface. From beam experiments it is known
that the energetic particles can influence gas-surface reac-
tions in several ways. Possibilities are, for example, the cre-
ation of active surface sites by sputtering, the supply of a
threshold energy for the chemical reaction, or the removat of
reaction products from the surface.® The plasma etching
process is generally a complicated (and for most cases unre-
solved) combination of such mechanisms. However, it is
clear that energetic ion bombardment plays an important
role in the etch behavior.

The energy of the ions is largely determined by the de
voltage difference between the plasma and the substrate. In
the case of capacitively coupled rf discharges, negative sub-
strate potentials of several hundreds of volts are typical.”
These high values give rise to substantial radiation damage
in the substrate surface, deteriorating electrical properties of
underlying layers and contact surfaces.*® Therefore it is im-
portant to have better control of the ion energies and to be
able t¢ measure them, in order to study how ion energy is
related to etch rate, substrate damage, anisotropy, and selec-
tivity.

This article describes the use of a dedicated energy ana-
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Iyzer at the powered rf electrode to analyze the energy distri-
butions of ions, which have been accelerated by the sheath
potential. In addition, the sheath potential can be varied by
application of a homogeneous magnetic field. After an intro-
duction, where the experimental apparatus is presented,
some necessary theoretical background is given before the
experimental results are shown. The theory consists of two
parts. In the first part, 2 model is presented to calculate the
energy distributions of ions after their acceleration by an rf-
modulated sheath potential. In the second part, it is shown
how the sheath potentials are related to the electrode vol-
tages. Then the model is tested, and a comparison between
measured and calculated spectra is made. Having estab-
lished the validity of the model describing the energy spec-
tra, this model will be used to extract detailed information
about sheath potentials and ion flux from the measured data.
Experimental observations of sheath behavior, both with
and without application of a variable, homogenecus magnet-
ic ficld, are reported and discussed.

B. rf sheath generation

When the rf power supply of a discharge is coupled to
the elecirodes in series with a capacitor, a large dc electrode
voltage develops in addition to the applied generator voltage.
This effect is referred to as self-biasing. Self-bias is caused by
the difference in mobility between electrons and ions. Ions
are too heavy to respond to an electric field that is oscillating
at rf frequencies, while the electrons are able to follow the
field fluctuations and thereby osciliate in energy. In the case
considered here {generator frequency w = 27X 13.56 X 10°
s "y, the plasma is operated in a regime where @, <@ <@,
(with », and w, representing the ion and electron plasma
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frequency, respectively). Because of their higher velocity,
the electrons will tend to leave the discharge much faster
than the ions. This causes an excess of negative charge on the
electrode surfaces, giving rise to a negative dc offset voltage.
In the case of capacitively coupled discharges no net direct
current can flow through the circuit, so the total electron
and ion currents toward the electrode must cancel. There-
fore, an equilibrium will be reached, where positive ions are
almost continuously being accelerated towards the powered
electrode by the negative self-bias potential. On the other
hand, electrons are repelled by this potential. Only during a
short fraction of an rf period will the sum of dc and rf poten-
tial be close to zero, such that electrons can reach the elec-
trode.

When a magnetic field of a few hundred gauss is applied,
parallel to the electrode surface, the mobility of the electrons
in radial direction will be decreased by their Larmor preces-
sion, while the ions are virtually unaffected by the magnetic
field. This means that, due to the magnetic field, current
equifibrium will take place at smaller self-bias voltages.”®

Therefore, variation of the strength of such a magnetic
field gives control over the potential difference between plas-
ma and electrode, which in turn determines the energy of the
ions hitting the surface.

. EXPERIMENT
A. The cylindrical magnetron reactor

The plasma chamber used in this experiment is shown
schematically in Fig. 1. It consists of two coaxial aluminum
cylinders, 30 cm long and of 10- and 20-cm radius, respec-
tively. Two opposing sides of the inner cylinder are flattened
so that on each surface a 3-in. wafer can be mounted vertical-
ly. The outer cylinder is grounded, the inner is capacitively
coupled by a matching network to a S-kW rf source of 13.56
MHz. Gas discharge takes place between the two cylinders.
The plasma chamber is pumped to an operating pressure of
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FIG. 1. Schematic cross section of cylindrical discharge geometry with
magnetic fields (cylinder axes are horizontal in the figure).
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typically several mTorr, while the volume inside the inner
electrode is differentially pumped down to 10~° Torr.

A variable magnetic field is generated along the cylin-
drical axis by two sets of coils in a Helmhoitz configuration.
Field strength can be varied from G to 315 G.

The combination of the radial electric field E; with an
axial magnetic field B causes a Larmor precession of the
charged particles in the discharge. This prevents the elec-
trons from moving directly to the electrodes, as they would
when only the rf field were present. Thus, the lifetime of
these electrons is enhanced considerably, along with their
ability to ionize the etch gas. This effect of the magnetic field
on plasma density and etch rates has been described in a
previous article.”

In addition to this homogeneous variable magnetic
field, 2 multipole field along the surface of the grounded
electrode is generated by permanent magnets. Its construc-
tior: and consequences have been described previously.” The
point of relevance to the work discussed here is primarily
that it results in a higher plasma density. In addition, it may
modify the sheath properties at the grounded electrode.
However, under most conditions the sheath potentials there
will be low compared to those at the powered electrode.

