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ABSTRACT

High-power impulse magnetron sputtering boasts high ionization, large coating density, and good film adhesion but suffers from
drawbacks such as low deposition rates, unstable discharge, and different ionization rates for different materials. Herein, a cylin-
drical cathode in which the special cathode shape introduces the hollow cathode effect to enhance the discharge is described.
To study the discharge performance of the cylindrical cathode, a hollow cathode effect modified time-dependent global model
is established to fit the discharge current pulses. The simulation results indicate that the cylindrical cathode has relatively large
Hall parameters of 24 (700 V) to 26 (1000 V). Compared to the planar cathode, the cylindrical cathode has a larger plasma density
as a result of the hollow cathode effect. In addition, the ionization rate and ion return probability increase by about 3.0% and
4.3%, respectively. Particle transport derived from the plasma diffusion model shows that the magnetic field enables further
diffusion of ions than atoms, resulting in nearly pure ion deposition on the substrate. The deposition rate and ion current mea-
sured experimentally support the simulation model and results, and this model provides a universal platform to simulate plasma
systems with similar structures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5048554

I. INTRODUCTION

High-power impulse magnetron sputtering (HiPIMS)1–3

has advantages such as high ionization rates of the sputtered
materials,4–6 easy control of electromagnetism,7 and the dep-
osition of high-performance coatings.8–12 However, intrinsic
disadvantages13 of HiPIMS such as the low deposition rate,9

unstable discharge,7 and different ionization rates for differ-
ent materials14 have hampered wider industrial applications.
To improve the discharge and deposition rate, modulated
pulsed power magnetron sputtering (MPPMS)15 and HiPIMS
coupled with direct current (DC),16 radio frequency (RF),17 and
medium frequency (MF)18 have been proposed, but there is a

compromise between the deposition rate and ionization.19

Recently, inspired by the macro-particle filtering technique
in cathodic arc ion plating,20 a cylindrical cathode has been
developed and shows potential in circumventing the afore-
mentioned limitations.21,22 However, the HiPIMS discharge
and transport details pertaining to the cylindrical cathode are
not well known due to the experimental difficulty in plasma
diagnostics.

To investigate the discharge and transport details in the
sputtering process, several simulation models such as the ana-
lytical model,23,24 hydrodynamic model,25–27 particle-in-cell/
Monte Carlo collision (PIC/MCC) model,28,29 and global
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model30–32 have been proposed. As a classical model, the
global model first proposed by Lieberman and Gottscho33

describes the discharge of noble gas and has been extended
to molecular gas discharge by Lee et al.34,35 to estimate the
discharge state and calculate the plasma constituents via par-
ticle balance and energy conservation. Gudmundsson devel-
oped a time-dependent global model36 for HiPIMS discharge
simulation based on the Ar and metal particle discharge
model,37 and the region in front of the target was employed
by Samuelsson et al.9 to study the ionization rate of different
target materials. However, with regard to HiPIMS discharge
in the cylindrical cathode, these models cannot accurately
describe the particle balance equations because of the large
influence of the hollow cathode effect on the macroscopic
parameters of the HiPIMS discharge.

In this work, the discharge enhancement arising from
the hollow cathode effect in the cylindrical cathode is qualita-
tively verified and quantitatively calculated by the PIC/MCC
method. A hollow cathode effect modified time-dependent
global model is proposed together with the plasma diffusion
model, and the discharge and transport during a reactive
HiPIMS pulse are systematically studied. The deposition
rates and ion currents of the cylindrical cathode measured
from discharges at 600–1000 V and 1.0 Pa experimentally
agree with the simulation results and confirm the validity of
the model.

II. DISCHARGE EXPERIMENTS

The discharge experiment was performed in the home-
made vacuum system20,21 with dimensions of 600mm×600mm
×500mm equipped with a power source developed by the
Harbin Institute of Technology (HIT) for HiPIMS. The output
voltage was 0–1000 V, the pulse frequency was 50–300Hz,
and the pulse width was 50–400 μs. The cylindrical source
inner diameter was 120mm, the outer diameter was 190mm,
and the height was 60mm. The target [see Fig. 4(f )] in the
source was cylindrical and made of copper (99.9%). The inner
diameter was 120mm, the outer diameter was 132mm, and

the height was 48mm. Magnetic fields were created by a
magnet ring consisting of several small rectangular magnets.
The gas was high-purity argon (99.99%), and the pressure was
1 × 10−3 Pa. During the discharge experiment, the HiPIMS
power supply provided a power of 2 kW to the target with
300 μs pulses at a frequency of 50 Hz. Figure 1 shows the
schematic of the apparatus. The deposition time for each
sample was 20min, and the thickness was measured by a pro-
filometer. The coatings were deposited at 1 Pa using an argon
flow rate of 8 SCCM. The ion current was measured at a dis-
tance of 15 cm from the outlet of the cylindrical cathode by a
Langmuir probe.

