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ABSTRACT

Systematic analysis of discharge processes is needed for a good understanding of the physical mechanism that enables optimal coating depo-
sition, especially pulsed discharges sustained by high voltages and large currents. Owing to the temporal and complex characteristics of the
discharge process and relatively simplistic analytical methods, the discharge process and particle evolution in high-power impulse magne-
tron sputtering (HiPIMS) are still not well understood. In this work, a cylindrical cathode is introduced to restrict the discharge and delay
plasma loss, and a global model is established to simulate the discharge on a Cr target in N2/Ar. Particles with different reaction energies
appearing successively produce an asynchronous discharge phenomenon, and a series of inflection points corresponding to different physi-
cal processes including excitation, sputtering, ionization, and diffusion are observed from the particle density evolution curves. High-preci-
sion and time-resolved spectrometry (400 ns) is utilized to monitor the evolution of particles with time, and inflection points predicted by
the model are observed experimentally to verify the particle behavior in the HiPIMS discharge.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127565

I. INTRODUCTION

High-power impulse magnetron sputtering (HiPIMS)1–3 is a
physical vapor deposition (PVD) technique in which high-density
plasmas are produced by applying high-power pulses to the magne-
tron target.4 The high metal ionization rate4,5 improves the ion
energy controllability6,7 and coating properties.8–11 However, owing
to the high voltage and large current in the discharge pulse, the
HiPIMS discharge process is quite complex, and the plasma compo-
sition, energy, and electron temperature vary with the pulse time.

Investigation of the evolution of discharge by means of the
current with time relationship is a common experimental method
to analyze the HiPIMS discharge process.12–14 In the HiPIMS dis-
charge pulses, the target current exhibits an obvious peak and then
turns into a platform indicating two different discharge stages.12 By
studying the effects of the discharge pressure15 and materials12,16

on the target current shape, the target current peak is found to be

mainly caused by the avalanche effect in conjunction with sputter-
ing and gas rarefaction effects. Anders7 found that target materials
with high sputtering yield (Cu) could be operated in a sustained
gasless mode based on the target current study. Čapek et al.17 real-
ized high-intensity discharge and performed a rapid deposition of
low sputtering yield materials by controlling the shape of the target
current peak and platform by magnetic fields. However, the target
current depends on the combined effects of electron emission, ion
sputtering, Hall current, and other factors,13 and the behavior of a
single ion or neutral particle cannot be determined accurately.
Therefore, studies based on the target current do not provide a
clear understanding of the HiPIMS discharge. Optical emission
spectroscopy (OES) has been employed to track and measure the
evolution of different species in the plasma in HiPIMS discharge
and found that the discharge intensity and metal ionization rate
increase with discharge power.18,19 Large amounts of bivalent ions
or even polyvalent ions are produced in the high-density plasma,20
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but as a result of the relatively poor time resolution of OES
(>10 μs) and rapid evolution, especially in the initial stage of
HiPIMS discharge, it is difficult for OES to describe the details of
the evolution of each particle in the plasma and its influence on the
discharge process. Although some new techniques such as terahertz
time domain spectroscopy (TDS)21 and incoherent Thomson scat-
tering22 were developed recently to significantly lower the time res-
olution, many limitations in plasma diagnosis still exist. In view of
the experimental shortcomings, a theoretical simulation based on
the global model23–25 has been proposed. Gudmundsson26 studied
the HiPIMS discharge process with the time-dependent global
model and found that electron impact ionization and charge
exchange were dominant in the generation of metal ions during
and after the initial pulse, respectively. An ionized region was intro-
duced into the global model to calculate the ionization rate of dif-
ferent target materials,27 and the effects of the discharge
parameters on the plasma were studied by incorporating the com-
posite targets and target poisoning characteristics into the model.28

However, since the global model is based on some assumptions

and simplification, the simulation results lack experimental verifica-
tion, and some details about the particle behaviors are ignored.

In this work, the discharge process of HiPIMS in the popular
system (Ar/N2/Cr)

29 is analyzed systematically by theoretical simu-
lation and experiments. The density evolution curves of the typical
particles in the system are calculated, showing an asynchronous dis-
charge phenomenon and a series of inflection points that deter-
mine all the physical processes. At last, time-resolved optical
emission spectroscopy is used to confirm the simulations and the
interactions of each physical process.

II. SIMULATION AND EXPERIMENTS

To reduce the plasma diffusion loss, a cylindrical cathode30

made of chromium (99.9%) with an inner diameter of 120 mm and
a width of 48 mm is adopted to limit the discharge as shown in
Fig. 1(a). Two cylindrical magnets are placed on the periphery of
the target, and since the plasma discharge occurs inside the cylin-
drical cathode, the hollow cathode effect31 is introduced to modify

