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When self-sputtering is driven far above the runaway threshold voltage, energetic electrons are made

available to produce ‘‘excess plasma’’ far from the magnetron target. Ionization balance considerations

show that the secondary electrons deliver the necessary energy to the ‘‘remote’’ zone. Thereby, such a

system can be an extraordinarily prolific generator of usable metal ions. Contrary to other known sources,

the ion current to a substrate can exceed the discharge current. For gasless self-sputtering of copper, the

usable ion current scales exponentially with the discharge voltage.
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Large fluxes of ions are of interest to a number of
plasma-based technologies such as self-ion assisted depo-
sition of films and high-current and large-area ion sources.
The generation of large ion fluxes is a challenging task
because plasma systems tend to produce just as many ions
as necessary to maintain the discharge. Hence, only a small
fraction of the generated ions can be utilized for process-
ing. Among the most prolific generators of ions are ca-
thodic arc discharges, where the available ion current is
generally quantified by normalizing it to the discharge
current; the ratio is typically about 0.1 [1]. In this contri-
bution we will demonstrate that high-power impulse mag-
netron sputtering (HIPIMS) can be an extremely prolific
generator of metal ions that, under certain conditions, can
deliver ion currents that even exceed the discharge current.
We will show that this very high level is consistent with
common particle and energy balance considerations.

HIPIMS was developed with the goal to at least partially
ionize the sputtered atoms and thereby to provide a means
for self-ion assisted deposition of thin films [2–5]. In
HIPIMS, and depending on several parameters such as
power density, target material, and gas pressure, the mag-
netron discharge plasma contains a large fraction of ion-
ized sputtered material, and therefore HIPIMS processes
are closely related to self-sputtering. Self-sputtering is an
intriguing subject of research since the early reports by
Hosokawa and co-workers [6,7] because, after initiating
the magnetron in a gas atmosphere at high-power density,
self-sputtering can sustain itself for a few target materials
under certain conditions [8,9].

The current-voltage-time characteristics of HIPIMS dis-
charges in background gas [10,11] show that for suffi-
ciently long pulses (typically >100 �s) at constant
voltage, the current may go through a maximum and then
settle at an equilibrium value. The current reduction after
the initial peak is due to gas rarefaction. However, if the
power density is high, the current evolution may look
completely different in that, at a well-defined voltage
threshold, the current does not reduce but jumps to a
new, much higher value. This is the threshold of sustained

self-sputtering [7]. At the threshold, self-sputtering ampli-
fies itself and the self-sputtering parameter exceeds unity,
� � ���SS > 1, where � is the probability that a sput-
tered atom is ionized, � is the probability that the newly
formed ion returns to the target, and �SS is the self-
sputtering yield. All three quantities are time dependent
but the system evolves towards a new steady state, with
� ¼ 1, provided the power supply can supply the neces-
sary current at constant voltage.
Copper is a preferred material for studying sustained

self-sputtering because the sustained situation,� ¼ 1, can
be obtained at manageable, relative low power densities
(e.g., �1 kW=cm2 averaged over the target area). Re-
cently, it was shown that copper allows gasless (high vac-
uum) self-sputtering to occur when the magnetron dis-
charge pulses are ‘‘kickstarted’’ via short vacuum-arc
plasma pulses [12]. We will focus here on ‘‘gasless’’ sput-
tering because it avoids the modeling complications asso-
ciated with plasmas containing both gas and metal species.
The current to a negatively biased ion collector, i.e.,

large probe operating in the ion saturation current, is given
by the area integral over the current density Ii ¼