III. SIMULATION METHODS

A. PIC/MCC method

The PIC/MCC method is used to preliminarily simulate
the initial gas (Ar) discharge process of the planar cathode
and cylindrical cathode. The procedures which include
editing and calculation are operated by MATLAB. The initial
plasma density is uniform with the value of 1013 l/m3, the
voltage is 800 V, the pressure is 1 Pa, and the temperature is
300 K. The initial energy distributions of each particle follow
the Maxwell-Boltzmann distribution, and the initial condition
is equivalent to that when no discharge occurs. To reduce the
calculation burden, several assumptions are proposed to sim-
plify the model. Firstly, the planar cathode is considered as a
two-dimensional model, while the simulated region of the
cylindrical cathode is a rotated section in cylindrical coordi-
nates because of the symmetry. The direction perpendicular
to the simulated region is also considered when the particle
velocity is calculated. Secondly, the magnetic field of the two
kinds of cathodes is consistent. Thirdly, the simulated parti-
cles are only electrons and Ar ions, whereas the density of the
background gas (Ar) is constant. The reactions and rate coef-
ficients are shown in Table II. The mesh cells are programmed
to be smaller and smaller during the discharge process. At the
beginning of the discharge, the mesh cell size is 1 × 1 mm2

since the Debye length is large. As the plasma density is
increased, the Debye length decreases gradually. The
program checks the Debye length in every 10 ion time step
calculation and reduces the mesh cell when the Debye length
is smaller than the mesh cell size. Therefore, the mesh cell
size in the ionization region (4 cm≤ r≤ 6 cm, 2 cm≤ z≤ 4 cm)
is reduced to 10 × 10 μm2 at last. The time step of electrons is
1 × 10−2 s, and the time step of ions is 1 × 10−11 s. The self-
consistent potential is calculated by Poisson’s equation for
every ion time step. The magnetic field is provided by the
magnets. It is invariable and unrelated to the particle
movement.

B. Hollow cathode effect modified time-dependent
global model

To establish the global plasma model, the main partici-
pant particles and key reactions during the discharge process
need to be identified. In the Ar/Cu discharge system, the

FIG. 1. Schematic of the vacuum devices.
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main particles include cold electrons (e), hot electrons (eH),
ground state atoms (Ar and Cu), energetic atoms (ArH), meta-
stable atoms (Arm), and ionized state ions (Ar+ and Cu+). The
schematic of the particle equilibrium reactions are shown in
Fig. 2, and more details can be found in the literature.38 The
reactions and rate coefficients are given in Table III. The dif-
ference is that some participating particles except Ar atoms
return to the ionization region because of the hollow cathode
effect, as displayed in Eqs. (A2)–(A7). The blue terms ΓM,HCE

stand for the flux coming to the ionization region from the
opposite part of the target. The Hall parameter, ωτ, denoting
the ratio of the electron cyclotron frequency to collision fre-
quency, is the fitting parameter in the modified global model.
Based on the glow area and corrosion ring in the experiment,
the radius of the ionization region RIR is measured and set to
be 1.5 cm. In the cylindrical cathode, the contact area of the
ionization region with the target ST (m2), ionization region
superficial area SIR (m2), and ionization region volume VIR (m3)
can be calculated by integration as shown in Eq. (1), where
Rsource (equal to 6 cm) is the radius of the cylindrical cathode

ST ¼ 4πRsourceRIR,

SIR ¼
ðπ

2

0
4πRIR[Rsource � RIR cos (θ)]dθ þ ST,

VIR ¼
ðπ

2

0
4π[Rsource � RIR cos (θ)]R2

IR sin
2 (θ)dθ:

(1)

C. Plasma diffusion model

To study the transport properties of the particles pro-
duced by the cylindrical cathode, a plasma diffusion model is
developed as shown in Fig. 3. The plasma is assumed to be
ionized in the red semicircle (same as the ionization region of
the global model), which is defined as the ionization region.

In the simulated domain, diffusion is treated as the main way
of plasma transport and the electron temperature Te (V) in
the simulated domain is a constant calculated by the afore-
mentioned global model. During diffusion, elastic collisions
between metal particles (Cu and Cu+) and background Ar are
taken into consideration. Ionization in front of the substrate
is not considered since the Cu density is much less than the
Cu+ density in front of the substrate, and there are few effects
due to the ionization events on the ion current and ionization
rate. For the same reason, the ion-neutral charge exchange
or elastic collisions (Cuþ þ Cu ) Cuþ Cuþ, Cuþ þ Cu )
Cuþ þ Cu) are not considered in this work. Therefore, the
plasma diffusion can be described by the equation of continu-
ity as shown in Eq. (2), where n (1/m3) is the plasma density
and Γ [1/(m2s)] is the flux of the plasma density:

@n
@t

þ div(Γ) ¼ 0,

Γ ¼ �Drn:
(2)

For Cu+, the ion diffusion coefficient has two compo-
nents, one parallel to the magnetic field Dk and the other per-
pendicular to the magnetic field D?. According to the force
states of the charge, they are expressed as Dk ¼ eTe

mCuνCuþ
and

D? ¼ Dk
1þ(ωτ)2

¼ π
8 rc

2νCuþ ,39 respectively, in which νCuþ is the col-

lision frequency of Ar and Cu+, ωτ is the Hall parameter which
can be fitted by the modified global model, and rc is the mean
gyroradius which is inversely proportional to the magnetic
induction intensity.

