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Electron Distribution Functions in a Sputtering Magnetron Discharge

T. E. SHERIDAN**2 M. J. GOECKNER™®** and J. GOREE

Department of Physics and Astronomy, The University of Iowa, Iowa City, Iowa 52242, The United States of America

(Received January 19, 1995; accepted for publication June 15, 1995)

The electron distribution function g(v,) in a cylindrically symmetric, planar, sputtering magnetron has been
characterized using a one-sided, planar Langmuir probe. Measurements were made above the magnetic trap at six
radial locations in the direction normal to the cathode. The distribution function is found to be non-Maxwellian,
with a shape that depends sensitively on radial position. Near the symmetry axis, g(v,) is anisotropic and exhibits
“a strong electron drift from the cathode to the anode. Off axis, g (v,) is nearly symmetric and has two components:
a dense, cold Maxwellian component, and a tenuous, energetic shell component.
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1. Introduction

Sputtering magnetrons®? are employed both for thin

film deposition and sputter etching. In these devices a
magnetic trap is used to confine electrons near a nega-
tively-biased cathode, creating an intense, localized
source of ionization above that cathode.®* Ions created
in the magnetic trap impact the cathode with several
hundred electron volts of energy, sputtering material
from the cathode and liberating secondary electrons.
The secondary electrons are accelerated through the
sheath into the trap region, thus sustaining the dis-
charge.

Because of their commercial importance, developing
an understanding of sputtering magnetron physics has
attracted continuing interest. On the theoretical side, a
Monte Carlo model*™ of electron transport has been de-
veloped that accurately predicts the etch track profile
and therefore target utilization. This model has also
been used to investigate the influence of neutral pres-
sure® and magnetic field strength? on magnetron opera-
tion. On the experimental side, Langmuir probe,'*'?
laser-induced fluorescence,** and optical emission di-
agnostics’®'” have all been used to characterize the
magnetron plasma.

Much of our experimental understanding of magne-
tron operation comes from cylindrical Langmuir probe
measurements.’®'® It has been noted that the probe’s
current-voltage characteristic sometimes appears to be
non-Maxwellian.’® For example, we have analyzed
probe characteristics using a two-temperature model'®
and found cold, dense and hot, tenuous electron popula-
tions outside the trap region. That the distribution
function is non-Maxwellian is not unexpected, as the
source is localized to the magnetic trap region and the
neutral pressure is low enough so that the electron
mean free path is relatively long. Additionally, there
are strong E X B electron drifts in the trap region,'?
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and there must be electron transport from the trap
region to the anode to balance the ion current to the
cathode.?” Unfortunately, cylindrical probes are inap-
propriate for exploring the details of the electron distri-
bution function as they average over a cylindrical
volume. For example, it has been shown?” that if the
electron drift is not properly accounted for, errone-
ously low plasma potentials and high electron tempera-
tures will be inferred from the probe characteristic.

In this paper, we use a one-sided planar Langmuir
probe to make what we believe are the first detailed
measurements of the electron distribution function in a
sputtering magnetron discharge. We find that the elec-
tron distribution function is non-Maxwellian and
anisotropic. The anisotropy is due to the flow of elec-
trons from the magnetic trap to the anode. These mea-
surements provide direct verification of the electron
transport from the magnetic trap to the anode seen in
Monte Carlo simulations.**>® Further, at large radii the
electron distribution function has two populations: a
cold, Maxwellian component and an energetic, shell
component.

In §2 we explain how the electron distribution func-
tion is obtained from the current-voltage characteristic
of a planar probe. In §3 the sputtering magnetron and
planar probe used are described, in §4 our results are
presented and interpreted, and §5 contains our conclu-
sions.

2. Planar Probe Theory

Here we review the theory appropriate for recover-
ing the reduced electron distribution function g(v,)
from two, one-sided planar probe characteristics.??
The distribution function is not assumed to be
isotropic.