R
jidA,

with the Bohm current [13]

ji ¼ 0:61ni0 �Qe

�
kTe0

mi

�
1=2

; (1)

where ni0 is the ion density at the edge of the sheath (index
‘‘0’’) of the collector, �Q is the mean ion charge state

number, e is the elementary charge, ðkTe0=miÞ1=2 is the
local ion sound velocity which depends on the electron
temperature, Te0, and the ion mass; k is the Boltzmann
constant. In the derivation of (1), the magnetic field was
neglected, and it is assumed that the collector is flat, i.e.,
that the sheath is much thinner than the collectors curva-
ture. There are ample descriptions of refinement in the
literature [14,15] but this approximation will suffice to
discuss the physics.
To determine the ion density in (1), we should consider

the ion balance equation at the collector’s sheath edge
(omitting the index 0 for simplicity)
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2
eni �rðniviÞ; (2)

where K� and K� are the ionization and recombination

coefficients, and the last term describes the plasma flow
due to diffusion and drift. The coefficients are [16,17]

K� ¼
Z

feðEÞ E1=2�eaðEÞ dE; (3)

K� � 4

9

�
2�

me

�
1=2

�
e2

4�"0

�
5ðkTeÞ�9=2: (4)

where E is the electron energy, feðEÞ is the electron en-
ergy distribution function, and �ea is the ionization cross
section. The atomic structure appears in the ionization
formula (via �ea) but the recombination coefficient is
only dependent on the temperature because recombina-
tion occurs into the upper bound levels which are always
hydrogenlike; for this estimate one can use K� � 3 �
10�39T�9=2

e with K� in m6=s and Te in eV. If we now

look at the ionization caused by the energetic tail of
Maxwellized (plasma bulk) electrons, i.e., electrons with
energies just exceeding the first ionization energy of the
atom, E01, we can use the Maxwell distribution in (3) and
approximate the cross section by the linear function
�eaðEÞ � CeaðE� E01Þ, resulting in [17]

K� �
�
8kTe

�me

�
1=2

CeaðE01 þ 2kTeÞ exp
�
�E01

kTe

�
; (5)

where Cea � 5� 10�21 m2=eV and EiðCuÞ ¼ 7:73 eV. A
comparison of ionization and recombination rates shows
that ionization is prevalent unless the electron temperature
is less than 1 eV (Fig. 1). If we consider that feðEÞ contains
a non-Maxwellian component at high energy caused by the
secondary electrons accelerated in the sheath of the cath-
ode, one can state that the dominance of ionization is even
stronger than Fig. 1 indicates. For steady state, when
@ni=@t ¼ 0, the flux of ions therefore needs to match the

‘‘excess’’ production of ions, leading to

K�nane �rðniviÞ ¼ 0: (6)

Using Gauss’ theorem ∯D dA ¼ R
V rD dV, where D is

any vector field, we can integrate (6) over a volume V of
interest (with surface area A):

Z
V
K�nanedV ¼ ∯ nividA: (7)

The left-hand side is the production of ions in the volume V
and the right-hand side is the flux of ions through the
surface A of the volume under consideration.
Following similar lines of thought by others [7,18,19], a

fraction of the metal ions, �, will return to the target (0 �
� � 1). This fraction will mainly depend on the slowing of
the fast sputtered atoms by other particles [20], which are
mainly neutrals, and thus �ðnaÞ. In the case of self-sputter-
ing-dominated steady state, the neutrals are created by self-
sputtering, the yield of which depends strongly on the
voltage, U, and hence we have �½nað�SSðUÞÞ�.
Of the remaining fraction, ð1� �Þ, a portion � can be

associated with the available ion current at a substrate or
collector. The flux fraction ð1��Þð1��Þ is ‘‘lost’’ by con-
densing on the anode or not captured by the ion collector.
Using the relation between ion flux and current density,

j i ¼ eQnivi; (8)

we can write for the current at the ion collector

Ii;collect ¼ ð1� �Þ�e �Q
Z
V
K�nenadV: (9)

For an estimate, we can consider a volume V0 where the
plasma is produced, and, neglecting any nonuniformity
within V0 and taking (5) into account,

Ii;collect ¼ ð1� �Þ�e �QV0

�
8kTe

�me

�
1=2

CeaðE01 þ 2kTeÞ

� exp

�
� E01

kTe

�
nena: (10)

