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This paper reviews the latest research and development in China for magnetic field-enhanced vacuum
arc deposition (MFE-VAD). China has developed some new technologies in MFE-VAD. These technologies
are all based on the interaction between the magnetic field and cathode arc spot (and arc plasma). An
external magnetic field can be applied to steer the cathode spot motion including axisymmetric magnetic
field (AMF), transverse rotating magnetic field (TRMF) and coupling magnetic field (CMF). The transverse
component of AFM can accelerate the cathode spot motion. The TRMF covered the whole cathode was
generated by stationary three-phase windings carrying three-phase alternating currents. The CMF was
designed to improve the increasing of plasma density and the collisions between ion and droplet-particls

(DPs) charging, and as well as further purify the DPs.
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1. INTRODUCTION

Vacuum arc deposition (VAD) has been widely used
for deposition of hard protective coatings especially in
mechanical field such as cutting tools, moulds and etc.
It is characterized with a high current electrical dis-
charge resulting in its high ionization (70 % ~ 80 %),
which in turn causes high deposition rate, excellent
film density, strong film/substrate adhesion [1-3]. Un-
fortunately, droplet-particles (DPs) of up to several
micrometers in size are also emitted with ionized parti-
cles due to the plasma-liquid pool interactions in the
cathode spot [4-5]. The emitted DPs usually land on the
surface of the prepared films and deteriorate the quali-
ty and performance of the films and hindering a broad
VAD application. Therefore, DPs contamination has
been the most important technological problem and
becomes the main obstacle in VAD process [6].

In order to eliminate DPs, several mothods have
been presented to solve this droplet problem. The
methods can be roughly classified into two types, one in
which the generation of the droplets is suppressed, and
the other in which the droplets are reduced during
their transportation. The former consists of steering arc
[7], distributed arc [8] and pulsed arc [9]. The latter
includes shielded vacuum arc [10], magnetically fil-
tered vacuum arc [11] and coaxial vacuum arc [12].
Furthermore, some parameters related to this deposi-
tion process such as cathode poisoning [13], negative
substrate pulse-biasing [14-17] were also provided in
order to reduce DPs.

Of all these methods, the external magnetic field-
enhanced VAD is a positive mean to reduce DPs gener-
ation because it can solve the problem at the origin of
the process. It is firmly established that cathode spot is
a process related to a rapid sequence of individual igni-
tion and extinction of active emission sites [18-19]. An
external magnetic field can be applied to steer the
cathode spot motion due to its physical intrinsic char-
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acteristics of conduction [20-21]. The so-called’ steering
arc’ is an arched magnetic field, which has been inves-
tigated intensively [7, 22-23]. Much work has been done
to investigate cathode spot dynamics under different
magnetic field component in a vacuum [24-28]. It has
been shown that the cathode spot moves at random on
the cathode surface in the absence of a magnetic field.
The cathode spot moves in a direction perpendicular to
the field lines in the reverse direction to the ampere
rule (“retrograde motion”) applying a magnetic field
parallel to the cathode surface (B//). When applying an
acute-angled magnetic field, the cathode spot obeys the
“acute angle rule” [29-30], that is to say, the cathode
spot is not only superimposed a retrograde motion (cor-
responding to B// component) but also superimposed on
a robson drift, and the direction of the robson drift
points to the acute angle area between the surface of
the cathode and the magnetic field lines. The acute
angle rule is available for restricting the motion direc-
tion and occurrence of the cathode surface of the cath-
ode spot, which is significantly important for steering of
cathode spot motion and uniform etching the cathode
target [31]. When applying an axisymmetric magnetic
field (AFM), the cathode spot will suffer from the retro-
grade motion resulted from the B// component and the
acute-angled magnetic field (in presence of acute angle
of cathode target edge). In the present paper, some ex-
perimental results about magnetic field-enhanced vac-
uum arc deposition in China will be presented and the
results of film deposition applying different kinds of
magnetic field are also given.

2. STEERED VACUUM ARC BY IMPLYING AMF

Lang et al. [31-32] designed an AMF enhanced VAD
equipment, as shown in Fig. 1. In this design, an ad-
justable electromagnetic coil enclosed with a coaxial
cylinder of magnetically soft coating was located behind
the cathode (a water-cooled titanium cathode of 60 mm
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Fig. 1 — Schematic illustration of the AMF enhanced VAD
equipment

in diameter and 30 mm in thickness). TiN films were
deposited on 1Cr18Ni9Ti stainless-steel specimens with
the arc current of 60 A for the deposition time of
30 min. the distribution of the AMF was simulated by
using the FEMM 4.2 software package.

An axisymmetric magnetic field can be decomposed
into two parts: a transverse magnetic field component
perpendicular to the target surface BT and the longitu-
dinal magnetic field component parallel to the target
surface BN. Fig. 2 shows the distributions of BT
and BN on the cathodic target surface under different
field intensities presented by Icoil (coil current). The
BT at the edge of target increases with Icoil and the BN
at the centre of target increases with Icoil.

It was showed that the AMF intensity strong influ-
ences the cathode spot motion. In the case of a weak
AMF (< 5 Gs), a big the cathode spot moves randomly
and slowly on the cathode target surface. With the
AMF increasing, there is an increasing trend for the
cathode spot to refine, rotate and drift toward the cath-
ode target edge, exhibiting a chrysanthemum structure,
the cathode spot motion pattern changed from a big
bright spot to a thinner and longer line. An increase in
the BT intensity can accelerate the rotational speed of
the cathode spot and increase the arc voltage. With a
relatively strong AMF (BT = 30 Gs), the cathode spot
rotates near the edge of the cathode surface and is re-
stricted to a circular trajectory.