Take the normal to the probe face to be in the nega-
tive z-direction, so that electrons with a positive z-com-
ponent of velocity v,>0 travel towards the probe face.
To be collected by the probe, an electron must have
enough energy to overcome the potential barrier at the
probe and must be going toward the probe. Thus, we re-
quire 3 M2 =e Virobe, and v, >0, where m is the electron
mass, e is the electron charge, and Vione is the negative
probe bias measured with respect to the plasma poten-
tial V,. The 2-component of the electron current den-
sity J. probe at the probe face is given by an integral over
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the electron distribution function f (vz, vy, v.):

Jz, probe — € S\ d'vz S dvy S d'Uz'sz ('Uz, Vy, ’Uz),
— o —® w/2eVl,mem
(1)

where f(v,, vy, v.) is normalized so that its integral
gives the electron density. As the distribution function
is only measured for the z-direction, we reduce
f (v, vy, v.) by integrating over the velocity components
normal to v, (i.e., v, and vy). The reduced distribution
function g (v,) is defined as

g(vz)=§1 dv, So_o

It is g (v.) that we measure experimentally. In terms of
g (v,) the current density collected by the probe is

dv, f (vz, vy, v.). (2)

oo

ool

dv,v. g (v.). (3)
w/2ememe
The reduced distribution function can be recovered
from the collected electron current by differentiating
J, probe With respect to the probe bias Ve, so that

. ’26 thobe) . i’z sz,pmbe (4)
g\ v m N 62 derobe '

The entire reduced distribution function (i.e., v, both
positive and negative) is recovered by measuring
J.. probe( Vprabe) With the probe facing in the negative and
positive z-directions.

Once the reduced distribution function has been reco-
vered from the probe characteristic, moments of the
distribution function (e.g., density and average
velocity) can be computed. The electron density is the
integral of g(v.) over all velocities

n=r dv.g (v.). (5)

Jz, probe =€ S

and the average z-velocity <v,) is
1 )
w.r=— S dv.v.g(v.), (6)

where the sign of <v,) gives the direction of the net elec-
tron flow, and <v,>=0 for a symmetric distribution
function. In calculating <v,>, g {v.> is weighted by v,, so
that the details of the distribution function near v,=0
are relatively unimportant. The electron current den-
sity J; (notJ,, probe) can be computed from n and <v.» by

J,=enlv,). (7)

This is the net electron current density flowing
“‘through’’ the probe. Using a cylindrical probe there is
no way to measure J,. Finally, the average of the veloc-
ity-squared {v?) can be written as

<v§’>=L Sw dv.(v,—<v.>)? (v.), (8)
N J-wo

where <v?) is a measure of the width of the distribution
function. This quantity is related to the average elec-
tron energy Euve by Euwe=4%m<v}). If the distribution
function is Maxwellian then it can be characterized by
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a temperature T and E,..=4% kT. However, even if g (v,)
is non-Maxwellian, we can still define an effective ‘‘tem-
perature’’ Tes for the distribution function by

Tee=m<v2)/k 9)

where T is a measure of the average electron energy.
If the distribution function is Maxwellian then Tes=T.

3. Apparatus

The magnetron used for this experiment, which has
been described in detail elsewhere,»? is a cylindrically
symmetric planar device with a 76.2-mm (3.0-inch) dia-
meter copper cathode target. The magnetic field
configuration is shown in Fig. 1, where z is the height
above the cathode, and r is the radial distance from the
cylindrical axis. The field is produced by permanent
magnets, and has a value of 245 G on the cathode sur-
face (z=0) at a radius =17 mm. At this radius the
magnetic field is tangential to the cathode. Empirical-
ly, the magnetic trap region is enclosed by field lines
that both begin and end on the cathode. The magnetic
configuration of our device is classified as a ‘‘type Il un-
balanced magnetron,’’® so that the far-field dipole mo-
ment is dominated by the outer ring of magnets. Conse-
quently, there are field lines connecting the cathode to
the facing anode, as shown in Fig. 1. Electrons escape
from the magnetic trap region when they are scattered
onto field lines connected to the anode. Most escaping
electrons are found at radii r <20 mm (see Fig. 7 in ref.
4) due to the magnetic field configuration.