There are three boundary conditions in the simulated
domain. According to Fig. 2, the symmetrical boundary

FIG. 2. Schematic diagram of the hollow cathode effect modified global model
showing the particle balance and corresponding reactions in the ionization
region. The subscripts are defined as follows: diff (diffusion), ex (excitation), Dex
(deexcitation), iz (ionization), P (Penning ionization), chexc (charge exchange),
coll (collision), recom (recombination), sput (sputtering), and HCE (hollow
cathode effect).

FIG. 3. Schematic diagram of the plasma diffusion model.
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condition contains the axis of symmetry (r = 0) and the sym-
metry boundary (z = 3 cm), which can be described by Eqs. (3)
and (4), respectively.

@n
@r

¼ 0, r ¼ 0 (3)

and

@n
@z

¼ 0, z ¼ 3 cm: (4)

The source boundary is the interface between the ionization
region and simulated domain. The Cu+ density of the ioniza-
tion region and the simulated domain is the same, as shown
in Eq. (5):

n ¼ nCuþ ,0: (5)

The other boundaries are the free boundaries from which
ions leave the simulated region with the Bohm velocity.9 They

FIG. 4. (a) Schematic diagram, (b) simulated magnetic induction line distribution, (c) magnetic field on the target, (d) physical picture, (e) glow picture, and (f ) target
etching of the cylindrical cathode. The red dashed line represents the central symmetry axis.
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are described as follows:

Γ ¼ �nvbohm, (6)

where vbohm ¼
ffiffiffiffiffiffiffi
eTe
mCu

q
.

Diffusion of the Cu neutrals follows the equation of con-
tinuity [Eq. (2)]. The diffusion coefficient is estimated by
DCu ¼ kBT

mCuνCu
, where kB is Boltzmann’s constant, T is the tem-

perature, mCu is the Cu atom mass, and νCu is the collision
frequency between Cu atoms and argon atoms. At the source
boundary, the Cu density of the ionization region and diffu-
sion region is the same as shown in Eq. (7):

n ¼ nCu,0, (7)

where nCu,0 can be calculated from the global model. The
atoms are assumed to leave the simulated region with the
thermal velocity and the free boundaries are described by
Eq. (8):

Γ ¼ �nvthermal, (8)

where the thermal velocity is estimated by vthemal ¼
ffiffiffiffiffiffiffiffi
3kBT
mCu

q
.

IV. RESULTS AND DISCUSSION

Figure 4(a) shows the hollow cathode effect of the cylin-
drical cathode.20,21 The cylindrical structure limits the dis-
charge to the inside of the cylindrical cathode avoiding
deposition of large particles produced by arcing during
the HiPIMS discharge on the substrate that can destroy the
coating. Electrons continue to move back and forth in the
cylindrical cathode leading to a higher collision frequency
and larger plasma density. Some of the metallic ions leave
the ionization region and out of the cylindrical cathode by the
magnetic system, and some other metallic ions move to the
opposite target producing repeated sputtering. The unionized
atoms continue to move in the cylindrical cathode because of
two-side sputtering until ionization before escaping the
cylindrical cathode. To avoid arcing induced by sputtered
materials deposited on the cathode with conventional three
row magnets, two row magnets are used in our new cathode,
as shown in Fig. 4(b). The magnetic field of the cylindrical
cathode is simulated, and the critical shape size of the cylin-
drical cathode is optimized. To obtain effective sputtering,
the inner diameter and height of the cylindrical cathode are
120mm and 60mm, respectively. The effective discharge
width (tangential magnet field Bz between 30 and 50mT) is
about 3 cm and the mean tangential magnetic intensity is
45mT, as shown in Fig. 4(c). Based on the simulation, the
cylindrical cathode is processed as shown in Fig. 4(d). Copper
is used to evaluate the HiPIMS discharge in argon, and the
glowing image is displayed in Fig. 4(e). The glow is bright
green indicating a stable and strong discharge in the presence
of large-density Cu. The etching shape of the target is a

uniform ring according to Fig. 4(f ). The etching width is 3 cm
corresponding to the simulated tangential magnet field on
the target in Fig. 4(c).

