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Plasma transport in a hybrid dc vacuum arc plasma source for ion deposition and plasma immersion
treatment is considered. It is found that external crossed electric and magnetic fields near the

substrate can significantly reduce the relative amplitude of ion current fluctuations Ī f at the substrate

surface. In particular, Ī f decreases with the applied magnetic field when the bias voltage exceeds
300 V, thus allowing one to reduce the deviations from the rated process parameters. This
phenomenon can be attributed to an interaction between the metal-plasma jet from the arc source
and the discharge plasma in the crossed fields. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2136416�
I. INTRODUCTION

The hybrid ion deposition/plasma immersion ion treat-
ment �ID/PIIT� is a promising approach for improving the
surface properties of mechanical parts by enhancing their
chemical stability and wear resistance.1–3 Typically, the ID/
PIIT process involves two main stages, repeated at a rate of
a few hertz to several kilohertz. In the ion deposition stage, a
coating is deposited on a substrate by an ion flux extracted
from a metal or carbon plasma generated in a vacuum arc
plasma source �VAPS�.4 In the plasma immersion treatment
stage, a negative bias voltage is applied repetitively to the
substrate immersed in the plasma, and an ion flux is ex-
tracted from the plasma and accelerated through the near-
substrate plasma sheath. The application of the negative bias
enables one to treat the growing coating by an ion flux with
controllable kinetic energy. This improves the surface layer
and coating structure through heating and activation of the
adsorbed atoms on the substrate surface during film
growth.5,6 Both high-7 and low-8 voltage processes have been
effectively used for treating various functional materials.
Low-voltage treatment �in the range of several kilovolts� can
result in a notable improvement of the coating hardness.1,9

Increase of hardness can also be achieved at several tens of
kilovolts.10

Pulsed VAPSs have several drawbacks. The deposition
occurs only in the discharge run �the “arc off” phases are
wasted for the purpose of deposition�, resulting in lower
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deposition rates than that in dc VAPS systems. Moreover, the
quality of films synthesized in pulsed systems is often com-
promised by unwanted contaminant deposition between the
arc pulses.11 Besides, in a pulsed system the desired param-
eters for film synthesis cannot be maintained during the en-
tire deposition cycle since the required ratio of the ion/
reactive gas densities �e.g., titanium ions Ti+, Ti2+, and Ti3+

and hydrocarbon radicals and/or atomic nitrogen for synthe-
sis of titanium nitride �TiN�, titanium carbide �TiC�, or com-
plex titanium carbonitride �TixC1−xN� coatings� is disrupted
during the “off” phase. Thus, continuously operating dc
VAPS systems are more promising for fabrication of dense
films with controlled elemental composition, structural, and
other properties.

However, violent current fluctuations that can greatly re-
duce the process efficiency frequently occur in continuously
operating dc VAPS systems. The fluctuation level depends on
the regime of the VAPS operation12 as well as the cathode
spot dynamics.13 The movement of the cathode spots can be
controlled by external focusing magnetic field B f.

14,15 Even
though the application of B f can improve VAPS stability, the
current fluctuation level in the system can still remain high.

We introduce here a hybrid ID/PIIT system comprising a
dc vacuum arc metal plasma source and crossed magnetic
and electric fields near the substrate. A prototype of this fa-
cility designed for low-voltage plasma treatment has been
tested.16 In this device, no pulsed bias is applied, and the
treatment is achieved by simultaneous deposition of metal
ions and bombardment of the growing film with ions ex-
tracted from a gas discharge in crossed E�B fields sustained
around the cylindrical substrate, where E and B are the near-
substrate electric and magnetic fields. Thus, the process is

conducted in a steady-state regime. Time-averaged current-

© 2006 American Institute of Physics1-1
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voltage characteristics of a similar system with crossed E
�B fields have been previously reported.17 Recently, it has
been shown that magnetic field can affect the thickness of the
near-substrate sheath.18 The parameters of various systems
without19 and with20 the transverse magnetic field have been
investigated in the regime when the substrate bias pulses
were applied at a rate of several hertz.

Hybrid systems with a plasma jet as well as crossed E
�B fields are often characterized by a high level of near-
substrate current fluctuations. Unfortunately, at present nei-
ther effective remedy nor systematic study of the enhanced
fluctuations exist. Here we propose an efficient method for
reducing the relative amplitude of ion current fluctuations in
a hybrid ID/PIIT system featuring a dc vacuum arc metal
plasma source and near-substrate crossed magnetic and elec-
tric fields. It is shown that if the near-substrate electric field
is strong enough, the application of crossed E�B fields re-
sults in a substantial suppression of the relative amplitude of
ion current fluctuations and can lead to an improvement of
the stability of plasma processing.