FIG. 1. (a) Schematic of the vacuum device. (b) Schematic illustration of the global model modified by the hollow cathode effect showing the balance and reactions of the
main particles in the ionization region. The subscripts are defined as follows: chexc, charge exchange; coll, collision; diff, diffusion; diss, dissociation; iz, ionization; P,
Penning ionization; sput, sputtering; and HCE, hollow cathode effect. (c) Current and voltage signal in a pulse at 1000 V and 1.5 Pa together with a picture showing the
glow in the cylindrical cathode.
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the time-dependent global model30 (see the Appendix) as shown in
Fig. 1(b) (simplified from Fig. 7). According to the density balance
equations of the particles such as cold electrons (e), hot electrons
(eH), ground state neutral particles (Ar, N2, N, and Cr), energetic
atoms (ArH), metastable neutral particles (Arm and N2

m), singly
charged ions (Ar+, N2

+, N+, and Cr+), doubly charged ions (Cr2+),
and the electron energy balance equation, the particle density and
electron energy in the discharge zone can be simulated according
to the discharge time, and detailed particle evolution in the dis-
charge can be characterized. The inputs to the model are the
current and voltage waveforms obtained experimentally from the
HiPIMS discharge in a vacuum chamber32,33 with dimensions of
600 × 600 × 500 mm3. Ar (99.99%, 10 SCCM) and N2 (99.999%,
5 SCCM) are used, and the discharge pressure is 1.5 Pa. The dis-
charge voltage is 1000 V, the pulse width is 300 μs, and the fre-
quency is 50 Hz. The target voltage and current waveforms are
obtained by an oscilloscope connected to the power supply, and the
waveforms and HiPIMS image are shown in Fig. 1(c). An observa-
tion window is installed on the side of the vacuum chamber oppo-
site to the cathode outlet to collect spectral information via a
spectrometer.

III. RESULTS AND DISCUSSIONS

The density curves of each particle in the Ar/N2/Cr HiPIMS
system vs discharge time is obtained by the global model as shown in
Figs. 2(a)–2(c), and only the data in the first 100 μs of the whole pulse
are shown for comparison. The simulation results of the whole pulse
calculated by global model is shown in Fig. 8. All the particles in the
plasma are generated after discharge ignition except Ar and N2, which
are the original working gases. After the pulse voltage initiates, the
electrons collide with atoms and molecules in the working gas to
ignite the discharge. The main reactions in the global model are
shown in Table I. In the plasma, Ar exists in the form of Ar, Ar+,
Arm, and ArH. In the beginning of the discharge, ionization collisions
(reaction 1) and excitation collisions (reaction 2) take place between
electrons and Ar atoms, and consequently, Ar+ and Arm are generated
resulting in a gradual decrease of Ar and rapid increase of Ar+ and
Arm. Arm is unstable because of easy de-excitation (reaction 3) and
further ionization (reaction 4), and, therefore, the peak density of Arm

is about an order of magnitude less than that of Ar+. The evolution of
ArH follows closely that of Ar+ because ArH is generated by recombi-
nation when Ar+ sputters the target.34 With the accumulation of Ar in
the ionization region, significant diffusion begins after 25 μs and the
particle densities start to decline. Meanwhile, high-density Cr atoms
generated by sputtering collide with the gas particles to accelerate the
process.14 After 100 μs, the particle density reaches an equilibrium.

The initial form of nitrogen is N2, which is ionized (reaction
5), excited (reaction 6), and dissociated (reaction 8), due to colli-
sions with electrons to generate N2

+, N2
m, and N, respectively.

Therefore, with the gradually decreasing N2 density, N2
+, N2

m, and N
increase almost simultaneously. In particular, the N2

+ density is sig-
nificantly less than those of the other two species and decays faster
because N2 ionization (reaction 5) needs a higher electron tempera-
ture and N2

m is preferentially de-excited (reaction 11) rather than
ionized (reaction 7). Sputtering and further dissociation occur for
N2
+ (reaction 9) resulting in a loss. N+ is generated after N is

produced and ionized and so N+ appears at last with the smallest
density. Since the N2

+ and N+ densities are one or two orders of
magnitude smaller than that of Ar+, it can be inferred that sputter-
ing in the gas discharge results from Ar+ bombardment. After

FIG. 2. Density evolution curves with time: (a) Ar, (b) N, and (c) Cr in the initial
100 μs of the HiPIMS pulse.
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20 μs, the N particles decline rapidly due to the diffusion and colli-
sion because of the smaller mass than Ar.

The generation of Cr particles (Cr, Cr+, and Cr2+) in the
plasma is quite different from that of the gas particles and shows a
gradual increase with discharge time. Cr is produced by sputtering
of Ar+, N2

+, and N+ and then ionized by reaction 12 or charge
exchange (reaction 14) to produce Cr+. Cr2+ is produced by sec-
ondary ionization (reaction 13). Therefore, Cr, Cr+, and Cr2+ are
generated in sequence. In the discharge process, the density of
metal ions increases and self-sputtering is enhanced. Therefore, the
Cr particle density does not decrease significantly despite the decay
of gas ions at 40 μs. After 60 μs, Cr particles reach an equilibrium
and become the main discharge species in the system, indicating
that the system enters the metal-dominant discharge stage from the
gas-dominant discharge stage.