B. The parallei-plate energy analyzer

Through 2 hole in the substrate surface, that is, at the
powered rf electrode, incident ions are collected for direct
energy analysis by an analyzer that has been mounted inside
the inner cylinder.'” Although additional information on ion
mass is desirable, an electrostatic parallel-plate analyzer was
chosen because of the complicating axial magnetic field. The
analyzer could not be screened against this field, because the
use of mu metal or compensating B fieids would directly
influence the orientation of the field lines in the plasma itself.
This would cause unacceptable nonuniformities both in the
discharge and at the substrate surface. The consequences of
the magnetic field for the interpretation of the measured data
are discussed below. Screening against disturbing electric
fields is provided by the construction of the electrode itself:
the closed inner cylinder acts as a Faraday cage, and the
analyzer is at the same potential as the electrode.

In order to control the voltage applied to the plates and
to measure the ion current, a connection from the powered
electrode to ground had to be provided. For this purpose
optical fiber coupling was chosen because it made electrical
filtering against the rfand dc electrode voltages unnecessary.
A more detailed description of the analyzer setup has been
given elsewhere. '’

The applied axial magnetic field strength is varied from
0 to 315 G. Combined with the fact that the voltage differ-
ence V, between plasma and wall under normal conditions is
limited to about 500 V, Larmor radii r, of typically a meter
or less are cbtained in the case of singly charged Ar. There-
fore, the influence of the applied magnetic field on the ion
trajectories through the analyzer has tc be taken into ac-
count. (The path length of the ion trajectory through the
analyzer is in the order of 10 cm.) To be able to relate the
field strength between the analyzer plates to the actual kinet-
ic energy of the ions being transmitted, an analytical expres-
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sion has been derived for the ion trajectory through the ana-
lyzer'! as a function of ion mass A, magnetic field B, and
electric field strength € between the analyzer plates. Using
this expression, the measured values of € are converted to
absolute ion energies by a personal computer.

i THEGRY
A. Model for the ion energy distribution

Most of the work that has been done on the analysis of
ions reaching the electrode surfaces of an rf discharge has
been performed at the grounded electrode. The first attempt
to model the ion gcceleration in an rf sheath was made in
order o explain the unexpected behavior of ions extracted
from a Thoneman rf ion source.'? The energy spread of the
ion beams was one or two orders higher than thermal, and
mean ion energies several hundreds of volts higher than the
extraction voltage were detected.'® The higher mean energy
was attributed to the large dc sheath potentiais developed in
rf discharges. Theoretical work by several authors™'®
showed that in addition to the dc accelerating term, the ions
are also sensitive to the rf modulation of the sheath potential.
The time it takes an ion to cross the sheath is of the same
order as an oscillation of the rf field. Therefore, the final
energy of the ion will be determined by the phase of the field
at the moment that it entered the sheath. This causes a
broadening of the ion energy distribution. Assuming a sinu-
soidal time dependence of the sheath potential ¥, the total
width AE of the energy profiles was shown'® to be given by
AE = (8eAV,/3wd) (2eV,/M)V?. Here V,, d, M, and o
represent time-averaged sheath voltage, sheath thickness,
ion mass, and the angular frequency of the rf field, respec-
tively. (The parameter 4, describing the relative magnitude
of the rf and dc components of the electric field, will be dis-
cussed below.} This theoretical result has been confirmed
experimentally in rf glow discharges at the grounded elec-
trode by other authors.'” ! However, the assumptions un-
derlying these models were not sef-consistent.” Recently,
the model has been improved by Vallinga and Meijer.?>** It
will be used here to interpret the measurements.

The following assumptions are made in this model:

(1} The ion acceleration is predominantly determined
by the time-averaged sheath potential, and the rf contribu-
tion can be considered as a perturbation.

{2) The ion sheath thickness is constant in time,

(3) Free fall of ions through the sheath, i.e., the ion
mean free path /> d.

(4) Contribution of electrons to the total space charge
in the sheath can be neglecied.

(5) The number of ions entering the sheath is constant
in time.

(&) Theinitial velocity of ions entering the sheath can be
neglected.

{7) The ion transit time 7 across the sheath is approxi-
mately constant, i.e., independent of the phase of the electric
field upon entering the sheath.

{8) The sheath potential can be approximated by

Vix,t) = V{1 + Asin (o)} (x/d)" — 1], (1)
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where x denotes the distance perpendicular o the electrode
surface, and A and » represent parameters that will be dis-
cussed below. Under these assumptions, the equation of ion
motion was solved analytically, and the following relation
for the ion energy at the electrode was obtained:

2V,
Ezch(l _An fzer
wd M

{sin w?, — sin an‘o)) . (&)

where 1, and ¢, are the moments of entering the sheath and
reaching the electrode surface, respectively. Thus the theo-
retical broadening of the energy distribution is given by

BE=E, . — Enin =4a[An(eV, ) */od J2M |, (3)

max
where ¢ = max|sinw?, — sin @t,|. Under assumption 7, giv-
en above, the ion transit time 7 = 1, — ¢, is constant. Then,
a<2|sin {(@r/2}|. When it takes an ion several rf field oscil-
lations to cross the sheath (7> 27/w), it will be assumed 2*
that, on the average, a = 1.
As & final result, the ion energy distribution is given by

: 27 - i/2
F(B) =2 [1-(2(5_8“))] : )
wAE AE
for (eV, — AE /2)<E<{(eV, + AE /2y and F,(E) = Oelse-
where. Here N, represents the number of ions entering the
sheath per unit time. The profiles described by Eq. (4) are
symmetric around the mean energy value £ =¢¥,. An ex-
ample of a profile as described by Eq. (4) is given in Fig. 2 for
a typical choice of parameters. The applicability of the as-
sumptions 1 to 8, given above, to the discharge under consi-
deration will be discussed below. However, further assump-
tions have to be made about the constants A and » in Egs.
(1H-(3).