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental setup is shown
in Fig. 1. The hybrid facility consists of a vacuum chamber,
a cylindrical substrate, an inner coil, and a VAPS. A tubular
mount with the inner coil and the cylindrical substrate, nega-
tively biased relative to the grounded chamber walls, is in-
stalled axially in the vacuum chamber. The substrate and
inner coil are housed in a water-cooled cylindrical vacuum
chamber with a volume of 0.25 m3 �inner diameter 0.55 m
and length 1.0 m�. The inner coil is 100 mm in diameter and
total length of 200 mm, located in the tubular mount. Inside
the coil, a core of 40 mm diameter and 200 mm length made
of a soft steel �magnetic permeability ��1000� is inserted in
order to increase the magnetic field. The internal space of the
tubular mount is not evacuated, thus allowing us to cool the
coil by a continuous air flow. The cylindrical substrate of
500 mm length and 120 mm diameter, made from a nonmag-
netic austenitic stainless steel �18% chromium and 10%
nickel� tube, is installed concentrically on the tubular mount.
Insulation made of several layers of a thin asbestos tape is
fitted between the grounded tubular mount walls and the cy-
lindrical substrate to prevent gas breakdown in the gap be-
tween them. The upper and lower sections of the substrate
surface are covered with tubular metal shields to avoid arc-

FIG. 1. Experimental setup.
ing in the areas where the magnetic field lines intersect the
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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substrate surface. The shields are insulated and maintained at
a floating potential. The dependence of the magnetic field
strength on the magnetic-coil current Im with the distance
from the substrate R as a parameter is shown in Fig. 2.

A metal plasma jet is produced by a direct-current VAPS
with a cathode of 50 mm diameter and 50 mm length and a
grounded anode of 120 mm diameter. The cathode is made
of titanium. The vacuum arc is triggered by a high-voltage
pulse generated by the igniting circuit. The source operates at
a nominal current of 100 A. The cathode spots are retained
on the cathode face surface by the magnetic field generated
by a focusing coil, installed above the anode. The VAPS is
mounted on the flange of a plasma duct of 180 mm diameter
and 260 mm length. The exit flange of the plasma duct is
attached to the vacuum chamber port. A guiding coil on the
duct sustains a guiding magnetic field Bg, along which the
plasma is transported to the chamber. The distance between
the duct exit and the substrate axis is 250 mm.

An automated gas feed system maintains the nitrogen
pressure p0 at �1 Pa. This pressure is most appropriate for
deposition of titanium-based films in such devices. The pres-
sure is controlled by a combination of an electromagnetic
valve, a mechanical backing pump, and a high-vacuum oil
pump. The pressure is measured with a thermocouple
vacuum gauge and two ionization gauges.

Two independent dc power supply units are used to
maintain a voltage from 0 to 0.5 kV between the grounded
chamber walls and the substrate �with maximum current
20 A�, and a voltage from 0 to 100 V between the cathode
and anode of the VAPS �with maximum current 110 A�. The
stabilized power supply units operate at the transformation
frequency of 16 kHz; the amplitude of ripples does not ex-
ceed 1.0% of the nominal rectified current for the VAPS
supply unit and 0.5% for the bias supply unit. The slope of
the current-voltage characteristics of the power supply units
does not exceed 0.1 V/A for the VAPS supply unit �in the
current range from 60 to 110 A� and 0.07 V/A for the bias
supply unit �in the current range 0 to 10 A�. The current,
current fluctuations, voltage and pressure are recorded by an
automated data acquisition system �DAS� connected to a
computer via an analog-to-digital converter �ADC�. The digi-
tal sampling rate of the ADC is 10 kHz, and the analog band-
width of the DAS is approximately 1 MHz.

Measurements were made for three values �90, 100, and

FIG. 2. Dependence of the magnetic field strength on magnetic coil current
Im with distance R �on the coil axis of symmetry� from the substrate surface
as a parameter.
110 A� of the VAPS current Ia covering the range of stable
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operation of the VAPS. Bias voltages from 100 to 500 V
provide stable deposition without arcing to the substrate.21

On the other hand, in the range of magnetic coil currents
from 0 to 7 A, magnetic fields from 0 to 0.1 T are gener-
ated. Under these conditions, the plasma electrons are
strongly magnetized in the vicinity of the substrate surface.