To measure the electron distribution function we con-
structed a small, one-sided, planar probe with a 3.4-
mm diameter circular copper face. To prevent shorting
between the probe face and insulating probe body as
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Fig. 1. Magnetic field configuration of the cylindrically symmetric

sputtering magnetron used for this work. The cathode is at 2=0,
and a grounded, planar anode faces the cathode. Electrons with
v,>0 travel away from the cathode. Crosses at z=25 mm indicate
locations where the electron distribution function was measured.
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the probe was coated by sputtered copper from the
cathode, the probe was built with a narrow gap be-
tween its face and body. Further, since the probe face
was copper, its electron collection properties should
not have changed much as it was coated by sputtered
copper. From measured electron densities and tempera-
tures, we find that the Debye length Ap varied from
~(0.14 mm at r=0 mm to =0.09 mm for =25 mm, so
that the probe is at least 24 Ap in diameter, assuring us
that it does indeed act as a planar probe. Though this
probe is small, it still causes a large reduction in the dis-
charge current when placed in the magnetic trap
region. Therefore, all measurements were made out-
side of the magnetic trap.

4., Results and Discussion

The magnetron was used with a copper cathode at a
neutral pressure of 1.0 Pa argon. The cathode was
biased to —400 V dc, giving a discharge current of 51
mA and an average current density at the cathode of
=46 A/m?> Probe characteristics were taken at a fixed
height 2=25 mm above the cathode and at radii r=0,
5, 10, 15, 20 and 25 mm with the probe facing toward
and away from the cathode (the negative and positive
z-directions), as shown in Fig. 1.

The probe characteristics measured at r=>5 mm are
shown in Fig. 2. The electron current collected when
the probe faces the cathode is much greater than that
collected when it faces the anode, indicating an elec-
tron drift from the cathode to the anode.?” When the
probe current is plotted on a logarithmic scale [Fig.
2(b)] we see that the electron current increases rapidly
just below the knee of the characteristic, indicating an
electron distribution function having two components
with differing temperatures.'®

The radial dependence of the plasma potential V; is
shown in Fig. 3 as a solid line. We take the plasma
potential as the more positive of the inflection points
for the two probe characteristics acquired at a given
radius. For r=0, 5, and 10 mm there is a difference be-
tween the inflection points of the two characteristics
with an average value of 0.13 V, indicating a net elec-
tron drift away from the cathode. For r=15, 20 and 25
mm the values of the inflection point agree to within
0.01 V at each radius. The plasma potential is =0.9 V
on axis and rises to =1.15 V at larger radii. The depres-
sion in V; on axis must be due to an excess of electrons
over ions, and the small radial electric field acts to push
these extra electrons to larger radii. Due to the large
electron drifts at =0, 5 and 10 mm the plasma poten-
tial inferred from cylindrical probe characteristics may
underestimate the true plasma potential.??

Reduced distribution functions were calculated from
the probe characteristics as follows. As the ion current
depends only weakly on the probe bias for a planar
probe, we assume that any contribution to the deriva-
tive [eq. (4)] from the ions is much, much smaller than
that from the electrons, and compute g(v.) from the
total current collected by the probe. Due to the paucity
of data points near zero velocity [because of the square
root in eq. (4)], the distribution function around v,=0 is
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Fig. 2. Planar probe characteristics taken at =5 mm plotted on
(a) linear axes and (b) semilogarithmic axes. Note the strong asym-
metry between the characteristic taken facing the cathode and
that taken facing the anode. The electron current flowing away
from the cathode is much greater than the current flowing toward
it.
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Fig. 3. Radial dependence of the plasma potential V;, (solid line) at
2=25 mm. The plasma potential is taken as the more positive of
the inflection points of the two planar probe characteristics meas-
ured at each radius. At 7=0, 5 and 10 mm the inflection point of
the cathode-facing characteristic is below that of the anode-facing
characteristic, indicating a strong electron drift from the cathode
to the anode.
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interpolated by fitting?¥ a shifted Maxwellian

g(v.)cexp “% m(v:—v0)*/ Tae (10)
to points in the neighborhood of v,=0. Here vy is a drift
velocity, and Ty is an electron temperature given in
energy units. This fitted curve was used to compute mo-
ments of the distribution function near v,=0, as well as
to estimate the density and temperature of the cold
electron component at large radii.