To investigate the ionization region shape and hollow
cathode effect, the PIC/MCC method is used to simulate the
initial gas (Ar) discharge process (800 V, 1 Pa, 0–3 × 10−7 s) and
calculate the distribution of the plasma density, as shown in
Fig. 5 and Table I. Here, we do not consider the metallic parti-
cles (only gas) in this part of the simulation for simplicity
since it cannot change the hollow cathode effect. Therefore,
the electron density is generally equal to that of the Ar+ in the
ionization region. The ionization region before the target is
approximately a semicircle consistent with the fundamental
assumption of the global model. The largest plasma density in
the cylindrical cathode is 1 × 1018 1/m3 which is nearly an
order of magnitude larger than that of the planar cathode for
the same discharge time (3 × 10−7 s). Besides, the ionization
region of the cylindrical cathode is larger than that of the
planar cathode resulting in a larger etching area. Since the
simulation conditions such as the discharge voltage (800 V),
pressure (1 Pa), and magnetic field on the target [Figs. 4(b)
and 4(c)] are the same, the hollow cathode effect introduced
by the cathode shape turns out to be the main reason for the
discharge enhancement. It can be explained by the left boun-
dary condition of the solution domain in Figs. 5(a) and 5(c).
The left boundary of the cylindrical cathode is the symmetry
axis and the electrons bounce back. Meanwhile, in the planar
cathode, the left boundary is a free one across which elec-
trons disappear from the solution domain, and consequently,
a larger plasma density and stronger discharge are formed in
the cylindrical cathode in the beginning of the discharge.

To further analyze the HiPIMS discharge process of the
cylindrical cathode, the global model is used to fit the experi-
mental current waveforms [Fig. 6(b)]. The discharge voltage is
varied from 600 to 1000 V, and the pressure is 1 Pa. The dis-
charge currents are stable and strong and increase with the
discharge voltage. Compared to the pulse voltage, a delay of
about 40 μs is observed from the discharge current, and after-
wards, the discharge threshold is broken and the currents go
up speedily with discharge time.40

According to the PIC/MCC results, the hollow cathode
effect is considered in the global model and the hollow
cathode effect modified time-dependent global model (Fig. 2)
is established. To ensure the accuracy, it is necessary to
investigate the proportion c of the reaction particles influ-
enced by the hollow cathode effect. Here, the parameter “c” is
the ratio of the particles that flow out of the ionization region
and go into the ionization region of the opposite part of the
target to all the particles leaving the ionization region. It can
be obtained by analyzing thousands of particle tracks based
on the PIC/MCC results. The calculation results are about
0.125 for ions and 0.250 for electrons. The neutral atoms are
calculated independently with the results of the particles’
distributions in the PIC/MCC modes as the background. The
atoms are released from the target, and their tracks are ana-
lyzed considering collisions with particles in the background.
c is the ratio of the atoms which come from the target and
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go into the opposite ion regions and is 0.210. Therefore, the
hollow cathode effect enhancement (blue terms in Fig. 2) can
be described by Eq. (9):

ΓM,HCE ¼ cΓM,diff , M ¼ Cu, Arm, ArH,

ΓMi,HCE ¼ cΓMi, Mi ¼ Cuþ, Arþ, e:
(9)

To evaluate the hollow cathode effects on the HiPIMS
discharge, the discharge at 900 V and 1 Pa is simulated by

both the modified global model and ordinary global model38

as shown in Fig. 7. A high Ar density can be observed at the
beginning of the pulse, but it declines quickly in the next
50 μs. On the other hand, Ar+ increases after the pulse shows
a peak at about 40 μs and decreases again. The small Ar density
may stem from the strong rarefaction effect because of the
high intensity discharge when Ar is introduced from the
vacuum inlet away from the cylindrical cathode. Cu produced
by sputtering from the target shows a significant increase fol-
lowing Ar and becomes saturated at about 120 μs. There is an
obvious delay in the process indicating intense ionizing of Cu+

at 40−60 μs, and they become the main particles in the
plasma. The densities of Cu and Cu+ calculated by the modi-
fied global model are larger than those by the ordinary global
model demonstrating enhanced sputtering and ionization as a
result of the hollow cathode effect of the cylindrical cathode.
The densities of Ar and Ar+ show very small differences
because of the small amount of gas in the intense discharge
zone. The ionization rate α and ion return probability β are

FIG. 5. Distributions: (a) Electrons and (b) Ar ions in the cylindrical cathode; (c) electrons and (d) Ar ions the planar cathode at 3 × 10−7 s. The red dashed line is the
symmetry axis and the ionization region is approximately a semicircle. The orange domain stands for the target.

TABLE I. Numerical results of the ionization region derived from the PIC/MCC
model.

Average plasma
density (1/m3)

Ionization region
radius (cm)

Cylindrical cathode 1.2 × 1018 1.5
Planar cathode 4.5 × 1017 1.2
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simulated and shown in Fig. 7(b). Because of repeated sputter-
ing and ionization of unionized particles inside the cylindrical
target, the ionization rate α calculated by the modified model
reaches 74.0%, about 3.0% larger than that without the
hollow cathode effect. The ion return probability β calculated
by the modified model reaches 65.8%, an increase of about
4.3%. Therefore, the global model must be modified by incor-
porating the hollow cathode effect to simulate the discharge
in the cylindrical cathode.