By applying an AMF with different magnetic field,
it can be seen that the DPs number and sizes of depos-
ited TiN films are significantly decreased with the
magnetic field intensity increasing. Furthermore, the
roughness (Ra) of the TiN films is apparently reduced
with the magnetic field intensity increasing, from
0.16 um at 0 Gs to 0.05 um at 30 Gs. It is concluded
that DPs reduction could significantlyimprove the sur-
face quality of films. In addition, the results of deposit-
ed (Ti, AI)N films using the same processing is basically
the same as those of TiN films [33].

3. STEERED VACUUM ARC BY IMPLYING
TRANSVERSE ROTATING MAGNETIC
FIELD (TRMF)

Most of the magnetic fields were designed to be static
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and quasi-static in steered vacuum arc deposition. In
general, one and more permanent magnets were usually
used to steer the cathode spot motion located behind the
cathode target. Furthermore, one or more electromagnet-
ic coils instead of permanent magnets were also applied
to steer the cathode spot motion. These designed mag-
netic fields greatly steer the cathode spot motion and
reduce the DPs pollution in the prepared films. However,
the cathode spot cannot disperse through all the area of
the cathode target surface, which cause low utilization of
the targets and high cost for films production when us-
ing the above-mentioned static magnetic fields.

Lang [34] designed a transverse rotating magnetic
field source and its producing equipment. Using FEM,
the magnetic field configuration was simulated, as
shown in Fig. 3. In this design, several magnetic poles
(4n or 3n, n > 1) with the same angle differences in space
were used, and each pole was equipped with several ex-
citations coil windings (2 or 3). All the poles with wind-
ings were configured to a coaxial flange driven by an
adjustable rotation speed motor. Fig. 3b shows schematic
diagram of the poles rotate at different position in one
period. In the specific design, a bipolar symmetric rotat-
ing magnetic field (RMF) with N-S magnetic pole was
thus produced.
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Fig. 2 — Distributions of BT (a) and BN (b) on the cathodic
target surface under different field intensities presented by
Icoil (coil current)

Fig. 4 shows transient distribution of magnetic field at
different times simulated by FEM. It can be seen that
magnetic flux showed an almost homogeneous distribu-
tion, especially at the centre of the magnetic field produc-
ing equipment. By changing the rotating frequency and
the amplitude of the coil exciting current (these two pa-
rameters can be adjusted independently), the speed of
rotation and the magnetic intensity could be regulated
continuously.
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Fig. 4 — Transient distribution of the magnetic field at different times
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Fig. 5 — Schematic diagram of the case 1 of implementation of coupled magnetic field enhanced deposition

By applying the TRMF, TiN films by different fre- field were deposited. The results showed that the size
quency and intensity of the rotating transverse magnetic and number of DPs on the surface of TiN films were re-
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duced with the frequency and coil excitation current
decreasing. It also showed that the distribution of DPs
was closely related to the state of arc spot motion. With
the intensity and frequency of the RTMF increasing, the
transient area of the spot arc on the target surface was
also increased, which reduced the emission of DPs.

4. STEERED VACUUM ARC BY IMPLYING
COUPLING MAGNETIC FIELD

The electromagnetic field can not only steer the cath-
ode arc spot motion but also control the motion trajecto-
ry of arc plasma after being produced by arc discharge.
Lang [35] designed a coupling magnetic field including
an AFM placed behind the cathode target and an AFM
located behind the substrate, as is shown in Fig. 5.

And the results of the coupled magnetic field con-
figuration and only TRMF configuration simulated by
FEM showed that without an AFM located behind the
substrate, the arc plasma from the cathode target sur-
face acted as a point source. In this conventional pro-
cessing, the magnetic field configuration behind the
cathode target is inhomogeneous, causing the uneven
spatial distribution of the plasma during the transmis-
sion. In this case, the thickness of films at different
positions on the substrate could be non-uniform. But
when applying the coupled magnetic field configura-
tion, especially applying an AFM located behind the
substrate, the transmission during the plasma space
will be limited to a quite centralized area, which will
enhance the plasma density and uniformity near the
substrate. As a result, the deposition rate and uni-
formity of the deposited films will be greatly improved.

It showed that with the increase of the strength of
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coupled magnetic field, the number and the size of DPs
on TiN films surface have been greatly reduced. The
reason for this is because the coupling magnetic field
will improve the increasing of plasma density and the
collisions between ion and DPs charging, and the sub-
strate bias will rebound the charged DPs and then less
DPs will land onto the surface of substrate. The plasma
under the influence of coupled magnetic field, which
has enhanced the interaction between the plasma and
the DPs as well as further purified the DPs. Moreover,
the deposition rate of film has been exponentially in-
creased. Summary and Outlook Based on the
interaction between the magnetic field and arc spot
(and arc plasma), an external magnetic field can be
applied to steer the cathode spot motion including
axisymmetric magnetic field (AMF), transverse
rotating magnetic field (TRMF) and coupling magnetic
field (CMF). The transverse component of AFM can
accelerate the cathode spot motion. The TRMF covered
the whole cathode was generated by stationary three-
phase windings carrying three-phase alternating
currents. The CMF was designed to improve the
increasing of plasma density and the collisions between
ion and DPs charging, and as well as further purify the
DPs. Different kinds of magnetic fields will play
different roles on the cathode spot motion and motion
trajectory of arc plasma, which depends on the specific
application conditions.
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