The most sensitive dependence is the exponential term in
T�1
e , which depends on both the voltage (electron heating)

and the density of neutrals (electron cooling). Therefore, as
the voltage is increased and more power is dissipated, the
electron temperature is likely to increase and the usable ion
current increases, too, with an approximate exponential
dependence: Ii;collect � exp½kTeðUÞ=E01�.
To test this hypothesis, a HIPIMS system was used as

previously described for operation in gas [10] and in the
gasless mode [12]. The HIPIMS discharge was fed by an
upgraded SPIK2000A pulse power supply charged via a
Pinnacle DC-supply. At the base pressure of 10�4 Pa,
magnetron pulses of typically 400 �s were initiated by
short (�20 �s),�200 A, vacuum-arc discharges [12]. The
magnetic induction component parallel to the surface on
the surface over the ‘‘racetrack’’ was Bk ¼ 65 mT.

FIG. 1 (color online). Electron impact ionization and three-
particle recombination rates for copper plasma as a function of
electron temperature.

PRL 102, 045003 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

30 JANUARY 2009

045003-2



The large-area ion collector in the present experiment
was a metal cylinder of 15 cm diameter and 16 cm length;
it was closed at one side. The magnetron was placed at the
‘‘entrance’’ end of the collector such that practically all
ions leaving the magnetron area can be collected (� � 1).
The collector was biased negatively with respect to the
grounded anode. A stable bias voltage during the HIPIMS
pulse was ensured by using a large (5 mF) capacitor. The
bias voltage was varied in the range 0–100 V to determine
saturation and to study the influence of the bias, if any, on
the HIPIMS discharge. The discharge and ion collector
currents were measured with suitable broad band current
transformers. The potentials of the target and the ion
collector were monitored by fast voltage dividers. All
data were recorded on a digital oscilloscope.

Considering a copper magnetron discharge in vacuum, a
minimum voltage of about 600 V was required to obtain a
stable discharge (magnetrons with stronger magnetic fields
may operate at lower voltages). Figure 2 shows the current
to the ion collector as a function of time for different col-
lector bias voltages. For a bias of just a few volts, electrons
can reach the collector, especially in the early, pre-steady-
state phase of the discharge. For negative voltages as low as
10 V, most electrons are prevented from reaching the
collector; the strongest slope of change, dIi;collect=dUbias,

is directly indicative for the electron temperature (�3 eV).
The plasma potential is sensitively affected by the local
charge balance, and this explains the time dependence of
the collector current at the beginning and end of the pulse.
We are interested in ion saturation, which is ensured at all
times when the bias is set to about �20 V or greater. One
should note that the ion saturation current exceeds the dis-
charge current, which will be discussed below. Varying the
bias did not affect the discharge current. Furthermore,
results were cross-checked with a large planar detector.

The discharge and ion collector currents have very simi-
lar shapes and so here we display the ion collector current
only (Fig. 3). The increase in both discharge current and
collector current is exponential if plotted against the dis-
charge voltage (Fig. 4). The threshold of sustained self-

sputtering is at the left end of the curves; we see that the
available ion current can greatly exceed the discharge
current as the discharge is driven far above the threshold.
The upper (right) end of the curves is limited by frequent
arcing events: arcing represents the practical limit of how
far the system can be pushed from the threshold of self-
sputtering.
As mentioned before, the ions produced in the volume

V0 in front of the target give rise to three fluxes: the ion
current going to the target, the ion current going to the
collector, and the remaining current going elsewhere. The
measured discharge and collector currents are dominated
by the arriving ions but we also need to consider the
secondary electrons emitted by primary ion impact, lead-
ing to Ii¼ Idisch=ð1þ�SEÞ and Ii;collect ¼ Icollect=ð1þ �SEÞ.
The yield of secondary electrons, �SE, is dominated by
potential emission at the relatively low kinetic energies
relevant to magnetron sputtering [21]; singly charged metal
ions have a very small yield, and therefore the fraction of
multiply charged ions is mainly responsible for the sec-
ondary emission [22]. For estimates, we preliminary could
use an effective yield of �SE � 0:05, a reasonable value, as
will be shown below. Then we can utilize the measure-
ments of discharge current and collector current to ap-
proximately determine the return probability �:

� ¼ Idisch=ð1þ �SEÞ
Idisch=ð1þ �SEÞ þ Icollect=ð1þ �SEÞ þ Ilost

� 0:95
Idisch

Idisch þ Icollect
: (11)

Figure 4 shows that the return probability is slightly
greater than 0.5 just above the threshold of sustained
self-sputtering, and it decreases as the discharge is driven
further from the threshold by using higher discharge
voltage.
The fact that the ion current can exceed the discharge

current is not contradicting Kirchhoff’s law because we
consider two circuits: the discharge circuit and the bias
circuit. The discharge circuit provides the ions needed to
transport current in the second circuit. To further under-
stand the system, we should consider the energy balance or

FIG. 2 (color online). Current to the ion collector as a function
of time for different bias voltages (gasless sputtering of copper at
800 V, steady-state discharge current of 68 A, in 10�4 Pa
background pressure).

FIG. 3 (color online). Ion collector current from a copper mag-
netron discharge in vacuum as function of time, with the dis-
charge voltage as a parameter, at a constant collector bias of
�30 V.
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equivalently, in steady state, the power balance. The ma-
jority of copper ions is singly charged (own unpublished
data, and [23]), with typically several percent doubly
charged, and so it is acceptable to approximately balance
the energy provided by secondary electrons with the en-
ergy needed to produce singly charged ions (a general-
ization to include doubly charged ions is straightforward
but makes the consideration less transparent):

ISEUsheath �
�

Idisch
1þ �SE

þ Icollect
1þ �SE

þ Ii;lost

�
Ei

e
: (12)

The left-hand side is the input power, with the secondary
electron current ISE ¼ Idisch�SE=ð1þ �SEÞ, and Usheath

representing the sheath voltage (one can assume that this
is a large fraction of the applied voltage, e.g., Usheath �
0:8 U). The right-hand side represents the flux of all ions
times the effective ionization energy. We can simply use
the first ionization energy, Ei ¼ E01 ¼ 7:73 eV and ne-
glect the small contribution of the ion current not going
to the target or ion collector, Ii;lost, to arrive at

�SE � ðIdisch þ IcollectÞE01

eIdischUsheath

: (13)

All of those quantities are known, and a numerical
evaluation shows that �SE � 0:033 for the range of volt-
ages and currents of our experiment. The small value of
�SE justifies, a posteriori, some assumptions previously
made.

Next, using the approximate electron temperature of
3 eV, and the area of the ion collector, we can estimate
the average plasma density at the collector’s sheath edge to
be about 2� 1018 m�3 when the collector current is about
100 A—also this value is reasonable and consistent with
the previous estimates of the ionization rates.

In summary, we have demonstrated, both theoretically
and experimentally, that self-sputtering in vacuum can
deliver extraordinarily high metal-ion current. The usable
ion current increased exponentially with increasing dis-
charge voltage, which was shown to be associated with
an increase in the ionization rate and a reduction of plasma
confinement as the voltage was increased. In the experi-
ments with copper in vacuum, the highest ion current
demonstrated was 250 A, far exceeding any comparable
attempt.
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FIG. 4 (color online). Discharge current and ion collector
current as a function of the discharge voltage. Both currents
show exponential growth with the correlation coefficients R2 ¼
0:996 for the discharge current and R2 ¼ 0:998 for the ion
current. The arrow at 666 V indicates when the collector current
equals the discharge current. The return probability, �, was
calculated from the ratio of discharge current and collector
current as explained in the text.

PRL 102, 045003 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

30 JANUARY 2009

045003-4