B. Model for parametsr A

Theconstant 4 determines the relative magnitude of the
dc and the rf component of the sheath voltage. The sheath
potential ¥, can be measured directly, but 4 has to be esti-
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FIG. 2. Energy profile, calculated from Eq. (6) for a typical choice of pa-
rameters (compare with measured spectrum in Fig. 5).
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mated. To do this, a model will be used here, as presented by
Keller and Pennebaker.” Assume that the sheath potential
is given by V=V, + AV, sin (wt} [Eq. {(1)]. Then, if the
electrons have a Maxwell-Boltzmann energy distribution of
temperature T, the time-averaged electron current density
{J.), through the sheath is given by*’

(o), = do(eAV, /KT,) , (5}
where J,,, is the current density which would be drawn if
A=0,

‘]e{) = Jesat exp(eg/e/kTe)’ (6)
and I, is the zeroth-order modified Bessel function of the
first kind. In the steady-state situation, the time-averaged
ion and electron currents across the sheath must cancel.
Thas, the average electron current density must be equal to
the ion current density J;. Together with Egs. (5) and (6),
this gives

exp ( — eV /kT,) = J, L (eAV, /KT ) /J,. ("
When 4 = 0, this equation reduces to the equation for the
floating potential ¥, as wiil be discussed below. Defining

V,=AV,+V, (8)

the change in dc potential due to the presence of the rf vol-
tage, AV, is given by®*

exp (eAV /kT,y = [,(eAV /KT, }, (%
which for eAV,/kT, > 1 reduces to™
AV, /AV, = — 1 4+ (kT,/2eAV Y In(2med V, /&7, }.
(10}

For a typical electron temperature 7, =3 ¢V and ion tem-
perature 7; =0.04 ¢V (room temperature), the floating po-
tential®® ¥ is in the order of 10 to 20 V. On the other hand,
the observed sheath potentials ¥, at the powered electrode
are typically in the order of a few hundred volis. Thus,
V,<V,,and it follows from Eq. {8) that ¥, =~ AV,. Physical-
Iy speaking, it means that the dc component of the sheath
potential is determined primarily by the rf-induced term.
Further, for this kind of large value for V,, it follows from
Eq. (10) that AV, ~ — AV,. It is concluded that, as long as
V.»V, A=~ — 1. However, in the case of small sheath vol-
tages, combination of Egs. (8) and (10) shows that A is
given by

A==V, +V)/V,. (11}

To interpret the measurements, this mode! has to be
extended with a relation between the sheath potential ¥ and
the applied generator voltage ¥, at the powered electrode.
For this purpose, a sheath model developed by Kohler?” will
be used here. Assume that the electron current in the sheath
can be divided into a dc and an rf term:

J A ={J,), + T (wr) =J, + I, sin(w2). (12)
(As above, the fact that the average electron current density
(J,), is equal to the ion current density J, has been used
here). J, stands for the displacement current density, asso-
ciated with the oscillatory electron movement in the rf field.
When J; €J,, the sheath essentially acts as a capacitor. In
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FIG. 3. Equivalent electrical circuit for the discharge, where the sheaths are
assumed to be purely capacitive, and the plasma bulk is assumed to be per-
fectly conducting. As a result, the potential of the plasma is egual to the
potential drop across C,.

that case, the discharge can be modeled by an equivalent
electrical circuit, where the electrode sheaths are represent-
ed by capacitors (Fig. 3).

C. Capacitive sheath approximation

Let C, and C, be the capacitances of the sheaths at the
powered and the grounded electrode, respectively {Fig. 3).
The plasma bulk is considered to be a perfect conductor with
zero resistance. The potential difference between the
powered and the grounded electrode is capacitively divided
over bothk sheaths. Consequently, when the applied gener-
ator voltage is given by

V,(t) =V, + V. sin(wt), (13)

the plasma potential ¥, (¢) will also show a purely sinusoidal
behavior:

V,(1) = Vo + Vi sin (o1). (14)
{See Fig. 4.) The sheath potential at the grounded electrode
is then given by the voltage drop over C,, whichisjust V, (¢).

One implication of Eq. (11) is that the plasma always
exceeds the electrode potentials by at least an amount ¥

i - T Vy{t)
- ", P
Vpdep=n T e — — -
7 Vi ~— b
g ‘\ T
Ef / Ve
£ /
s
& \ Valt)
£ Vot—— —— T
R
=g

! 7

{ /
‘l_‘ T T T T \\T\ //r T
0

Time (arb. units)

FIG. 4. Applied electrode potential ¥, (¢) and plasma potential ¥, (1) rela-
tive to ground, according to the capacitive sheath model.
Vi Ve + Vi sinfwt), and V, (8} = ¥V, + V, sin(w?). The potential

drop across the sheath is just V, (¢) — ¥, (1) = V(1) = V, + AV, sin(wt).
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(Because V, is defined as being positive, it means that the
plasma is always more positive than any surface in contact
with it. This is a direct conseguence of the fact that the drift
velocity of electrons is much higher than that of ions.) Using
this implication, it follows from Egs. (13) and (14) that”’

V() =V, 43V + Vi) [ +sin (@] (15)

(8ee alsc Fig. 4.) The sheath potential at the powered elec-
trode is equal to the potential drop over C, (Figs. 3 and 4}):

vy =V, {1 +Asin(wt)] =V, (6) =V, (2).
This leads to the following resuits:
V, =4V = Vo) + ¥ (16)
and
%( Vrf - Vdc )
WV = Vo) =V,

Nate that, generally, ¥, is negative. Now that both sheath
potentials ¥(#} and ¥, (¢) can be directly related to the gen-
erator voltage ¥, and the electrode offset V., it is useful to
have a relation connecting the two last mentioned. It follows
directly from the capacitive voltage division of the applied-rf
ampiitude ¥ that the rf component of the piasma potential
is given by” ¥, =V [C,/(C, + C,)]. Combinirg this
with Eq. (15) then gives

Vie =V [(C, — CH/NC, +C) ] (18)

A larger electrode area results in 2 higher electrode sheath
capacitance.”® Thus, in the reactor considered here, the
sheath at the grounded electrode has the largest capacitance:
C, > C,. It foliows from Eq. (18) that ¥, = — V. Neglect-
ing ¥, in cases that Vi~ |¥,. > |V}, it then follows from
Eq. (17} that again 4 =~ — I, as was obtained earlier above.