The HiPIMS discharge properties of the cylindrical
cathode are simulated by the hollow cathode effect modified
global model. The Hall parameter ωτ, a fitting parameter in the
global model, represents the ratio of Hall current to the dis-
charge current, which can be calculated as shown in Fig. 8(a).
By selecting ωτ to be from 10 to 30, fitting of the discharge
current shows ωτ = 25.5, which means that the modeled dis-
charge process in a pulse is consistent with the real physical
situation. Figure 8(b) reveals that ωτ goes up from 24 (700 V)
to 26 (1000 V), indicating enhanced cyclotron electron
motions by the discharge voltage. It has been reported that
the Hall parameter ωτ of the “Bohm-like” diffusion plasma lies

between 8 and 30.41,42 The Hall parameter of the cylindrical
cathode falls in the range and is relatively large. For compari-
son, the HiPIMS discharge current pulse waveforms of the
planar cathode at 900 V and 1 Pa are simulated, and the
results show that the Hall parameter of the planar cathode is
about 18 which is smaller than that of the cylindrical cathode.
The reason may be that a large amount of particles influenced
by the hollow cathode effect participate in the discharge
process and become a part of the Hall current in the cylindri-
cal cathode. All in all, the hollow cathode effect enhances the
discharge by increasing the Hall current.

The HiPIMS discharge dependence on the discharge
voltage is shown in Fig. 9. Like the discharge current, the par-
ticle density of Cu+ and Cu shows a delay (delay 1) compared
to the discharge voltage and the delay becomes smaller with
increasing discharge voltage. Delay 2 occurs because a large
amount of Cu atoms are ionized to form Cu ions quickly

FIG. 6. (a) Current and voltage in a pulse at 900 V and 1 Pa. (b) Current pulse
shape at different pulse voltages in the Cu HiPIMS discharge in argon at 1 Pa.

FIG. 7. (a) Main particles density and (b) ionization rate α of sputtered Cu
atoms and ion return probability β simulated by the ordinary global model and
the modified global model.
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consuming Cu atoms which cannot be replenished by simulta-
neous sputtering. With increasing discharge voltage, sputtering
is enhanced further, resulting in faster replenishment and
narrower delay 2. The largest densities of Cu+ and Cu are
2.8 × 1020 1/m3 and 1.4 × 1020 1/m3, respectively, and larger than
those of the planar cathode in HiPIMS discharge previously
reported (∼1019 1/m3).38 The densities of Cu+ and Cu increase
with the voltage as consistent with the Hall parameter ωτ since
the Hall current enhances the discharge. The electron temper-
ature Te exhibits an opposite tendency compared to the Cu+

density with voltage as shown in Fig. 9(c). The discharge inten-
sity and sputtering are enhanced by a larger discharge voltage,
resulting in much more electron collisions which can reduce
the electron temperature.38,43 Therefore, the planar cathode
has the largest electron temperature in the steady state.

According to the simulation results of the modified global
model at 1000 V and 1 Pa, plasma transport in front of the

FIG. 8. (a) The experimental and fitted discharge currents at 900 V and 1 Pa,
and the fitting parameters ωτ is from 10 to 30. (b) Hall parameter ωτ fitted by
the global model at different discharge voltages.

FIG. 9. Simulation results: (a) Cu+ density, (b) Cu atoms density, and (c) elec-
tron temperature for different discharge voltages obtained by the modified global
model.
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cylindrical cathode is simulated by the plasma diffusion model.
The distributions of Cu+ and Cu are shown in Figs. 10(a) and
10(b), respectively. Because the magnetic field restrains elec-
tron movements and the electrostatic interactions between
ions and electrons keep the electric neutrality in the plasma,
Cu+ shows almost the same distributions as electrons.
According to the ion diffusion coefficient equation, D? � Dk

because ωτ � 1. Therefore, ions tend to diffuse along the mag-
netic induction lines. According to the magnetic field distribu-
tion shown in Fig. 4(b), Cu+ diffuses mainly along the z
direction along the symmetry axis. On the edge of the cylindri-
cal cathode, Cu+ diffuses mainly along the r direction.
Therefore, Cu+ initially moves to the symmetry axis and then
along the symmetry axis. This is why an angle on the symmetry
axis is observed from the contour lines of the Cu+ density.
Different from Cu+, diffusion of Cu is not influenced by the
magnetic field. Since the Cu diffusion coefficient is isotropous,
the contour lines of the Cu density are smooth. The ionization
rate denoting the Cu+ proportion is shown in Fig. 10(c). Cu+ can
diffuse to a larger distance due to the magnetic field than Cu,
resulting in increased ionization along the symmetry axis.
Consequently, a nearly pure ion deposition process can be
achieved on the substrate by selecting the deposition location.
The ionization rate is also large at the boundary of the solution
domain as the Cu density is too small.