The measured reduced electron distribution func-
tions ¢ (v,) are exhibited in Fig. 4. Here electrons with
positive velocities are moving away from the cathode
(to the anode), and those with negative velocities are
moving toward the cathode (see Fig. 1). We plot g (v.)
on a logarithmic scale to bring out detail in the tails.
Here g(v,) decays rapidly for |v,|=1.8 x10%m/s. This
in not unexpected given that the inelastic (excitation)
scattering threshold in Ar is 11.6 eV (2.0 X 10° m/s).

The distribution functions at r=0, 5 and 10 mm ex-
hibit a strong asymmetry, representing a net electron
drift from the cathode to the anode. These distribution
functions peak at v,>>0, and have a deficit of negative-
velocity electrons. As the plasma potential is positive
(Fig. 3) the anode sheath represents a potential hill
that electrons must climb to escape from the plasma.
At the anode the more energetic electrons are lost,
while the less energetic electrons are reflected. Conse-
quently, it is reasonable to expect that there will be rela-
tively few high energy electrons with negative veloci-
ties. From the measured distribution functions we find
that electrons with v, <7 X 10° m/s are confined, so that
the size of the potential barrier is =1.4 V, which is not
too different from the measured plasma potential. The
distribution function at r=15 mm represents a transi-
tion between the r=0, 5 and 10 mm distribution func-
tions and the nearly symmetric distribution functions
at r=20 and 25 mm.

At 7=20 and 25 mm we see that g (v.) is nearly sym-
metric, and is characterized by two electron popula-
tions. There is a cold, (T=0.3 eV) background Maxwel-
lian component of electrons trapped in the potential
well, and an approximately rectangular tail component.
Such rectangular tails have been found in filament dis-
charges, and are associated with shell distribution func-
tions,??% i.e., a mono-energetic population of electrons
with an isotropic velocity distribution. The width of
this rectangular tail is ~+1.8x10°m/s (9.2 eV) at
r=20 mm and = +1.5x10°m/s (6.4 eV) at r=25 mm.
As discussed above, the electron distribution function
should contain few electrons above the inelastic scatter-
ing threshold for Ar (2.0 X10° m/s). Further, the elas-
tic scattering cross-section for Ar is largest for electron
energies of ~10eV (1.9x10°m/s). Because of the
peak in the cross-section near 10 eV and the cut-off
above 11.6 eV, most scattered electrons should have
nearly the same energy, leading to a shell distribution
function. .

The electron density n [eq. (5)] found by integrating
the reduced distribution functions is displayed in Fig.
5(a). The density is strongly peaked on axis, with a
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Fig. 4. Reduced distribution functions g(v,) taken at r=0, 5, 10,
15, 20, and 25 mm (r=0 mm is the topmost distribution function).
Note that the vertical axis is logarithmic (the bar in the upper left
hand corner is one decade tall), to emphasize the tails of the distri-
bution functions. The baselines of the distribution functions are in-
dicated. For r=0, 5 and 10 mm the distribution functions are de-
cidedly asymmetric with a net flux of electrons away from the
cathode. At r=20 and 25 mm the distribution functions are nearly
symmetric and contain a cold Maxwellian component and an ener-
getic tail component.

value n=5.9 X 10" m~® at =0 mm. At larger radii the
electron density is due primarily to the cold, back-
ground component. At 7=20 mm, 4.7% of the elec-
trons are in the tails, and the proportion of energetic
electrons declines for increasing radii to only 2.1% at
r=25 mm.