A= —

(17)

B. Value of parameter 7

The constant 1 [in Bgs. (3)-(5)] determines the de-
pendence of the sheath potential on the distance x to the
electrode surface. When the gas pressure is so low that the
ion mean free path is larger than the sheath thickness (/> 4,
assumption 4), a free-fall model can be used. In this case,”®
n =% Wheninadditioni = — lande = 1, Eq. (5} reduces
to

AE = -2 _[(eV, 21T ]. (19)
3wd

In the following, this formula will be used as a first attempt
to interpret the measured energy profiles, and alf other re-
gimes and choices of constants will be considered as devia-
tions from this ideal case. In this regime (n = %) the Lang-
muir-Child space-charge-limited current equation for the
total ion flux towards the electrode is also valid®®:

_hey [ V7
T 9N M d?
When both E( = ¢V, ) and J; are measured, this can be used
to check the validity of Eq. (19) because both equations
have to be consistent: the value of the time-averaged sheath
thickness 4, which can be obtained from Eq. (16), has to
give the right vaiue for J; when inserted into Eq. {20).

(20)
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V. MEASUREMENT OF ERERGY DISTRIBUTIONS FOR
8=0

A. Shape of the ion energy distribution

In the following experiments, a 0.5-mm-thick alumi-
num dummy wafer with a 200 um hole with knife edges was
used to extract the substrate bombarding ions for energy
analysis. Instead of operating as an energy analyzer, the
complete analyzer can also be used as one big Faraday cup.
The total ion current collected by the diaphragm can then be
measured. From this, the ion flux J, towards the surface of
the powered electrode can be derived.

Parallel to these measurements, the dc offset of the
powered electrode has been recorded using an oscilloscope.
A probe with an attenuation factor of 1000 was connected to
the electrode, and the signal was measured relative to ground
potential. From the de shift of the sinusoidal oscilloscope
trace the value of ¥, was obtained.

A typical result of an energy spectrum, obtained from a
discharge at 2.4-mTorr argon gas pressure, is shown in Fig.
5. The shape of the measured profile resembies the calculat-
ed distribution given in Fig. 2. However, two differences be-
tween both figures are obvious. First, the measured profile is
slightly asymmetric, and second, the slope of the edges is not
infinite. These observations can be accounted for by the lim-
ited energy resolution of the analyzer. The measured profile
is a convolution of the calculated profile and the response
characteristics of the analyzer. When the analyzer is scanned
to measure the ion distribution, not only ions with energy &
wili be collected, but also particles of slightly different ener-
gy. This explains the finite slope at the edges of the profile. In
addition, it is assumed that the energy analyzer has a Gaus-
sian energy window of full-width-half-maximum AW. It is
known®® that AW /E is constant for a given analyzer geome-
try. This means that the sensitivity of the apparatus increases
with %, because ions from a larger energy window are col-

: |
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FIG. 5. Measured ion energy distribution in 2.4-mTorr argon (B =0, rf
power 1 kW}. Mean ion energy £ == 203 ¢V, energy width AE = 54eV. The
smooth line has been obtained by convoluting the calculated profile in Fig. 2
with a Gaussian energy window of FWHM A W( E), to account for the ener-
gy dependence of the analyzer detection efficiency. Plotted line corresponds
to best fit, obtained for AW(E) = 0.016E.
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FIG. 6. Measured ion energy distribution in 3-mTorr oxygen (B =0, rf
power 1kW). (AE,/AE)) =2.

lected. Therefore, a symmetric ion energy distribution will
resuit in a measured spectrum with higher intensity at the
high-energy side. This explains the observed asymmetry.
(When the curve, given in Fig. 2, is convohited by a Gaus-
sian energy window with a fitted FWHM of
AW(E) = 0.016E, the calculated line in Fig. 8 is obtained.)
Residual differences may be attributed to small deviations
from sinusoidal time dependence of the sheath potential.

B. Mass effect

From Eq. (19) it is expected that the width AE of the
energy profile scales with 7 '/2. Tocheck this, profiles have
been measured in different molecular gases. A typical result
obtained in an oxygen discharge is shown in Fig. 6. Two
profiles of widths AE, and AF, are superimposed. Their rel-
ative magnitude is given by (AE,/AE|)* =2, soM, = 2M,. It
is concluded that the inner peak represents O," molecules,

¢

60
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lon mass derived from profile splitting

O i 1 i Il L
] 18 20 30 40 50 60 70

Assigned ion mass [amu)

FIG. 8. Ion mass as obtained from the observed energy splittings in Fig. 7,
plotted as a function of assigned ion mass.

and the cuter peak 8 atoms, produced by dissociation in
the discharge. This leads to the remarkable result that, al-
though the analyzer only measures energy, also mass selec-
tion is obtained, because of the different response to the rf
component of the sheath potential with ion mass.