To assess the accuracy of the plasma transport simula-
tion, the ion currents and deposition rate are measured. The
density nCuþ ,0 at the source boundary determines the ion
current because the Cu+ density at the source boundary
nCuþ ,0 is time-dependent. Therefore, the ion current is a func-
tion of the discharge time. The ion flux Γion is calculated at
the location where the Langmuir probe is placed, and the ion
current Iion can be obtained by Eq. (10),

Iion ¼ ΓionSLe, (10)

where SL is the test area of the Langmuir probe. The red line
in Fig. 11(a) presents the simulation results of the ion currents
derived from the ion density evolution for a pulse at a dis-
tance of 15 cm from the cylindrical cathode. A delay of about
100 μs is observed from the ion current and 50 μs later than
that of the discharge current, indicating that the ion diffusion
time is about 50 μs. The ion current increases monotonically
with the discharge until the discharge is over, and there is an
inflexion point in the ion current at about 300 μs because the
increase in the ion current is slowed. However, the ion
current increases and reaches the maximum value at 370 μs
because of the delay between the largest plasma density in
the cylindrical cathode and near the probe and it drops
rapidly afterwards. The ion currents measured by a Langmuir
probe are in good agreement with the simulation as shown in
Fig. 11(a). The deposition rates at different distances from the
cathode can be calculated by integrating the plasma density
gradient on the symmetry axis with the discharge time, as
shown by the red line in Fig. 11(b). The deposition rate
decreases with increasing distance between the substrate and
cylindrical cathode. The maximum and minimum deposition
rates are 700 nm/min and 30 nm/min, respectively. A Si (100)
substrate with a diameter of 1.5 cm is put along the central sym-
metry axis at different distances from the cathode, and the
deposition rates in the same discharge conditions are measured
as shown in Fig. 11(b). Generally, the experimental deposition
rates are consistent with the simulation results. However, the
simulation result is a little larger when the distance is less than

FIG. 10. Transport in front of the cylindrical cathode at 1000 V and 1 Pa:
(a) Cu+, (b) Cu, and (c) ionization rate. The gray arrow line shows the diffusion
direction along the symmetry axis.
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4 cm, but the experimental result is slightly bigger when the
distance is larger than 7 cm. The errors in the deposition rates
may be because the simulation ignores the influence of the
substrate on the plasma distribution.

V. CONCLUSION

To investigate the HiPIMS discharge and transportation in
the cylindrical cathode, systematic simulation and experiments
are performed. The hollow cathode effect introduced by the
cylindrical cathode enhances the discharge. Simulation of the
particle tracks show that about 10%–25% of the particles
return to the ionization region during the discharge process.
The hollow cathode effect modified global model is established
and reveals that the cylindrical cathode produces a high plasma
density of 1 × 1020 l/m3 and Hall parameters of 24 (700 V) to 26
(1000 V), which are larger than those of the planar cathode. In

addition, the ionization rate and ion return probability increase
by about 3.0% and 4.3%, respectively. The plasma diffusion
model is developed, and the results suggest that nearly pure
ion deposition occurs on the substrate. The ion currents and
deposition rates experimentally determined match the simula-
tion results. The hollow cathode effect modified global model
and diffusion model described here can be extended to other
structures, and the cylindrical cathode has large potential in
industrial applications of HiPIMS.
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APPENDIX: RATE COEFFICIENTS AND PARTICLE
BALANCE EQUATION

The reactions and rate coefficients of the PIC/MCC
model are shown in Table II. The reactions in Ar/Cu dis-
charge plasma and the corresponding reaction rate coeffi-
cients in the equations are shown in Table III.

The particle densities can be described by considering
the generation and the loss of each particle as shown in Fig. 1.
Based on the model described in our previous work,38 the
equation of Ar+, Arm, ArH, Cu, Cu+, the electron is modified by
the hollow cathode effect in the calculation. The significance
of each parameter is described in Ref. 38. In the following
equations, n is the density, m is the mass, and Γ is the flux of
the corresponding species. k is the reaction coefficient that
can be calculated from Table III.

1. Particle balance for Ar and Cu species

For the working gas Ar, the rate equation is

dnAr

dt
¼ �(kizne þ kizHneH )nAr � (kexne þ kexHneH )nAr

� ΓCu,coll
mCu

mAr

nAr

nAr þ nArm

SIR � ST
VIR

þ kchexcnArþnCu

þ kpnArmnCu þ (kdexne þ kdexHneH )nArm þ ΓAr,diff
SIR � ST

VIR
,

(A1)

where the diffusional Ar flux ΓAr,diff ¼ nAr,0�nAr
4 uTAr . nAr,0 is the

Ar density out of the ionization region and can be calculated

by the Clapeyron equation. uAr ¼
ffiffiffiffiffiffiffiffi
8kBT
πmAr

q
is the average velocity

of Ar at T = 300 K. ΓCu,coll stands for the collision part of the
Cu and Cu+ sputtering wind and is calculated by
ΓCu,coll ¼ (ΓCu,sput þ ΓCuþ ,sput)Fcoll, in which ΓCu,sout ¼ nCuuTCu

4 and

ΓCuþ ,sout ¼ nCuþuTCu
4 are the sputtering wind of Cu and Cu+,

respectively. Fcoll ¼ 1� exp [�RIRσAr�Cu(nAr þ nArm þ nArH )] is

FIG. 11. (a) Ion currents obtained by experiments and simulation at 1000 V and
1 Pa. (b) Deposition rates measured by experiments and simulation versus the
distance between the substrate and cylindrical cathode at 1000 V and 1 Pa.
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the collision probability with Ar in the ionization region.
σAr�Cu ¼ π(aAr þ aCu)

2 is the estimated cross section of Ar-Cu
collision based on the hard sphere model, and aAr ¼ 1:88A

�

and aCu ¼ 1:4A
�
are the atomic radii of Ar and Cu, respectively.