Four representative particles (N, Ar+, Cr, and Cr+) are
selected, and the evolution curves in the first 10 μs are presented in
Fig. 3. N, Ar+, Cr, and Cr+ increase in turn indicating an asynchro-
nous discharge phenomenon. Generally, the glow discharge starts
from gas discharge, but N is generated slightly earlier than Ar+

because the dissociation energy (9.76 eV) of N2 is smaller than the
ionization energy (15.76 eV) of Ar atoms and, consequently, the
dissociation reaction takes place more easily. Compared to gas par-
ticles, Cr atoms appear later and the density increases more slowly,
resulting from the generation of Cr atoms, which mainly depends
on Ar+ sputtering. Cr+ is produced by Cr ionization and charge
exchange, and so the Cr+ curve increases at last. In this initial stage
of HiPIMS, the discharge sequence of gas particles depends on the
reaction energy, whereas that of the metal particles depends on the
sequence of the physical processes.

A series of inflection points can be found from the different
particle curves with the discharge time. Here, five species (N, Ar+,
Cr, Cr+, and Cr2+) are taken as examples, and they correspond to
five species in the plasma: gas atoms, gas ions, metal atoms, metal
univalent ions, and bivalent metal ions, as shown in Figs. 4(a)–4(c).
The particle equilibrium equation of N is shown in Eq. (1) [simpli-
fied from Eq. (A11)]. The five terms in the polynomial correspond
to five physical processes, such as dissociation of N2 and N2

+, ioni-
zation, and diffusion and collision with Cr,

dnN
dt

¼ 2kdiss,N2nN2ne þ 2kdiss,Nþ
2
nN2ne � kiz,NnNne � ΓN,dif f

SIR � ST
VIR

� ΓCr,coll
mCr

mN

nN
ngas

SIR � ST
VIR

, ð1Þ

where n (1/m3) is the density, k (m3/s) is the rate coefficient, m
(kg) is the particle mass, and Гcoll [1/(m

2 s)] and Гdiff [1/(m
2 s)] are

the fluxes produced by collision of the “sputtering wind” and diffu-
sion, respectively. ST (m2), SIR (m2), and VIR (m3) are the geometric
parameters in the ionization region representing the contact area
on the target, surrounding area, and volume, respectively. In the
beginning of the discharge, N mainly exists in the form of N2. Only
the dissociation of N2 and N2

+ occurs and, therefore, the density of
N increases rapidly. With increasing discharge, N is consumed by
ionization and inflection point 1 occurs at 6 μs [Fig. 4(a)]. The
discharge intensity continues to increase, and the dissociation reac-
tions do not decline. Hence, the N density continues to increase
rapidly after slight fluctuations. When the N density in the ioniza-
tion region reaches a certain value, a concentration difference is
formed resulting in outward diffusion from the ionization region.
The N density reaches the maximum at inflection point 2 when
diffusion is equal to the generation at 20 μs. Meanwhile, large
amounts of Cr atoms are produced in the ionization region upon
collision with N atoms thereby accelerating N overflow and hinder-
ing the replenishment of external N2 by collision giving rise to a
rapid decline in the N density curve. Production and consumption
of N atoms reach an equilibrium at 30 μs, and the N density curve
does not change anymore.

The particle equilibrium equation of Ar+ includes mainly neu-
trals (Ar, Arm, and ArH) ionization, sputtering, outward diffusion,
and charge exchange as shown in Eq. (2) [simplified from Eq. (A4)],

TABLE I. Main reactions in the Ar/N2/Cr plasma.

No. Reaction Threshold (eV) Reference

1 eþ Ar ! Arþ þ 2e 15.76 35
2 eþ Ar ! Arm þ e 11.56 35
3 eþ Arm ! Arþ e −11.56 35
4 eþ Arm ! Arþ þ 2e 4.2 35
5 eþ N2 ! Nþ

2 þ 2e 15.6 36
6 eþN2 ! Nm

2 þ e 6.17 36
7 eþNm

2 ! Nþ
2 þ 2e 37

8 eþ N2 ! 2Nþ e 9.76 38
9 eþ Nþ

2 ! 2N 39
10 eþ N ! Nþ þ 2e 14.54 36
11 Nm

2 ! N2 þ hν 36
12 eþ Cr ! Crþ þ 2e 6.8 40
13 eþ Crþ ! Cr2þ þ 2e 15.0 40
14 Arþ þ Crþ ! Crþ þ Ar

FIG. 3. Evolution curves of N, Ar+, Cr, and Cr+ in the first 10 μs of the HiPIMS
pulse.
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dnArþ

dt
¼ kiznArne þ kiznArHne þ kmiznArmne � ΓArþ

ST
VIR

� ΓArþ (1� βArþ )
SIR � ST
VIR

� kchexcnArþnCr, (2)

where β is the ion return probability. Different from N, Ar+ can be
generated directly by electron collision with Ar, Arm, and ArH

because Ar is a monatomic gas. Hence, the Ar+ density increases
faster than N. Owing to the negative potential on the target, some of
the Ar+ ions move toward the target and disappear. However, as the
discharge proceeds, the Ar+ density fluctuates at 7 μs (inflection 1)
and continues to increase as shown in Fig. 4(b). Similar to N, when
the concentration of Ar+ reaches a certain value, it starts to diffuse
outward from the ionization region. Besides, with increasing Ar+

density, sputtering and charge exchange with Cr become more preva-
lent. The Ar+ density attains the maximum at inflection point 2
(25 μs) after which consumption is greater than generation. With
decreasing Ar+ density, consumption continues to decrease, and,
finally, the Ar+ density reaches an equilibrium at 75 μs and inflection
point 3 appears.

