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Abstract

Electron motion in magnetron discharges is complicated. In a first approximation, single particle
motion can be considered in given electric and magnetic fields to estimate drifts. Based on
magnetic and electric field measurements for discharges in an unbalanced magnetron with a
strong magnet it is shown that, for the most energetic electrons, the VB and curvature drift
velocities can be comparable to or even larger than the commonly mentioned ExB drift
velocity. In the fluid approximation, the electron pressure gradient adds yet another drift
component. Since all of those drifts are generally additive, the term “ExB drift” can be
generically used but should be understood to include other drifts. Strong velocity gradients and
direction reversal can be found, which suggest velocity shear as a source of waves and
instabilities, likely creating the density-fluctuation “seeds” for ionization zones seen in high
power impulse magnetron sputtering.
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1. Introduction: Magnetron operation

Magnetron discharges are widely used in physical vapor deposition. Although a great
variety exists in terms of target (cathode) shapes and sizes, they all have in common that
energetic electrons are confined near the target by a clever combination of electric and magnetic
fields such that energetic electrons execute a closed drift. In this way the magnetron discharge, a
magnetically enhanced glow discharge, is enabled to operate at much lower pressure than the
common glow discharge, i.e. a glow discharge in the absence of a magnetic field. Much has
been published about the magnetron’s operational principles and properties [1-12] and therefore
it is sufficient to focus here on some relevant details related to the closed electron drifts.

Between collisions, neglecting collective effects, an electron trajectory is determined by
the equation of motion

m, dv/dt = —e(E+vxB) 1)

where me is the electron mass, v is the velocity vector, e is the elementary charge, and E and B
are the vectors of the local electric field and magnetic field, respectively. The vxB or Lorentz
force term makes electrons gyrate around field lines, and the electric field term causes periodic



acceleration and deceleration as the electron gyrate. In the case when the electric and magnetic
fields do not strongly vary one can take the local E and B values and arrives at the well-known
ExB drift velocity [13, 14]

Ves =ExB/B?. 2)

The magnetic field of a magnetron is designed in such a way that the drift of electrons is
closed. The less-energetic electrons, however, are subject to many collisions with other electrons
and ions and therefore may not arrive at the same location but are much displaced. Cross-B-field
diffusion and a host of plasma instabilities facilitate the escape of electrons from the target zone
to the anode. After all, electrons need to carry the discharge current to the anode.

The actual path of electrons in a magnetron is complicated since the electron motion
occurs in non-parallel and non-uniform electric and magnetic fields. Powerful three-dimensional
codes need to be employed to realistically describe the processes of electron motion in plasmas,
including drifts and transport across the magnetic fields [15].

In this contribution, much simplified considerations are made. We will estimate the
ExB drift velocity based on measured E and B fields, and compare it with other drifts
associated with the non-uniformity of the fields. We then also include the electron pressure
gradient drift based on plasma parameter estimates.

2. ExB, gradient B, and other drifts

To conceptually understand the drift of electrons in the single particle approximation, one
commonly introduces two averaging steps. First, one averages over the gyration motion of the
electron to arrive at the motion of the gyration center. If we neglect for a moment the presence
of an electric field, the gyration center would follow the magnetic field line, which is generally
arched over the target and intersects the target surface (Fig. 1). As the gyration center
approaches the target, the velocity component parallel to the magnetic field line reduces since the
magnetic field strength increases (see magnetic mirror effect [13, 14]). Now, putting the electric
field back in the picture, the electron, before arriving at the target surface, encounters the electric
field of the presheath and sheath (the space charge layer adjacent to the target). The electric field
component parallel to the magnetic field component sends the gyration center back and forth
along the arched magnetic field line. Averaging over this back-and-forth motion reveals a net
velocity component which is perpendicular to both the electric and magnetic field. Using
characteristic field values one get an estimate for the ExB drift velocity, as described by
equation (2).