A similar effect is observed in a CF, discharge. Figure 7
shows a spectrum measured at a relatively high rf power of 3
kW, Because the value of d in Eq. (19) is not known, abso-
lute values for the different ion masses can only be obtained
by tentatively attributing one peak t¢ a certain mass, and
then verifying whether the other peaks correspond te masses
that are to be expected from a CF, discharge. The assign-
ment of the peaks in Fig. 7 was obtained by attributing the
largest splitting to C ' ions. ( The second C* peak is missing
in the observed spectrum in Fig. 7, because of the limited
scan range. The distance of the first C* peak to the middle of
the profile was used to find AE. .) The mass thus calculated
from the measured splittings has been plotted as a function
of assigned ion mass in Fig. 8. It is concluded that the corre-

FIG. 7. Measured ion energy distribu-
tion in 3-mTorr CF, (B =0, rf power
3kWy.
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lation is very good, in contrast to observations by other au-
thors,'8%0

The spectra in Figs. 5, 6, and 7 are all symmetric around
a mean energy value £, This confirms the assumption that
acceleration by the rf component of the sheath potential can
be treated as a second-order effect, in addition to the accel-
eration by the dc potential. However, ions collected from a
discharge in a mixture of argon and hydrogen show an ener-
gy distribution as given by Fig. 9. Peak assignment was per-
formed as above. The middie of the Ar profile is taken as the
mean energy E. Then for all three hydrogen profiles, it is
observed that the high-energy peaks are located further
away from E than the corresponding low-energy peaks. This
is explained by the low mass of the H atoms and molecules.
From the Ar profile, a sheath thickness d = 3.9 mm is ob-
tained, using Eq. (19). When the traversion time 7 for an Ar
atom of energy E( = 334 eV) is calculated by a computer-
trajectory calculation, it appears that it takes more than four
rf oscillations to cross the sheath. The same calculation for
an H atom gives values from 0.3 up to about (.7 oscillations.
This means that the Ar atom predominantly experiences a
time-averaged sheath potential, while the H atom responds
to an almost instantaneous potential. Clearly, assumptions 1
and 7 in the analytical treatment above break down for the
case of hydrogen. When the H atom enters the sheath at 2
moment that the sheath potential becomes high, it crosses
the sheath very fast. In principle, it can be accelerated to an
energy E<2F. Note thatin Fig. 9 the H" energy distribution
extends almost exactly to this ultimate value. However,
when the H atom enters the sheath when the potential be-
comes low, it will take a considerable part of an rf oscillation
to cross the sheath. Therefore, its final energy will be closer
to the time-averaged value E.

V. ION ENERGY MEASUREMENTS AT CONSTANT
POWERFCR &>0

At a constant absorbed power of 500 W, the influence of
the variabie axial magnetic field on electrical discharge char-

4 —_— :
{ Hs
3- Ar Ar ;
=
E 2 H
= 4 3
5 1Hy [iH
§ \\'\/ l“‘/ J
2
I- oy | H
iy |
1 uJ 1
L = i
0 [ E B T S S S R “’“
4] 200 400 6500 800

Ion energy [eV]

FIG. 9. Measured ion energy distribution in a 3-mTorr mixture of argon
and hydrogen (5 sccm H, 4+ 2 sccm Ar, 8B =0, rf power 2kW).
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trode voliage, together with time-averaged sheath voltage ¥, (open
squares ), measured in 2.4-mTorr argon {constant rf power 500 W),

acteristics has been studied. Field strength was varied from 0
to 315 G. Measured values of V., V., and V, (= E/e)
have been ploited as a function of B in Fig. 10.

The physical meaning of Fig. 10 is clear: the electron
diffusion in the direction of the electric field decreases with
increasing magnetic-field strength. Therefore, equilibrium
between the time-averaged ion and electron currents
towards the electrode will be reached at a lower sheath po-
tential. This will be discussed in more detail below, together
with the measurements performed at constant amplitude
Ve

The total ion current density, both as measured and as
calculated from the ion-energy profiles [using Eqs. (19) and
(2031, is given in Fig. 11. It should be noted that the mea-
sured current densities at magnetic-field strengths above 100
G, are higher than reported in a previous publication.’’ In
the case of a 200-um diaphragm in front of the energy ana-
Iyzer it was observed that, under certain conditions, not only
ions, but also electrons, were able to enter the detection vol-
ume. Therefore, the measurements of ion current density

10
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FIG. 11. Filied squares: measured ion flux to the powered electrode surface.

Open squares: flux as calculated from observed energy splittings, assuming
A =1 {discharge conditions as in Fig. 10}.
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have been repeated with a smaller (50-um-diam) dia-
phragm. After this modification, the measured ion current
densities for B < 100 G were unaltered. However, for B > 100
G, now a continued increase of J is observed with B (instead
of the saturation mistakenly reported earlier).*!

This observed increase of J with magnetic field strength
is obviously related to a similar increase of the ion density in
the plasma bulk, which has been measured with a Langmuir
probe.

Although the calculated current density gives good
agreement with experimental values at low-magnetic-field
strengths, above 100 G the calculated values are clearly
much too low. This apparent discrepancy can be explained
as follows. First, it should be noted that there is no reason to
assume that the equation for space-charge-timited current
[Eq. (20)] does not hold anymore. At higher B values, ion
movement is still eollisionless and also, the Lorentz force
acting on the ions is much smaller than the Coulomb force
due to the sheath electric field. Therefore, Eq. (20) remains
valid. To calculate J, from Eq. (20), values for ¥, and 4 are
substituted. The sheath potential ¥, is well known, because
it is directly obtained from the energy profiles. Therefore,
the observed discrepancy must be due to an error in the de-
termination of the sheath thickness d. So far, all values for d
have been derived from the observed energy splittings AE,
using Eq. (19). However, in this equation it is assumed that
A =1, and this is only justified when ¥V, > ¥V, [Eq. (8)].
Apparently, this condition is violated as ¥, decreascs with B
(Fig. 10).