The average z-component of the electron velocity
(v,)[eq. (6)] is shown in Fig. 5(b). The average velocity
is nearly constant for r=0, 5 and 10 mm, with an
average value of 1.9 X10°m/s (0.10 eV), and then falls
precipitously. The slight asymmetry in g(v.) at =15
mm gives {v,>=0.81X%10°m/s (0.02 eV), 43% of the
on-axis value. At 7=20 and 25 mm the average veloc-
ity acquires a (very) small negative value. At r=25
mm, <{v.,>=—0.21X%10°m/s about 10% of the on-axis
value. Note that <v,>=—0.21 X 10° m/s (=0.001 eV) is
not distinguishable from <v,>=0 in this experiment.
The small values of {v,> at r=20 and 25 mm simply
reflect the symmetry of the distribution function—the
number of electrons with positive and negative veloci-
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Radial dependence of the (a) electron density n, (b) average z-component of the the electron velocity <v,), (c) elec-

tron current density J, and (d) effective electron temperature T.g. These quantities were computed from the
reduced distribution functions shown in Fig. 4. All quantities are peaked near the axis (the main electron flow) and
decrease at larger radii. In particular, the current density is large for r <15 mm, indicating a strong electron flow from

the cathode to the anode.

ties are nearly equal.

The z-component of the electron current density J,
[eq. (7)] is strongly peaked on axis, as shown in Fig.
5(c), providing direct, unambiguous evidence for elec-
tron transport from the cathode to the anode. The peak
value of the current density is 187 A/m2. The strong
on-axis current agrees with qualitative results of the
Monte Carlo simulation reported in ref. 4 (in particular,
see Fig. 7). At r=20 and 25 mm the current density is
small and negative, representing a return current of
electrons to the anode shield surrounding the magne-
tron. When J, is integrated over radius we find 97.4 mA
of total current, in comparison to the 51 mA of dis-
charge current. The integrated current may be larger
than the discharge current because we have not includ-
ed the negative current density from radii larger than
25 mm. Even though for »>25 mm the current density
is small, the area is large because of the cylindrical geo-
metry.

The effective electron temperature [eq. 9)]
decreases with increasing radius, as shown in Fig. 5(d).
For r=0, 5 and 10 mm, T.s is nearly constant with an
average value 1.9 eV. At larger radii Tes decreases as
the proportion of energetic tail electrons declines. At
r=20 mm, the effective temperature is 0.80 eV and at

r=25 mm the effective temperature falls to 0.45eV.
For comparison, the temperatures of the cold compo-
nent found from the fitted Maxwellian [eq. (10)] are
0.30 eV and 0.25 eV, respectively, (with an uncertain-
ty of about +0.03 eV). These temperatures are in good
agreement with those typically found (ignoring the
tails) from cylindrical probe characteristics at these lo-
cations.

5. Conclusions

A consistent picture of electron transport in a sput-
tering magnetron discharge emerges from the detailed
measurements of the electron distribution function
presented here. Through some mechanism, either tur-
bulence or more likely collisions with neutrals,*'?
confined electrons are scattered out of the magnetic
trap and on to unconfined orbits that reach the anode.?
Because of the specific magnetic geometry of our
device, electrons are funneled into a small region,
r<15 mm, around the cylindrical axis. The qualitative
agreement of these results with those seen in Monte
Carlo simulations? enhances our confidence that such
simulations capture some of the important physics of
electron transport in sputtering magnetrons. At the
anode, the more energetic electrons overcome the
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plasma sheath and escape from the plasma. Less ener-
getic electrons are reflected by the sheath and form a
population of electrons traveling back toward the
cathode. These cold electrons are needed to balance
the positive ion space charge. At larger radii, the distri-
bution function consists almost entirely of cold elec-
trons caught in the potential well. A few percent of the
electrons are, however, found to be in rectangular tails,
indicating a shell-like distribution function. We specu-
late that these are energetic electrons scattered out of
the main flow by electron-neutral collisions.
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