This description, however, is not complete since the electric and magnetic fields are not
uniform: additional drift components appear. Most notably we deal with a magnetic field that
strongly loses strength with increasing distance from the target. A gradient in the magnetic field
leads to the BxVB and higher order drifts [13]. For electrons (taking the sign of the negative
charge of electrons into account), the VB drift velocity is [13]
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is the gyration or Larmor radius; @, is the gyration or cyclotron frequency, and v, is the

velocity of the electron motion perpendicular to the B-field. Fig. 2 shows the distribution of
Larmor radii assuming the gyrating electrons have v, corresponding to an energy of 10 eV.

Electrons of higher energy have a correspondingly greater gyration radius. Here lies one of the
difficulties: electrons have different velocities perpendicular to the magnetic field, and the values
vary accordingly.

Since we are mostly interested in energetic electrons capable of causing ionizing
collisions, we may focus on secondary electrons released from the target by primary ion impact
or photo-emission. Such electrons gain energy up to the full potential difference dropping in the

sheath, AV, when traversing the sheath. The perpendicular velocity is up to a maximum
12
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and we arrive at the following expression for the maximum VB drift velocity:

~ Vimx L VBXB VBxB

VVB,max - 2 Bz AVse Bs (6)

Since VB and E point in the same direction in the most relevant region over the racetrack, the
VB drift is generally additive to the ExB drift.

We also consider an expression for the curvature drift [13]

m. ,R_xB
Vg =——V, —

b ik 7
e ' R’B? (7

where R_ is the radius vector of the curved magnetic field, and v, is the velocity component
parallel to the magnetic field vector.

Going beyond the single particle description by including a fluid model for electrons,
electron drift is also caused by the local gradient of electron pressure. In standard text books like
[13], the fluid approximation is introduced for electrons and ions, and the resulting gradient drift
is called diamagnetic drift. In our case, we do not consider ions because they are not magnetized
due to their high mass. They are therefore not subject to such drift, and we prefer the term
electron pressure gradient drift. Taking the negative charge of electrons into account, the
electron pressure gradient drift velocity is [13]
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(8)

We can write Vp, =k (T,Vn, +n,VT,)~kT,Vn, because the density can change by orders
of magnitude while the electron temperature varies relatively little. By introducing a
characteristic length of density change, d,, =n,/Vn,, the absolute value of the gradient drift
velocity reduces to

Kk
Ve = eBI;W ©)

When evaluating those expressions we notice immediately that the magnetic field
strength appears in the denominator, which, for non-zero electric field, will make the drift
velocities unphysically large where the magnetic field is very small. Clearly, the assumption of
magnetization (r, < characteristic system length ) can be violated. Therefore, we will not use

the expression at small magnetic fields, especially around the magnetic null point.

3. Determining electron drifts for a specific magnetron

We illustrate the situation for a specific magnetron used in our laboratory for recent high
power impulse magnetron sputtering (HiPIMS) measurements [16, 17]). This is a 76 mm
diameter (3 inch) unbalanced magnetron made by US Inc. (now MeiVac Inc.). Fig. 1 shows the
magnetic field strength as measured with a movable Hall probe. Detailed information on the
magnetic field distribution helps us to evaluate expressions containing B and VB and to create
maps of Larmor radii and drift velocities. An estimate using Ampere’s law indicates that
changes of the magnetic field by the magnetron discharge and Hall currents can be neglected
unless one works with HIiPIMS at high currents. No changes of the magnetic field are
considered here.

For the evaluation of the ExB drift we need the electric field, which can be derived from
measurements of the plasma potential, E =—-VV . Such information is difficult to get but we can

refer to measurements with emissive probes which have been made at the same magnetron [17].
Unfortunately, the potential measurements excluded the interesting region right over the
racetrack since the probe excessively disturbed the discharge when brought too close to the
racetrack region. For our magnetron we found E ~ 10* V/m in the magnetic presheath region
[17] and B ~ 0.06 T. This results in v, ~1—-2x10° m/s with the exception of the region close

to the racetrack. Figure 3 shows the spatial velocity distribution excluding regions over the
racetrack (lack of electric field data) and near the magnetic null (lack of electron magnetization).
The latter region was expected to be exactly on axis, but it appears to be about 3 mm off axis,
perhaps due to a misalignment or asymmetry of the permanent magnets and/or positioning errors
of the probe relative to the magnetron. More importantly, Fig. 3 indicates strong velocity
gradients, especially in the region near the magnetic zero (z=40mm). Velocity gradients

indicate shear, which is known to cause instabilities and turbulence, observable as noise in



electrical and particle transport parameters. Density fluctuations may start and amplify due to a
positive feedback observed in high power impulse magnetron sputtering, i.e. the velocity
gradients generate the conditions for forming the “seeds” of localized ionization zones [18].