For 0<B <50 G, good guantitative agrecement is ob-
tained between the measured ion flux and the fluxes which
are calculated with Egs. (19) and (20) [see Figs. 11 and
15(a), and also a previous publication'® which deals exclu-
sively with the case B =(Q]. Thus, it has been established
that the parameter 4 is indeed the same in both eguations.
Therefore, it is now allowed to reverse the procedure: In-
stead of calculating & from Eq. (19) in order toobtain J,, the
measured values of J; and ¥, can be used to find 4 [Eq.
{203 1. Tocalculate 4 from o, Eq. (3) should be used instead
of Eq. (19). The parameters # and a, appearing in Eq. (3},
are not infiuenced by the magnetic field, because the free-fall
approximation remains valid (# = %) and it takes an argon
ion several rf oscillations to cross the sheath (¢ = 13}. Fol-
lowing this procedure, substitution of the data presented in
Figs. 10 and 11 leads to the conclusion that 4 is somewhat
smaller than 1, which implies that the of component AV, of
the sheath potential is smaller than the dec component V.
This was predicted by Eq. (8), where it has been shown that
the difference between the dc and the rf component is ap-
proximately equal to the floating potential V.

The values of ¥, thus calculated from the experimental
data, are plotted in Fig. 12, The substaniial scattering in
these data is due to the fact that they are obtained by sub-
tracting two relatively large numbers. However, fitting a
straight line to these data points, it is concluded that the
floating potential has a value somewhere between 13 and 17
V. These are realistic values for a discharge with an electron
temperature of a few ¢V (see Sec. III B), and thus support
the statement that A can be obtained as given above.
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FIG. 12. Floating potential ¥, as calculated from measured ion flux and ion
energy distributions (discharge conditions as in Fig. 13).

Vi. MEASUREMENTS AT CONSTANT GENERATOR
YOLTAGE

In the experiments presented in Sec. V, the rf power
absorbed by the discharge was kept constant in order to
study the response of the system to the applied axial magnet-
ic field. However, when a detailed study is made of the effect
of this magnetic field on the potentials and offset voltages, it
is more convenient to keep the applied generator voltage
constant. The following results have all been obtained by
keeping the rfamplitude V,,; (as observed on the oscilioscope
connected to the powered electrode) at a constant value of
232 V. This, of course, has the consequence that now the
total input power is varying with B.

For a discharge in 2.4-mTorr argon, the mean energy of
ions arriving at the surface of the powered electrode is given
in Fig. 13. Instead of the monotonic decrease in energy, ob-
served in the case of constant power, an initial increase as a
function of magnetic-field strength is seen here. Above 100
G the ion energy becomes lower.

Also the measured dc offset voltage on the powered elec-
trode shows a different dependence on magnetic field now

s % ® &
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FIG. 13. Measured mean ion energy E (filled squares) and energy splittings
AFE {open squares) in 2.4-mTorr argon, at a constant electrode voltage
V.. =232 V. (sf power between 180 and 3100 W).
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that the generator voltage is kept constant. From Fig. 14itis
seen that up to 100 G, the dec offset remains remarkably con-
stant. Only at higher field strengths again a monotonic de-
crease is observed, down to 0 VY, and even changing sign.

As shown above, the time-averaged plasma potential
V, =V, + V,. The resuit is also plotted in Fig. i4. It ap-
pears that above 100 G, ¥, and ¥, = £ /e (Fig. 13} de-
crease at about the same rate, resulting in an almost constant
plasma potential.

In addition, the total ion flux has been measured under
the same conditions {Fig. 15(a)]. From the measured ener-
gy distributions, the splittings A¥ have been determined
(Fig. 13). Substituting these values into Eq. {19) it is found
that the sheath thickness shows a monotonic decrease from 5
to I mm. Substituting ¢ Eq. (20) again, the ion flux can be
calculated. The values thus obtained are also plotted in Fig.
15¢a) for comparison. Just as in the measurements at con-
stant power (Fig. 11) a large difference between measured
and calculated flux is observed for higher magnetic-field
strengths. Note that here the deviation starts at a higher
magnetic-field strength (=100 G) than in the constant-
power case { =40 G}. This supports the conclusion that the
deviation is due to a breakdown of the condition ¥, > ¥,
because in the former situation the sheath potentials only
start decreasing near 100 G, whereas in the latier ¥, de-
creases monotonically for 8 > . Following the same proce-
dure as in 8ec. V, 4 and V, can be derived {rom the measure-
ments in Figs. 13 and 14. Values for V, scattering around 20
V { 4+ 15 V), are obtained.

Langmuir-probe measurements have been performed
under the same discharge conditions."' The ion density as a
function of magnetic-field strength is given in Fig. 15(b). It
is observed that both the ion density n; and the ion current
density J;, show qualitatively the same behavior. At zero
magnetic-field strength, an rf amplitude of 232 V is obtained
at 180 W input power. Going from 0 to 130 G, the absorbed
rf power has to be increased up to 3.1 kW to maintain the
same rf voltage on the powered electrode. In this domain,
both the ion current density towards the electrode surface
and the ion density in the bulk of the plasma show a linear

150
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FIG. 14. Measured de offset of the powered electrode (filled squares), to-
gether with dc component of the plasma potential (open squares}, as ob-
tained from measured V. and Eby V. = E + V.. Discharge conditions
as in Fig. 13.
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increase with power. A further increase of the magnetic-field
strength allows the supply of power to be lowered again,
down to a value of 1.9 kW at 315 G. However, ion current
and ion density show a further increase with B8, despite the
tower power levels. Thus, the knee in Figs. 15(a) and 15(b)
can be explained: Below 100 G there is a combined increase
of power input and electron confinement. Above this value,
the effect of a further improvement of confinement is almost
compensated for by a decreasing power input.