For Ar+, the rate equation is described as

dnArþ

dt
¼ �kchexcnArþnCu � ΓArþ

ST þ (SIR � ST)(1� βArþ )
VIR

þ ΓArþ ,HCE
(SIR � ST)

VIR
þ (kizne þ kHizneH )(nAr þ nArH )

þ (kmizne þ kHmizneH )nArm , (A2)

in which ΓArþ ¼ 0:4nArþubohm,Arþ is the flux of Ar+ leaving the
ionization region. ubohm,Arþ ¼

ffiffiffiffiffiffi
eTe
mAr

q
is the Bohm velocity of Ar+.

For metastable atom Arm, the rate equation can be
written as

dnArm

dt
¼ �(kmizne þ kHmizneH )nArm � kpnArmnCu

� (kdexne þ kHdexneH )nArm � ΓArm,diff
SIR � ST

VIR

� ΓCu,coll
mCu

mAr

nArm

nAr þ nArm

SIR � ST
VIR

þ ΓArm,HCE
SIR � ST

VIR
þ (kexne þ kHexneH )(nAr þ nArH ): (A3)

TABLE II. Details of PIC/MCC model.

Assumptions

The planar cathode is considered as a two-dimensional model

The cylindrical cathode is a rotated section in cylindrical coordinates

The magnetic field of the two kinds cathode is consistent

The simulated particles are only electrons and Ar ions

The density of the background gas (Ar) is constant

The magnetic field is invariable and unrelated with the particle movements

Initial value
Density (1/m3) Voltage (V) Pressure (Pa) Temperature (K)

1 × 1013 800 1 300

Boundary condition
Target

Electrons disappear on the target

Ar+ sputtering produces secondary electrons on the target

Ar atoms rebound on the target

Rotation axis Particles rebound on the rotation axis

Other boundaries Particles disappear across the boundaries

Simulation parameters Plasma density distribution, ionization region shape, and the parameter “c”

Reaction Rate coefficient (m3/s) Threshold (eV) Reference

Reactions
eþ Ar ! Arþ þ 2e kiz ¼ 2:3� 10�14T0:59

e exp (�17:44=Te) 15.76 44
eþ Ar ! Arm þ e kex ¼ 2:5� 10�15T0:74

e exp (�11:56=Te) 11.56 44
eþ Ar ! Ar þ e kel ¼ 2:336� 10�14T1:609

e � exp [0:0618( ln Te)
2�0:1171( ln Te)

3] 45
eþ Arm ! Ar þ e kdex ¼ 4:3� 10�16T0:74

e −11.56 44
eþ Arm ! Arþ þ e kmiz ¼ 6:8� 10�15T0:67

e exp (�4:2=Te) 4.2 44

TABLE III. Rate coefficients for Ar/Cu plasma.

Reaction Rate coefficient (m3/s) Threshold (eV) Reference

eþ Ar ! Arþ þ 2e kiz ¼ 2:3� 10�14T0:59
e exp (�17:44=Te) 15.76 44

eH þ Ar ! Arþ þ 2e kHiz ¼ 8� 10�14T0:16
e exp (�27:53=Te) 15.76 46, 47

eþ Ar ! Arm þ e kex ¼ 2:5� 10�15T0:74
e exp (�11:56=Te) 11.56 44

eH þ Ar ! Arm þ e kHex ¼ 3:84� 10�14T�0:68
e exp (�22:32=Te) 11.56 46, 47

eþ Ar ! Ar þ e kel ¼ 2:336� 10�14T1:609
e � exp [0:0618( ln Te)

2 � 0:1171( ln Te)
3] 45

eþ Arm ! Ar þ e kdex ¼ 4:3� 10�16T0:74
e −11.56 44

eþ Arm ! Arþ þ e kmiz ¼ 6:8� 10�15T0:67
e exp (�4:2=Te) 4.2 44

eH þ Arm ! Arþ þ e kHmiz ¼ 5:7� 10�13T�0:33
e exp (�6:82=Te) 4.2 48

eþ Cu ! Cuþ þ 2e kMiz ¼ kHMiz ¼ 3:898� 10�14 � T0:484
e exp (�7:1344=Te) 7.68 9

eþ Cu ! Cuþ e kMel ¼ 1:03� 10�11T�0:607
e exp (�8:98=Te) 49

Arm þ Cu ! Ar þ Cuþ þ e kp ¼ 2:36� 10�16 −4.46 50
Arþ þ Cu ! Ar þ Cuþ kchexc ¼ 2� 10�16 51
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For ArH, the rate equation is

dnArH

dt
¼ �(kizne þ kHizneH )nArH � (kexne þ kHexneH )nArH

� ΓArH,diff
SIR � ST

VIR
þ ΓArþ

ST

VIR
þ ΓArH,HCE

SIR � ST

VIR
: (A4)