Compared to gas particles, the evolution of metal particles is
more complex as shown in Fig. 4(c). Cr atoms are generated pri-
marily by sputtering of Ar+, Cr+, and Cr2+ and consumed by
charge exchange and diffusion. The particle balance equation is
shown in Eq. (3) [simplified from Eq. (A13)],

dnCr
dt

¼ ΓArþYArþ
ST
VIR

þ ΓCrþYCrþ
ST
VIR

þ ΓCr2þYCr2þ
ST
VIR

� kiz,CrnCrne � kchexcnArþnCr � ΓCr,diff
SIR � ST
VIR

, (3)

where Y is the sputtering yield calculated by TRIM.41 In the initial
stage of the discharge, Cr is generated by Ar+ sputtering and
increases rapidly with increasing Ar+ density. Afterward, electron
impact collisions produce substantial ionization of Cr and charge
exchange starts to occur. With increasing plasma density, con-
sumption of Cr surpasses generation resulting in the delay at 25 μs
(inflection 1). When the Cr ion density (including Cr+ and Cr2+) is
high, self-sputtering is enhanced7,17 and becomes the primary sput-
tering mechanism instead of gas sputtering leading to a fast replen-
ishment of Cr. Consequently, the Cr density reaches a minimum
value at 50 μs (inflection 2), and after that, the Cr density curve
increases again reaching the maximum at 140 μs and then decreases
slowly due to diffusion.

The generation and consumption of Cr+ are shown in Eq. (4)
[simplified by Eq. (A15)]. The generation terms are ionization of
Cr and charge exchange of Cr with Ar+, and the loss terms are
sputtering, diffusion, and secondary ionization,

dnCrþ

dt
¼ kiz,CrnCrne þ kchexcnArþnCr � ΓCrþ

ST
VIR

� ΓCrþ (1� βCrþ )
SIR � ST
VIR

� kiz,CrþnCrþne: (4)

Because the generation of Cr+ depends on ionization of Cr, the
inflection points of Cr+ lags behind that of Cr. Two fluctuations
can be observed at 30 μs (inflection 4) and 75 μs (inflection 5) from
the Cr+ density curve corresponding to Cr+ sputtering and second-
ary ionization, respectively. Under an enhanced outward diffusion,
the Cr+ density decreases slowly after reaching the maximum value
at 140 μs (inflection 6). It is noted that the Cr+ density exceeds
1020 m−3 and Cr+ becomes the species with the largest proportion

FIG. 4. Density curves of (a) N, (b) Ar+, and (c) Cr, Cr+, and Cr2+ vs discharge
time.
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in the plasma after inflection 5, suggesting that the subsequent dis-
charge is dominated by strong metal discharge and self-sputtering.

Cr2+ is produced by ionization of Cr+ and consumption is
mainly due to sputtering and diffusion as shown in Eq. (5) [simpli-
fied from Eq. (A16)],

dnCr2þ

dt
¼ kiz,CrþnCrþne �ΓCr2þ

ST
VIR

�ΓCr2þ (1� βCr2þ )
SIR � ST
VIR

: (5)

Cr2+ generated after Cr+ and the fluctuation is due to the return to
the target occurring at 50 μs (inflection 7). Different from Cr+, Cr2+

is difficult to be further ionized to form polyvalent ions.39

Inflection 8 is mainly caused by outward diffusion, and afterward,
the Cr2+ density starts to decline and reaches an equilibrium at
140 μs (inflection 9).

The average electron temperature Te (eV) verifies the evolution
of each physical process in the ionization region, as shown in
Fig. 5. In the initial stage of discharge, the temperature of electrons
increases significantly due to the sudden rise in the voltage. At this
time, electrons collide with the working gas (Ar and N2) to excite
or ionize the gas particles. Therefore, the HiPIMS discharge enters
the gas-dominant discharge stage, and electron impact is the pre-
dominant discharge mechanism. As a result of electron impact, the
electron temperature decreases rapidly and reaches a minimum of
2.5 eV at 20 μs (inflection 1). As the gas ion (Ar+) density reaches
the maximum, ionization collisions decline and high-energy
secondary electrons are produced by gas ions sputtering42 resulting
in a slow increase in the electron temperature. When sputtering
renders metal atoms the main species in the plasma, the HiPIMS
discharge enters the metal-dominant discharge stage. At this time,
sputtering is dominated by Cr+ self-sputtering that hardly generates
secondary electrons.43 Besides, ionization of Cr, especially second-
ary ionization of Cr+, requires a higher electron temperature, and,
therefore, the electron temperature curve exhibits inflection 2 at

45 μs, decreases, and finally stabilizes to reach the reaction equilib-
rium for each particle.