For the VB drift, we can make a corresponding estimate using the values
VB ~60 mT /10 mm=6T/m over the racetrack, and B~0.06 T in the same region, hence

VB/B? ~1700 T'm™. For the range of electron energies eAV,, ~100-500eV we obtain

Vyg #1.6-8.3x10° m/s. The maximum drift velocity field is plotted in Fig. 4 considering the

most energetic electrons, assuming 500 eV in energy. We see that in this case, the VB drift
velocity may be comparable to or even greater than the ExB drift velocity. Looking further
from the target we see the above-mentioned issue around the magnetic null, and a reversal of the
drift velocity direction with increasing distance from the target. Also here, the reversal of the
velocity direction within a relatively tight spatial region suggests that waves, instabilities, and
turbulence are generated in this shear zone.

Next, to evaluate the curvature drift, we arbitrarily use values for v, from kT, of a few eV

to about % of the maximum voltage drop, v, <(e Avse/me)l/z, take R, ~5mm, and use
B~0.06 T to be consistent with the above estimate for the gradient drift for our magnetron
example. This results in a wide range of possible velocity values, v, ~10*-10°m/s, which
again may reach or exceed the Ex B drift velocity.

Finally, we consider the electron pressure gradient drift. Using the same values as before
for magnetic field and temperature, and consider d,, ~ (1-5)x10°m (from imaging), we arrive

at |vD| ~(1-5)x10* m/s. The pressure gradient drift velocity appears to be smaller than the

ExB drift velocity but not by much. Also here, since Vp, is in the same direction as E, those

velocities are additive. We note that Lundin and coworkers [19] came to similar values and
conclusions.

4. Summary

Summarizing, simplified estimates using measured data of magnetic and electric fields
for a specific unbalanced magnetron show that the VB drift and the curvature drift may reach
values comparable to, or even greater than the usually quoted ExB drift velocities if the
electrons are very energetic. Since the drift velocity are approximately pointing in the same
direction they are additive. This also applies to the electron pressure gradient drift, which is
considered when using the fluid approximation. No gross error is made when generally referring
to the ExB drift as long it is understood that other drifts also play a role, especially for the most
energetic electrons. This conclusion was derived from data of a specific magnetron where the
magnetic field is rather strong and the magnetic null is close to the target. Other magnetrons may
not necessarily have such strong VB and curvature drift components. Strong velocity gradients,
shear, and even direction reversal can be found, which suggests that drifting electrons create
waves and instabilities. This is consistent with the understanding that ExB discharges



generally exhibit instabilities, and that seeding for self-organized traveling ionization zones in
HiPIMS is readily available.
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Figure Captions

Fig. 1. Measured magnetic field of a 76 mm (3”) magnetron with a 6.2 mm (1/4”) thick Nb
target in place. As evident by the magnetic null point close to the target, this is an
unbalanced magnetron (manufacturer US Inc., now MeiVac Inc.)

Fig. 2. Electron Larmor radius for the measured magnetic field, arbitrarily assuming a constant
velocity perpendicular to the magnetic field vector corresponding to 10 eV. The region
around the magnetic null is excluded since electrons are not magnetized when the
magnetic field is very weak.

Fig. 3 ExB drift velocity field derived from the measured magnetic field and the measured
plasma potential field [17]. In the experiment, the voltage on-time was set to 100 ps with
a pulse repetition rate of 100 Hz, applied discharge voltage -488 V at an argon pressure
0.26 Pa. The velocity field near the racetrack could not be measured since the
disturbance of the discharge plasma by the probe was large. The region near the
magnetic zero is excluded due to the lack of electron magnetization.

Fig. 4 Maximum VB drift velocity, considering the most energetic electrons by assuming they
have gained 500 eV in energy when traversing the sheath. The “hole” in the center is
associated with the magnetic null, where electrons lose magnetization.
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