The rate equation for Cu atoms is

dnCu

dt
¼ �(kMizne þ kHMizneH )nCu � kpnArmnCu

� kchexcnArþnCu � ΓCu,diff
SIR � ST

VIR

þ ΓCu,HCE
SIR � ST

VIR
þ (ΓArþYArþ þ ΓCuþYCuþ )

ST
VIR

: (A5)

The term ΓCu,diff presents the diffusion flux of Cu without colli-
sion. It can be expressed by ΓCu,diff ¼ ΓCu,0(1� Fcoll). ΓCuþ ¼
0:4nCuþubohm,Cuþ is the flux of Cu+ leaving the ionization region.
YArþ and YCuþ are the sputtering yields of Ar+ and Cu+ with Cu
target and can be calculated by the TRIM software, as shown
in the following equation Y ¼ aUb. U is the discharge voltage.
For Cu+, the fitting parameters are a ¼ 0:0691 and b ¼ 0:556.
For Ar+, the fitting parameters are a ¼ 0:1421 and b ¼ 0:468.

Similar to Ar+, the rate equation for Cu+ can be described as

dnCuþ

dt
¼ (kMizne þ kHMizneH )nCu þ kpnArmnCu þ kchexcnArþnCu

þ ΓCuþ ,HCE
(SIR � ST)

VIR

� ΓCuþ
ST þ (SIR � ST)(1� βCuþ )

VIR
: (A6)

2. Particle balance for electrons

The rate equation for the electrons is

dne

dt
¼ (kizne þ kHizneH )(nAr þ nArH )þ (kmizne þ kHmizneH )nArm

þ (kMizne þ kHMizneH )nCu þ kpnCunArm � Γe
SIR � ST

VIR

þ Γe,HCE
SIR � ST

VIR
, (A7)

where the electron flux can be expressed as
Γe � 0:4ne

De
RIR

1þ UIR
Te

� �
. De ¼ 1

ωτ
Te
B is the Bohm diffusion coeffi-

cient of electrons. B = 45mT is the simulated average mag-
netic field at the ionization region boundary. The potential
drop in the ionization region UIR can be calculated by the sim-
plified Poisson equation

UIR ¼ � eR2
IR

ε0
(nArþ þ nCuþ � ne � neH ): (A8)

The rate equation of the hot electrons is expressed as

dneH

dt
¼ 1

eUD=2
USHIse
VIR

�QH
� �

, (A9)

in which UD is the pulse voltage and USH =UD−UIR is the

sheath voltage. Ise ¼ eST(γArþΓArþ þ γCuþΓCuþ ) is the secondary
electron current, where γ is the secondary electron emission
coefficient. In this model, γArþ ¼ 0:112 and γCuþ ¼ 0.38,45 QH is
the energy loss of hot electrons in the inelastic collision with
the atoms38

QH

e
¼ (EAr,c þ Ehtc)kHizneH (nAr þ nArH )þ (EArm,c

þ Ehtc)kHmizneHnArm þ (ECu,c þ Ehtc)kHMizneHnCu

� EdexkHdexneHnArm : (A10)

3. Energy balance

Te is obtained by solving the energy balance equation, as
Eq. (A11)

d
dt

3
2
eneTe

� �
¼ FPWR

PD

VIR
�Q

� 3
2
eTeΓe

SIR � ST
VIR

þ
X

i¼Arþ ,Cuþ

1
2
eTeΓi

ST þ (SIR � ST)(1� βi)
VIR

" #
:

(A11)

PD =UD × ID is the instantaneous power of the discharge pulse
though which the experimental pulse shapes are imple-
mented in the global model. Q includes the energy losses by
electron impact ionization with neutral atoms (Ar, Arm, ArH,
and Cu) and the energy released by the deexcitation and the
Penning ionization, as shown below:

Q
e
¼ EAr,ckizne(nAr þ nArH )þ EArm,ckmiznenArm

þ ECu,ckMiznenCu � EdexkdexnenArm � EpkpnCunArm , (A12)

FIG. 12. Flow chart of the global model.
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The collisional energy losses per electron-ion pair are
described as

kizEAr,c ¼ kizEiz þ kexEex þ kel
3me

mAr
Te,

kmizEArm,c ¼ kmizEiz þ kel
3me

mAr
Te,

kMizECu,c ¼ kMizEMiz þ kMel
3me

mCu
Te:

(A13)

The ion return probability β can be expressed:

βi ¼
0 UIR � Ti

1� Ti
UIR

UIR . Ti

�
i ¼ Arþ, Cuþ : (A14)

Figure 12 is the flow chart of the global model and reveals the
determined method of the free parameter ωτ

Icalc ¼ eΓArþST(1þ γArþ )þ eΓCuþST(1þ γCuþ ), (A15)

where Icalc is the simulated discharge current which is used to
fit the experiment current ID.

The input and output parameters of the global model are
shown in Table IV.
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