To obtain the accurate particle evolution process in the
plasma and verify the simulation results, a single photon counter
SR430 (Stanford Research Systems) is used to enhance the optical
signal and achieve high-speed collection on the atomic emission
spectrometer SR-500i-B1-R (ANDOR). The time-resolved optical
emission spectroscopy (OES) has an ultrahigh time resolution of
400 ns. The light emitted by the plasma goes through a quartz
window and is collected by the ME-OPT-0007 (ANDOR) light col-
lector aligned with the central axis of the cylindrical cathode.
Figures 6(a) and 6(b) reveal the evolution of the 4 typical particles:
N (750.4 nm), Ar+ (335.1 nm), Cr (432.0 nm), and Cr+ (524.0 nm).
To ensure fast data acquisition without losing discharge details, the
measurement precision of OES is set to 625 ns. Many inflection
points can be found from the spectral evolution curve of each parti-
cle. The number and occurrence sequence of the inflection points
are basically consistent with the simulation results, although the
spectral results are slightly delayed compared with the simulation
results mainly because the global model simulates the behavior of

FIG. 5. Electron temperature vs discharge time.
FIG. 6. (a) Spectra of N, Ar+, Cr, and Cr+ in a pulse. (b) Spectra of N, Ar+, Cr,
and Cr+ in the first 30 μs.
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particles in the ionization region while the spectrum can only
detect the particles in the center of the cylindrical cathode. The
spectral intensities of Cr and Cr+ are similar to those of the simula-
tion, while the Ar+ intensity obtained after the discharge balance is
larger than the simulation. It may be because the measurement
position can receive more external argon replenishment and
achieve high ionization benefiting from the hollow cathode effect
compared with the simulated ionization region. Figure 6(b) depicts
the particle spectrum in the first 30 μs suggesting that N, Ar+, Cr,
and Cr+ increase in turn, and the observation is in line with the
simulated results in Fig. 3. It should be noted that the significance
of the inflections is the alternation of the different physical pro-
cesses, although they seem a little small, which just means the very
fast and unobvious evolution and suggests the necessity of the
development of the highly time-resolved spectrometry and the sig-
nificance of the discoveries here.

IV. CONCLUSIONS

In summary, to examine the details in the HiPIMS discharge
process in the Ar/N2 atmosphere, a cylindrical cathode is used to
delay plasma diffusion, and a hollow cathode effect modified time-
dependent global model is established to assess the plasma particle
behavior in a pulse. The results are verified by data acquired on a
nanosecond resolution spectral diagnostic system that offers real-
time tracking of particles in the plasma. The occurrence and
impact of different physical processes including excitation,

ionization, sputtering and diffusion are determined in relation to
the discharge time. The results reveal that the gas discharge
depends on the reaction energy of particles and the metal discharge
depends on the sequence of the physical processes. This work is
not only helpful for further understanding of HiPIMS discharge
process and mechanism but also for better control of the reactive
sputtering and effective prevention of the target poisoning.
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APPENDIX: DETAILS OF THE GLOBAL MODEL

The reactions and rate coefficients in Ar/N2/Cr discharge
plasma and the corresponding reaction rate coefficients in the
equations are shown in Table II. The meaning of the parameters in
global model can be found in Table III.

Figure 7 is the detailed schematic diagram of the global model
showing the particle balance and corresponding reactions of
Ar/N2/Cr plasma in the ionization region. In the cylindrical

TABLE II. Rate coefficients for Ar/N2/Cr plasma.

Reaction Rate coefficient (m3 s−1) Threshold (eV)

e + Ar!Ar++2e kiz ¼ 2:3� 10�14T0:59
e exp(�17:44=Te) Eiz = 15.76 eV

eH + Ar!Ar+ + 2e kHiz ¼ 8� 10�14T0:16
e exp(�27:53=Te) Eiz = 15.76 eV

e + Ar!Arm + e kex ¼ 2:5� 10�15T0:74
e exp(�11:56=Te) Eex = 11.56 eV

eH + Ar!Arm + e kHex ¼ 3:84� 10�14T�0:68
e exp(�22:32=Te) Eex = 11.56 eV

e + Ar!Ar + e kel ¼ 2:336� 10�14T1:609
e � exp(0:0618(lnTe)

2 � 0:1171(lnTe)
3)

e + Arm!Ar + e kdex ¼ 4:3� 10�16T0:74
e Edex =−11. 56 eV

e + Arm!Ar+ + 2e kmiz ¼ 6:8� 10�15T0:67
e exp(�4:2=Te) Emiz = 4.2 eV

eH + Arm!Ar+ + 2e kHmiz ¼ 5:7� 10�13T�0:33
e exp(�6:82=Te) Emiz = 4.2 eV

e +N2!N2
+ + 2e kiz,N2 ¼ kHiz,N2

¼ 1:95� 10�15T1:13
e exp(�14:4=Te) Eiz,N2 ¼ 15:6 eV

e +N2!N2
m + e kex,N2 ¼ kHex,N2

¼ 5:81� 10�15 exp(�7:57=Te) Eex,N2 ¼ 6:17 eV
e +N2!N2 + e kel,N2 ¼ 1:04� 10�13T0:43

e exp(�0:206=Te)
e +N2! 2N + e kdiss ¼ 6:15� 10�15T0:81

e exp(�12:8=Te) Ediss = 9.76 eV
e +N2

+! 2N kdiss2 ¼ 1:9� 10�15T�0:30
e

e +N2
m!N2

+ + 2e kiz,Nm
2
¼ kHiz,Nm

2
¼ 3:39� 10�13T�0:176

e exp(�32:4=Te) Eiz,Nm
2
¼ 9:43 eV

e +N!N+ + 2e kN,iz ¼ 3:84� 10�15T0:92
e exp(�12:1=Te) Eiz,N = 14.54 eV

e +N!N + e kel,N ¼ 2:18� 10�13T�0:84
e exp(�0:685=Te)