III. RESULTS

Oscillograms of the ion current at the substrate surface
taken for the VAPS current Ia=100 A, bias voltages Us

=500 V, and magnetic coil currents Im=0 A and Im=5 A are
shown in Fig. 3. One can see that without the magnetic field
the current fluctuations can reach a value which is the same
as the mean current. Strong effects by the fluctuations on the
plasma immersion treatment process can thus be expected.
On the other hand, Fig. 3�b� shows that the application of a
magnetic field can significantly reduce the fluctuations. The
mean period ��0.02 s� of the current fluctuations is unaf-
fected by the magnetic field.

To study the spectral characteristics of the current versus
time function, we calculated the discrete probability distribu-
tion for the relative amplitude of current fluctuations

Ī f = ��I − �I	��/�I	 ,

where I and �I	 are the actual and mean currents, respec-
tively. The discrete probability distribution is obtained from
the recorded oscillograms as follows. The vector file of cur-
rent values �50 000 data points spanning 5 s� has been
scanned. For each data point, i.e., for each time step of
100 �s, the difference between the actual current and the
mean current is determined, with a discreteness set at 1 /150
of the mean current. The values are then normalized to 1
according to

�

1

n

�i = 1, �1�

where � is a normalizing coefficient, n=150, and �i is the

FIG. 3. Oscillograms of the ion current at the substrate surface for Ia

=100 A and Us=500 V, for �a� Im=0 and �b� Im=5 A.
number of data points having an amplitude in the ith interval
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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of the mean current �I	, so that the interval width is �I	 /n. In
other words, each column in Fig. 4 represents the probability
of finding the corresponding fluctuation level �the random
part of the current divided by the mean current�.

Figure 4 reflects the changes in the spectral characteris-
tics caused by an increase of the magnetic field. From Fig.
4�a�, plotted for zero magnetic field one finds that the relative
current fluctuations of very large amplitude �85% of the
mean� are the most probable. In Fig. 4�b�, where a magnetic
field is present, one finds a sharp cutoff for relative fluctua-
tion levels exceeding 0.55. In fact, the relative fluctuation
level of the ion current is mainly between 15 and 35%, much
lower than in the magnetic field-free case. Similar behavior
was observed in the entire range �90–110 A� of the vacuum
arc current. Thus, when the dc bias voltage exceeds 300 V,
one can significantly reduce the relative current amplitude at

the substrate Ī f �in the crossed fields region�. With increasing

magnetic coil current, Ī f decreases progressively but satu-
rates at 0.5–0.6. We note that in practical applications the
relative amplitude of ion current fluctuations at the substrate
determines the severity of the deviation of the deposition
conditions from the rated process specifications.

Figure 5 illustrates the dependencies of the maximum

relative current amplitude Ī fm= ��Imax− �I	�� / �I	, where Imax is
the maximum registered current value, on magnetic coil cur-
rent for different bias voltages and arc current: �a� Ia=90 A

and �b� 110 A. Figure 6 shows Ī fm versus bias voltage at
different magnetic coil and arc currents: �a� Ia=90 A and �b�
110 A. From the figures one can see that Ī f .m decreases
weakly as the bias voltage changes from 100 to 300 V.
However, when the voltage exceeds 300 V, the maximum
relative current amplitude appears to be much lower. Inter-
estingly, the magnetic field strength does not appreciably af-
fect the above results. When B0=0, the bias voltage does not
affect the amplitude of the relative current fluctuations.

We can therefore conclude that by applying a magnetic

FIG. 4. Distribution of current fluctuation amplitude for the same param-
eters as in Fig. 3.
field, one can shift the most frequent oscillations from 0.85IS
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to 0.25IS, and decrease the maximum relative amplitude from
0.85IS to 0.55IS. Figure 7 presents the dependence of the
most frequent �i.e., most probable� relative amplitude of cur-
rent fluctuations on the magnetic coil current for different
VAPS currents at a bias voltage of 500 V �Fig. 7�. The most
probable relative amplitude decreases smoothly with the coil

FIG. 5. Dependence of the maximum relative amplitude of the current fluc-
tuation on magnetic coil current Im with bias voltage Us and arc current Ia as
parameters.
FIG. 6. Same as in Fig. 5 vs bias voltage Us with Im and Ia as parameters.

ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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current and reaches 0.1–0.2 when the latter approaches 7 A,
i.e., at B=0.06 T, at 25 mm from the substrate surface. At
moderate magnetic fields �Im=3 A� this value approaches
0.3. In its entire range of 90–110 A, the VAPS current does
not appreciably affect the relative amplitude of the most fre-
quent fluctuation level.