Vii. DISCUSSION
A, Validity of the assumption of a capacitive sheath

First, it will be shown here that the capacitive sheath
model is indeed valid under the current experimental condi-
tions. To prove this, it has to be shown that the displacement
current S, = A, dQ /dt is larger than the condition current
S,

The capacitance C of two surfaces of equal area 4 at a
mutual disiance 4 is given by

C=¢,(A4/d). (z1)
For the sheath at the powered electrode, 4 = 4, while d is
given by space-charge-limited current equation (20). Sub-
stitution into Eq. (21) gives

C, = J(Me,2/2e) V44, F 12 ¥ - 34 (22)
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This relation is also given by Keller and Pennebaker.?* Be-
cause ¢ was shown to be independent of power (8 = 0 and
constant pressure}, it follows from Eq. (21) that C, is also
power independent. Substitution of the values measured at
P=500W (V, =280V, J, =16 A/m’, 4, =0.163 m°)
gives C, = 0.3 nF. Assuming C, to be time independent, J,
can now be estimated:

J,=C, i; = C,aV, cos{wt). (23)
Taking the time  average, it follows that

dQ/di = 2C,wV,/(wA). For P= 500 W, this gives a dis-
placement current of 88 A/m?”. Thus it has been shown that
indeed J; €J,, and the capacitive approximation is justified.

B. Influence of magnetic field on sheath thickness

For the nonmagnetized case, it has been shown that the
sheath thickness d, derived from the observed ion energy
splittings, is the same as the value determining the space-
charge-limited current. In addition it has been shown that
for B> 0, the values of d, calculated from the measured ion
current densities J,, lead to consistent results if deviations of
A from unity are taken into account. kt is concluded that at
the low pressures considered here, the value of d thus ob-
tained gives a reliable absolute measure of the sheath thick-
ness. This will be used in the following to study rf sheath
behavior in a magnetic field.

For both experiments in argon, at constant power (500
W) and constant generator voltage (V,, = 232 V), the reci-
procal value of d (obtained from the measured J, ) is plotted
as a function of B in Fig. 16. A striking coincidence of the
results of the two experiments is observed. This is remark-
able, because the sheath potentials and ion fluxes involved
are entirely different for the two cases. For B> 30 G, a con-
stant value of the product Bd( = 0.134 G m) is obtained.

A similar decrease of sheath thickness has been ob-
served in magnetized dc discharges. At gas pressures be-
tween 0.3 and 20 Torr, the cathode dark-space thickness was
measured visually in different gases by Giintherschulze®.
He observed a gradual decrease of sheath thickness as 2 func-

¢ d . L 1 I}
g 100 200 300

Axial magnetic field [Gauss)

FIG. 16. Reciprocal sheath thickness, as calculated from measured ion fiux,
for the cases of constant power (500 W, filled squares} and constant rf vol-
tage (232 'V, open squares), respectively.
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tion of B, from 1-2 cm down to a minimum value d = 0.7
mm. In addition, the current density appeared to be given by
J, = const/d . No change in sheath potential was observed
here. However, earlier work by Willows®? at lower gas pres-
sures had shown a decreasing cathode fall potential, indicat-
ing a pressure dependence. A theoretical explanation for the
shrinking of the dark space was given by Thomson and
Thomson.> It is based on the fact that the dc discharge is
sustained by secondary electrons, liberated from the cathode
surface by charged-particie bombardment. This theory has
been adopted by many workers in the field of dec magne-
trons.>*~*7 Here Thomsons” results are given as reproduced
by Francis.>® The equations of motion for an electron in
crossed electric and magnetic fields are given by

2
md fzee——eBdl (24)
dt” dt
and
mdY _ ogdx (25)
dt? dt

A linear decreasing electric field is assumed across the
sheath (case n = 2 above), giving
€= 2V, /&)1 — (x/d)]. (26)

With the boundary condition that for x =0, dx/d¢t = dy/
dt = 0, the solution of Egs. {25) and (26) is given by

2V./d {1 (yD)1 (27)
X = — cos
2V, /d> +eB/m 4
with
2eV,/d? + e*B*/m
P = — . (28)

Under the assumption of collisionless movement, the maxi-
mum distance x,,, the electron can reach, relative to the
electrode surface, is then given by Eg. (27) with
cos{yt} = 0. As long as x,,, >d, the path length the elec-
tron travels through the sheath will only be slightly affected
by B. However, when x__ . < d, the electron wili be bent back
towards the surface, and the path length increases drastical-
ly. This causes an increasing excitation and ionization in the
sheath region, reducing the observed sheath thickness. Thus
a critical value B, can be defined, above which the magnetic
field will modify the sheath. It is given by the condition
Xmax = d. From Eqgs. (27) and (28) it then follows that

B, = (1/d)yy2V,m/e. (2%9)
Recent calculations by Maniv®? lead to a comparable result.
Physically, Eq. (29) means that the Larmor radius of the
electron, corrected for the accelerating field €(x), is equal to
d.

It is tempting to apply the same reasoning to the rf case.
Substitution of relevant numbers shows that the observed £f
discharge behavior might aiso be due to secondary elec-
trons.’' However, there is growing evidence that secondary
electrons only play an additional role in sustaining 13.56-
MHz plasmas.!***° The experimental evidence for fast
electrons, originating from the sheath regions, can also be
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accounted for by acceleration at the oscillating plasma-
sheath boundary.*'*

From Fig. 16 a value Bd = 0.134 G m is obtained. Sub-
stituting in Eq. (26), this gives 2 potential ¥ = 8§ V_ It should
be noted that a constant value is found, although the sheath
potential ¥, depends on B. This suggests that d is not deter-
mined by the ability of secondary electrons to reach the plas-
ma, but by the condition that electrons from the plasma must
be able to reach the electrode, in order to satisfy the condi-
tion J, + {J,), = 0. As stated above, T, is afew eV, and will
be fairly constant under the given conditions. Most of the
electron current fowards the electron surface fiows when
Vix,t) is closest to zero. Then, electrons from the tail of the
Maxweli-Beltzmann distribution have to cross the sheath
against the remaining negative sheath potential (which is in
the order of ¥;). Only when d scales with B as given in Eq.
(29), will it be possible to maintain zero net current.