N2 + N+!N +N2
+ kN2-Nþ ¼ 2:0� 10�17

N2
+ + N!N+ + N2 kNþ

2 -N ¼ 1:0� 10�17

N2
m + N!N +N2 kNm

2 -N ¼ 4:0� 10�17 Edex,Nm
2
¼ �6:17 eV

N2
m +N2! 2N2 kNþ

2 -N2
¼ 3:5� 10�18 Edex,Nm

2
¼ �6:17 eV

N2
m!N2 + hν kdex,Nm

2
¼ 2:3� 10�4 Edex,Nm

2
¼ �6:17 eV

Ar+ + N2!Ar + N2
+ kArþ-N2

¼ 1:2� 10�17

e + Cr! Cr+ + 2e kiz,Cr ¼ exp(�Eiz,Cr=Te)� (Te=Eiz,Cr)
P5

n¼0 an[log10(Te=Eiz,Cr)]
n Eiz,Cr = 6.8 eV

e + Cr+!Cr2+ + 2e kiz,Crþ ¼ exp(�Eiz,Crþ=Te)� (Te=Eiz,Crþ )
P5

n¼0 an[log10(Te=Eiz,Crþ )]
n Eiz,Crþ ¼ 15:0 eV

Arm + Cr!Cr+ + Ar + e Hard sphere EP = 4.76 eV
Ar+ + Cr!Cr+ + Ar Hard sphere
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cathode, the ionization region section can be treated as a semicircle.
The contact area with the target ST (m2), superficial area SIR (m2),
and volume VIR (m3) can be calculated by integration as shown in
Eq. (A1), in which Rsource (6 cm) is the radius of the cylindrical
cathode and RIR (1.5 cm) is the radius of the ionization region,

ST ¼ 4πRsourceRIR,
SIR ¼ Ð π

2
0 4πRIR(Rsource � RIR cos(θ))dθ þ ST ,

VIR ¼ Ð π
2
0 4π(Rsource � RIR cos(θ))R2

IR sin
2(θ)dθ:

8><
>: (A1)

According to the generation and the loss of each particle as
shown in Fig. 7, the complete particle densities balance equation
can be described as follows.

1. Particle balance equation of atoms and ions

(1) Ar atom

dnAr
dt

¼� (kizne þ kHizn
H
e )nAr � (kexne þ kHexn

H
e )nAr

�ΓCr,coll
mCr

mAr

nAr
ngas

SIR � ST
VIR

þ kArþ�N2
nArþnN2 þ kchexcnArþnCr

þ kPnArmnCr þ (kdexne þ kHdexn
H
e )nArm þ ΓAr,diff

SIR � ST
VIR

, ðA2Þ

where the diffusional Ar flux can be described as
ΓAr,diff ¼ nAr,0�nAr

4 uAr, in which nAr,0 is the Ar density outside

TABLE III. Parameter table of the global model.

Symbol Meaning Unit

B Average magnetic field at the ionization
region boundary

mT

ID Experiment discharge current A
UD Experiment discharge voltage V
P Pressure Pa
T Gas temperature 300 K
Fcoll Collision frequency Hz
RIR The radius of the ionization region 1.5 cm
Rsource The radius of the cylindrical cathode 6 cm
ST The contact area of the ionization region

with the target
cm2

SIR Ionization region superficial area cm2

VIR Ionization region volume cm3

k Reaction coefficient m3 s−1

γ The secondary electron emission coefficient 1
Y Sputtering yield 1
Te Electron temperature eV
n Number density m−3

Icalc Simulated discharge current A
α Ionization rate 1
β Ion return probability 1
σ Collision cross section m2

Γ Particle flux 1/m2 s

FIG. 7. Detailed schematic diagram of the global model showing the particle balance and corresponding reactions of Ar/N2/Cr plasma in the ionization region. The sub-
scripts are defined as follows: diff, diffusion; ex, excitation; Dex, de-excitation; iz, ionization; P, Penning ionization; chexc, charge exchange; coll, collision; recom, recombi-
nation; sput, sputtering; and HCE, hollow cathode effect.
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ionization region and uAr¼
ffiffiffiffiffiffiffiffi
8kBT
πmAr

q
is the average velocity of Ar at

T = 300 K. ГCr,coll (1/m
2 s) stands for the collision part of the Cr,

Cr+, and Cr2+ sputtering wind and can be calculated by
Eq. (A3),

ΓCr,coll ¼ (ΓCr,sput þ ΓCrþ ,sput þ ΓCr2þ ,sput)Fcoll,

ΓM,sput ¼ nMuTCr

4
, M ¼ Cr,Crþ, andCr2þ,

uTCr ¼ (3kBT=mCr)
1=2,

Fcoll ¼ 1� exp(�RIR(σAr-Cr(nAr þ nArm þ nArH )þ σAr-N2 (nN2 þ nNm
2
)þ σAr-NnN)),

8>>>><
>>>>:

(A3)

where Fcoll (Hz) is the collision probability of Cr particles with gas particles in the ionization region, uTCr (m/s) is the root mean square
velocity, and σ (m2) is the cross section of collision based on the hard sphere model.