IV. DISCUSSION

The large-amplitude low-frequency ion current fluctua-
tions in plasma immersion treatment facilities using a VAPS
are intimately related to the �metal� plasma production,
which occurs mainly in the cathode spots.22 In our experi-
ments the duration of the cathode spots existence23 is much
shorter than the fluctuation period. Thus the observed current
fluctuations can be attributed to the spot movement around
the cathode surface rather than to the spot generation/
quenching processes. Due to specific vacuum source geom-
etry �Fig. 1�, the ions from the plasma produced in the spot
can deposit directly onto the anode surface when the spots
migrate over the lateral �cylindrical� surface facing the gap
between the cathode and the anode. When the spots move
around the cathode face periphery �closer to the anode�, the
plasma flux at the plasma duct exit decreases. Thus, the spot
movement can produce large-amplitude, low-frequency ion
current oscillations. When the arc current is sufficiently
large, several spots can exist simultaneously, causing a sto-
chastic pattern of current fluctuations. These fluctuations
have a frequency of approximately several tens of hertz, as
can be seen in Fig. 2 �the fluctuation period is �0.02 s�. It
should be noted that these fluctuations do not have their ori-
gin in the auxiliary circuits, since the rectification of a three-
phase line power produces a higher ripple frequency of ap-
proximately n�100 Hz, typically 300 Hz for the three-phase
double-wave rectification. Besides, the recorded fluctuations
have an essentially stochastic pattern and are not correlated
with the regular oscillations in the power supply circuit.

Our results show that the relative amplitude of current
fluctuations is drastically reduced when the magnetic field is
applied at the substrate. To explain the results, we now ex-
amine the processes occurring in the plasma device with
crossed electric and magnetic fields. In this system, the metal
plasma stream generated by the VAPS is driven to the sub-

FIG. 7. Dependence of the most probable relative amplitude on magnetic
coil current Im with Ia as a parameter.
strate by the external electric field created by the negatively
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biased substrate. Meanwhile, a toroidal glow-discharge �GD�
plasma is sustained around the cylindrical substrate when the
gas pressure exceeds 0.01 Pa.17 The substrate is subject to
concurrent ion fluxes from the GD and metal plasmas.16

Thus, the total current increases, as can be seen in Fig. 3.
Therefore, the natural way to explain the current increase is
to assume that the pulsating arc current is imposed upon the
GD current, and hence the relative amplitude of the substrate
current fluctuations decreases.

To verify this assumption, we have measured the sub-
strate current versus Im at two pressures �0.01 and 1.0 Pa�
without the arc source. It is found that the GD cannot be
initiated at pressures p0�0.01 Pa. At p0=1.0 Pa, the GD is
initiated when the magnetic coil current Im exceeds 0.6 A.
When Im exceeds 2 A, the GD ion current saturates at IS

�1.5 and 2.5 A for dc biases of 400 and 500 V, respectively.
Since the GD ion current is added to the metal plasma cur-
rent �when the VAPS is in operation�, the total current to the
substrate increases appreciably with the magnetic field, as
can be seen by comparing Figs. 3�a� and 3�b�. One can thus
conclude that the superposition of the metal plasma and glow
discharge currents is a cause for the decrease of the current
fluctuation level in a low magnetic field �up to Im=2 A�.
Since the GD ion current saturates at Im=2 A, further ampli-
tude decrease cannot be explained by merely adding the gas
and metal ion currents, and we propose another possible
mechanism.

Let us consider in more detail the transport of the metal
plasma to the biased substrate �Fig. 8�. When the plasma
streams toward the substrate, the electric field accelerates the
ion species and slows down the electrons produced by the
VAPS �primary electron flux�. The electrons are also driven
by the weak radial electric field and move to the grounded
chamber walls. Thus, most of the electrons from the VAPS-
generated metal plasma are lost to the grounded walls and do
not reach the negatively biased substrate. In the steady state,
the quasi-neutral plasma flux to the substrate is mainly sus-
tained by the electron flux produced by background gas ion-
ization near the substrate surface �opposite electron flux
�OEF��. It is natural to suppose that the opposite electron flux
plays a crucial role in reducing the current oscillations. Let
us estimate the transit time �e required for the OEF electrons
to traverse a given length l.