The ion current density J; is determined by the ion drift
towards the plasma-sheath boundary, as argued above.
From Figs. 15(a) and 15(b), it follows that J, « #,. There-
fore, J, depends on B via the growing plasma density, which
in turn is a consequence of improved charged-particle con-
finement. Then the space-charge-limited current Eq. (20)
explains the behavior of ¥, and thus E, with 5.

€. Capacitive-voltage division and sign reversal of dc
offset on powered electrode

The development of the dc component of the plasma
potential, ¥, is determined by the sheath behavior at the
grounded electrode. In order {0 say something guantitative
about this, two assumptions have to be made. First, if is
assumed that the ion drift towards both electrodes is equal.
This assumption is supported by the knowledge that J, is not
depending on the sheath potential. Second, it is assumed that
there is no dc potential drop across the plasma volume. Then
the plasma potential ¥, measured at the powered elec-
trode, is equal to the dc sheath potential at the grounded
electrode. Thus, knowing both 7, and V,, , the sheath thick-
ness d, can be calculated [Eq. (20)]. Substituting the ex-
perimental data obtained at constant power {500 W}, values
for d, in the order of 1.5 mm are found. Only small devia-
tions ( + 0.15 mm) from this value are cbserved as a func-
tion of B. It follows that at the grounded electrode the sheath
thickness is not related to the axial magnetic field by a rela-
tion Bd = constant, as was observed at the powered elec-
trode. However, this may be ascribed to the influence of the
cusp field. It generates a magnetic-field strength at the sur-
face of the grounded electrode, which is much larger than
the axial field. Therefore, variation of the axial field B may
have little influence on the sheath thickness.

As reported above, at the powered electrode a value
d, =5 mm was observed when B =0. Thus 4, <d,. Be-
cause in addition 4, > 4, it follows from Eq. (19) that at
B =0, C, is considerably larger than C,. According to Eq.
(18) [which states that V. = V,((C, — C . }/(C, + CL
this in good gualitative agreement with the observation of
large negaiive dc offset voltages V., which are of the same
order of magnitude as the applied generator voltage ¥; (see
Fig. 17, and also Fig. 14). Going towards larger B values, C,
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FIG. 17. Measured electrode voltage ¥, (crosses} and electrode-offset V.
{open squares ), together with calculated values of V. (filled squares). Cal-
culated data are based on estimated sheath capacitances at the grounded

electrode. Measured data taken from Fig. 10.

remains virtually unchanged, whereas the decrease of 4,
with B(8, = ¢) results in increasing values for C,. In Fig.
17, the 500-W data for ¥, and ¥; {from Fig. 10} are replot-
ted, together with the values for ¥,. which are calculated by
substituting C, and C, into Eq. (18). Although ¥V, increas-
ing above 100 G, the calculated values for ¥, show a mono-
tonic decrease with B, finally resulting in sign reversal. Thus
it is shown that the observed monotonic decrease of ¥, and
also its reversing sign, are a direct consequence of the fact
that the relative magnitude of both sheath capacitances is
reversed by the magnitude field.

Vill, CONCLUSIONS

Ion energy distributions have been measured with an
electrostatic energy analyzer at the powered electrode of a
13.56-MHz discharge. Plasma confinement by magnetic-
cusp fields permits low-pressure discharge operation, result-
ing in collisionless acceleration of ions in the sheath. Thus,
high-resclution energy spectra are obtained. This has been
used for an experimental verification of the theory for ion
acceleration in rf sheaths, as developed by Vallinga and
Meijer. For this purpose, experiments have been performed
in absence of an axial magnetic field. Excellent agreement
between measured spectra and calculated energy distribu-
tions is obtained. From the ion energy distributions, sheath
thickness and ion flux towards the wall can be derived. The
ion flux, thus calculated, corresponds very well with mea-
sured values. In case of high-rf voltages, ion mass resolution
is also obtained, resulting from the rf modulation of the
sheath potential.

Having established the validity of the model, it has been
wsed to interpret experimental results as a function of axial
magnetic-field strength. Application of a variable axial mag-
netic field results in lower mean ion energies and higher cur-
rent densities. Both are related to the sheath thickness by the
space-charge-limited current equation. The reciprocal
sheath thickness behaves linearly with magnetic field, with a
slope that is independent of sheath potential and discharge
power. This is explained by assuming that the sheath thick-
ness is determined by the Larmor radius of plasma electrons,
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and thus only by the electron temperature in the plasma
bulk. It implies that f sheath behavior is principally differ-
ent from the corresponding dc behavior, which is governed
by secondary electrons.

Estimated thickness of the sheath at the grounded elec-
trode lead to the conclusion that the observed sign reversal of
the dc offset voltage at the powered electrode is directly re-
lated to the relative magnitude of both sheath capacitances.
At B =0, the largest sheath capacitance is found at the
grounded electrode (which has the largest area). This ca-
pacitance changes little upon variation of the axial magnetic
field. At sufficiently high magnetic-field strengths {(between
200 and 300 G) the capacitance at the powered electrode has
increased so much that it exceeds this constant value, result-
ing in the observed reversal of the offset voltage.
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