(2) Ar+ ion

dnArþ

dt
¼� kArþ�N2

nArþnN2 � kchexcnArþnCr � ΓArþ
ST
VIR

� ΓArþ
(SIR � ST)(1� βArþ )

VIR

þ (kizne þ kHizn
H
e )(nAr þ nArH )þ (kmizne þ kHmizn

H
e )nArm þ ΓArþ ,HCE

(SIR � ST)
VIR

: (A4)

In Eq. (A4), ΓArþ ¼ 0:4nArþubohm,Arþ is the Ar+ flux leaving the ionization region and ubohm,Arþ ¼
ffiffiffiffiffiffi
eTe
mAr

q
is the Bohm velocity of the Ar+

ion. The ion return probability can be expressed as Eq. (A5), in which qion (eV) is the charge number of ion and Tion (eV) is the ion energy,

βion ¼
0, UIR � Tion=qion,

1� Tion

UIRqion
, UIR . Tion=qion:

8<
: (A5)

(3) Arm metastable atom

dnArm

dt
¼� (kmizne þ kHmizn

H
e )nArm � kPnArmnCr � (kdexne þ kHdexn

H
e )nArm � ΓCr,coll

mCr

mAr

nArm

ngas

SIR � ST
VIR

� ΓArm,diff
SIR � ST
VIR

þ (kexne þ kHexn
H
e )(nAr þ nArH )þ ΓArm,HCE

(SIR � ST)
VIR

, (A6)

where the flux of Arm can be calculated by the equation ΓArm,diff ¼ nArm
4 uAr.

(4) ArH atom

dnArH

dt
¼� (kizne þ kHizneH )nArH � (kexne þ kHexneH )nArH � ΓArH,diff

SIR � ST
VIR

� ΓCr,coll
mCr

mAr

nArH

ngas

SIR � ST
VIR

þ ΓArþ
ST
VIR

þ ΓArH,HCE
SIR � ST
VIR

:

(A7)

(5) N2 molecule

dnN2

dt
¼� (kiz,N2ne þ kHiz,N2

ne)nN2 � (kex,N2ne þ kHex,N2
ne)nN2 � kdissnN2ne � kN2-NþnN2nNþ � kArþ-N2

nArþnN2 �ΓCr,coll
mCr

mN2

nArH

ngas

SIR � ST
VIR

þ kNþ
2 -NnNþ

2
nN þ kNm

2 -NnNm
2
nN þ kNm

2 -N2nNm
2
nN2 þ kNm

2 -dexnNm
2
þΓN2,diff

SIR � ST
VIR

: (A8)
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(6) N2
+ atom

dnNþ
2

dt
¼� kdiss2nNþ

2
ne � kNþ

2 -NnNþ
2
nN � ΓNþ

2

ST
VIR

� ΓNþ
2

(SIR � ST)(1� βNþ
2
)

VIR
þ (kiz,N2ne þ kHiz,N2

ne)nN2 þ (kiz,Nm
2
ne þ kHiz,Nm

2
ne)nNm

2

þ kN2-NþnN2nNþ þ kArþ-N2
nArþnN2 þ ΓNþ

2 ,HCE
(SIR � ST)

VIR
: (A9)

(7) N2
m molecule

dnNm
2

dt
¼� (kiz,Nm

2
ne þ kHiz,Nm

2
ne)nNm

2
� kNm

2 �NnNm
2
nN � kNm

2 �N2nNm
2
nN2 � kdex,Nm

2
nNm

2
� ΓNm

2 ,diff
(SIR � ST)

VIR
� ΓCr,coll

mCr

mNm
2

nArH

ngas

SIR � ST
VIR

þ (kex,Nm
2
ne þ kHex,Nm

2
ne)nN2 þ ΓNm

2 ,HCE
(SIR � ST)

VIR
: (A10)

(8) N atom

dnN
dt

¼� (kiz,Nne þ kHiz,Nn
H
e )nN � kNþ

2 -NnNþ
2
nN � ΓN,diff

SIR � ST
VIR

� ΓCr,coll
mCr

mN

nArH

ngas

SIR � ST
VIR

þ 2kdissnN2ne þ 2kdiss2nNþ
2
ne

þ kN2-NþnN2nN þ ΓN,HCE
(SIR � ST)

VIR
þ ΓN,CrN-sput

ST
VIR

: (A11)

(9) N+ ion

dnNþ

dt
¼� kN2�NþnNþnN2 � ΓNþ

ST
VIR

� ΓNþ
(SIR � ST)(1� βNþ )

VIR
þ (kiz,Nne þ kHiz,Nn

H
e )nN þ kNþ

2 �NnNnNþ
2
þ ΓNþ ,HCE

(SIR � ST)
VIR

: (A12)