The classical electron mobility across the magnetic field

FIG. 8. Schematics of the plasma, ion, and electron fluxes between the
VAPS and substrate.
is
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�et =
me

e

�e

B2 , �2�

where me is the electron mass, �e is the electron-neutral col-
lision frequency, and e is the electron charge. The electron
velocity across the magnetic field is then

Vet = �etEt, �3�

where Et is electric field directed to the substrate. Thus, the
electron transit time is

�e = l/Vet = l/�etEt, �4�

which after substitution of Eq. �2� into Eq. �4� yields

�e =
e

me

lB2

�eEt
. �5�

The electric field is mainly concentrated in a thin sheath
at the substrate surface, only a weak electric field from the
small voltage drop Ur=krUs is present outside the sheath,
where kr�1, and Us is the dc bias voltage. Taking into ac-
count that the current oscillations cannot be smoothened for
voltages below 300 V, one can use kr=0.01, assuming that
electrons �from the VAPS� with the energy 	e=3 eV �Ref. 3�
are mainly decelerated after they have traversed the gap be-
tween the arc source and the substrate. Approximating the
distance the electrons travel from the near-substrate area �op-
posite electron flux� as l= ltkrUs / �2	e�, where lt is the dis-
tance between the substrate and vacuum arc source �lt

=0.3 m�, and taking the electric field outside the sheath as
Et=2	e / lt, we obtain

�e =
e

me

krUS

�e
� ltB

2	e
�2

�6�

for the time required for the OEF electrons to traverse the
near-substrate area. Using �e=na
aVe for the electron-neutral
collision frequency, p0=1 Pa for the working gas pressure,

a=10−20 m2 for the electron-neutral collision cross section,
Ve=106 m/s �3 eV� for the electron thermal velocity, B
=0.005 T for the magnetic field �at Im=3 A, the field mea-
sured at a distance of 150 mm from the substrate surface,
i.e., between the substrate surface and vacuum arc source�,
and US=300 V for the voltage, the estimated electron transit
time is �e=0.015 s. Note that this value is less than the mean
period of the measured current fluctuations. On the other
hand, for US=500 V we have �e=0.025 s, which exceeds the
mean period of the current fluctuations �cf. We emphasize
that the electron transit time is less than the period of current
fluctuations ��e��cf� at US=300 V, whereas �e��cf at US

=500 V.
Under such conditions, the current fluctuations are

smoothened as follows. When the plasma production rate
transiently increases, the ion flux toward the substrate sur-
face becomes stronger. Meanwhile, OEF electrons drifting
from the substrate toward the plasma duct exit tend to com-
pensate the increased ion flux. Within the electron transit
time �e, most of the increased �i.e., noncompensated or “ex-
cessive”� ion flux is deposited onto the chamber walls since
the quasineutral plasma moving across the magnetic field is

not supported by the opposite electron flux. If the enhanced
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plasma generation discontinues before the OEF electrons ar-
rive to the duct exit, the excessive ion flux is dissipated on
the walls, and the current fluctuation cannot reach the sub-
strate. On the other hand, if the excessive plasma production
still continues when the OEF electrons approach the duct
exit, higher-density neutralized plasmas are subject to quite
different transport conditions. The prevailing conditions are
favorable for the increased plasma flux to reach the substrate
sheath. Hence, more intense ion fluxes can be extracted,
causing an increase in the substrate current. We can thus
conclude that the layer of plasma with magnetized electrons
acts as an efficient magnetic shield that impedes the propa-
gation of the plasma plumes ejected in pulses shorter than
the time �e required for the OEF electrons to traverse the
magnetic shield area.

The previous estimates are valid when the time �i of ion
transit from the plasma duct exit to the substrate surface is
much shorter than the electron transit time �e and the char-
acteristic time scale of the current fluctuations. Assuming
that the energy of Ti+ ions is 10 eV and taking into account
that the ion flux is not magnetized, we have an ion transit
time of 5�10−5 s, which is much less than the estimated
electron transit time.

V. CONCLUSION

Thus, the application of a transverse magnetic field no-
ticeably decreases the relative amplitude of the substrate cur-
rent fluctuations �from 85% down to 55% for the maximum
level, and down to 25% for the most probable level� due to
the magnetic shielding effect. When the bias voltage exceeds
300 V, relative amplitudes of the current fluctuations de-
crease with the magnetic field. However, at dc bias voltages
lower than 300 V, application of even strong magnetic fields
does not affect the high-amplitude fluctuations. We have also
shown that variations in the VAPS current Ia do not notice-

ably affect the current fluctuation level.
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