(10) Cr atom

dnCr
dt

¼� (kiz,Crne þ kHiz,Crn
H
e )nCr � kchexcnArþnCr � kPnArmnCr � ΓCr,diff

SIR � ST
VIR

þ ΓCr,HCE
(SIR � ST)

VIR
þ ΓCr,sput

ST
VIR

, (A13)

where ΓCr,sput is the sputtering flux of Cr atoms, which can be calculated by Eq. (A14),

ΓCr,sput ¼ (ΓArþYArþ þ ΓNþ
2
YNþ

2
þ ΓNþYNþ þ ΓCrþYCrþ þ ΓCr2 þ YCr2 þ ): (A14)

(11) Cr+ ion

dnCrþ

dt
¼� ΓCrþ

ST
VIR

� ΓCrþ (1� βCrþ )
SIR � ST
VIR

þ (kiz,Crþne þ kHiz,Crþn
H
e )nCrþ þ (kiz,Crne þ kHiz,Crn

H
e )nCr

þ kchexcnArþnCr þ kPnArmnCr þ ΓCrþ ,HCE
(SIR � ST)

VIR
: (A15)

(12) Cr2+ ion

dnCr2 þ

dt
¼ (kiz, Crþne þ kHiz, Crþn

H
e )nCrþ � ΓCr2 þ

ST
VIR

� ΓCr2 þ (1� βCr2 þ )
SIR � ST
VIR

þ ΓCrþ ,HCE
(SIR � ST)

VIR
: (A16)

2. Particle balance equation of electrons

(1) Cold electron

dne
dt

¼ (kizne þ kHizneH )(nAr þ nArH )þ (kmizne þ kHmizneH )nArm þ (kCrizne þ kHCrizn
H
e )nCr þ (kCrþ izne þ kHCrþ izn

H
e )nCrþne þ (kNizne þ kHNizn

H
e )nN

þ (kN2izne þ kHN2izne)nN2 þ (kNm
2 izne þ kHNm

2 iz
ne)nNm

2
þ kpnCrnArm � Γe

SIR � ST
VIR

þ Γe,HCE
SIR � ST
VIR

: (A17)
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The flux of cold electrons Γe can be calculated from Eq. (A18),

Γe ¼ De∇nel þ De

Te
nelE � 0:4ne

De

RIR
1þ UIR

Te

� �
, (A18)

where nel ¼ 0:4ne is the electron density on the boundary of the ionization region and De ¼ 1
ωτ

Te
B is the Bohm diffusion coefficient

of electrons. The voltage drop UIR in the ionization region can be calculated by the equation UIR ¼ � eR2
IR

ε0
(nArþ þ

nCrþ þ 2nCr2 þ þ nNþ
2
þ nNþ � ne � neH ).

(2) Hot electron

dneH

dt
¼ 1

eUD=2
(UD � UIR)Ise

VIR
� QH

� �
, (A19)

where Ise ¼ eST(γArþΓArþ þ γCrþΓCrþ þ γCr2 þ ΓCr2 þ þ γNþΓNþ þ γNþ
2
ΓNþ

2
) is the secondary electron current and γ is the secondary

electron emission coefficient. QH (W/m3) stands for the energy loss of hot electrons in the inelastic collision with the atoms, as shown
in Eq. (A20),

QH

e
¼

X
j
(Ej,c þ Ehtc)k

H
iz,jneHnj � Edexk

H
dexneHnArm ,

j ¼ Ar,Arm,N2,N,Cr, and Cr
þ,

(A20)

where Ehtc = 10 eV, representing the energy loss from hot electron to cold electron. Ej,c (eV) can be calculated by Eq. (A21),

kiz,ArEAr,c ¼ kiz,ArEiz,Ar þ kex,ArEex,Ar þ kel,Ar
3me

mAr
Te,

kiz,ArmEArm,c ¼ kiz,ArmEiz,Arm þ kel,Arm
3me

mAr
Te,

kiz,N2EN2,c ¼ kiz,N2Eiz,N2 þ kex,N2Eex,N2 þ kel,N2

3me

mN2

Te,

kiz,NEN,c ¼ kiz,NEiz,N þ kel,N
3me

mN
Te,

kiz,CrECr,c ¼ kiz,CrEiz,Cr þ kel,Cr
3me

mCr
Te,

kiz,CrþECrþ ,c ¼ kiz,CrþEiz,Crþ þ kel,Crþ
3me

mCrþ
Te:

(A21)

3. Energy balance equation

d
dt

3
2
eneTe

� �
¼ FPWR

PD
VIR

� Q� 3
2
eTeΓe

SIR � ST
VIR

þ
X

i¼Arþ ,Crþ ,Cr2 þ ,Nþ ,Nþ
2

1
2
eTeΓi

ST þ (SIR � ST)(1� βi)
VIR

0
@

1
A: (A22)

The discharge power PD =UD × ID, which could be directly measured by the discharge experiment. Q (W/m3) stands for the energy
variation of collisions between electrons and atoms, as shown in Eq. (A23),

Q
e
¼
X

j
Ej,ckiz,jnenj � EdexkdexnenArm � ENm

2 -NkNm
2 -NnNm

2
nN � ENm

2 -N2kNm
2 -N2nNm

2
nN2 � EPkPnCrnArm : (A23)
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