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ABSTRACT

During magnetron sputtering erosion, the change in the morphology and magnetic field of the target surface affects the plasma discharge.
Especially in high power and reactive conditions, the plasma evolution during erosion determines the continuity and stability of the
discharge. In this work, a global model with iterative modification of the erosion profile is established, by which the reactive sputtering of an
Al target in Ar/N2 is simulated to study the plasma evolution and surface combination in the erosion process at different power densities.
With increasing discharge power density, the electron density and electron temperature increase significantly to enhance plasma ionization.
Consequently, the proportion of adsorbed N2 participating in surface combination decreases from 70% to 31%, while the proportions of N
deposition and N-containing ion sub-plantation increase to 44% and 25%, respectively. In the erosion process, the proportion of N participat-
ing in surface combination remains essentially unchanged at low power densities. In contrast, at a large power density, N2 adsorption weak-
ens, and the proportion of N-containing ion sub-plantation increases further from 25% to 37%, becoming the main reason for target
poisoning. Calculation of the generation and consumption of target surface compounds reveals that the coverage rate of target surface com-
pounds decreases and then increases in the sputtering process at a low power density, while that rises all the time at a large power density,
leading to a severe target poisoning.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0244132

I. INTRODUCTION

Target poisoning1 is a common phenomenon in reactive sputter-
ing.2 With the target erosion, significant changes in the target mor-
phology and surface magnetic field take place,3 consequently changing
the target poisoning conditions4 and affecting the continuity and sta-
bility of the discharge and quality of the deposited coatings. Especially
under high-power reactive sputtering conditions, the discharge is often
interrupted at deeper erosion stage, but it is difficult to restart under
the same discharge conditions. In spite of using feedback of the dis-
charge voltage or spectra, the control of the sputter deposition process
is extremely poor.

Target poisoning in reactive magnetron sputtering is a problem
of concern in the industry. Generally, it is believed that the state of

target poisoning depends on the dynamic equilibrium between the for-
mation and consumption of compounds on the target surface.5 The
former includes molecular adsorption, atom deposition, and ion sub-
plantation of the reactive gas species, while the latter mainly involves
ion sputtering.6 Berg et al.7 have suggested that ionization of the reac-
tive gas can be neglected when the partial pressure of the reactive gas is
much lower than that of the working gas. Based on the balance
between reactive gas adsorption and ion sputtering, the Berg model is
established to provide a quantitative description of the target poisoning
state.7–10 G€uttler et al.11,12 have monitored the hysteresis of reactive
gases in situ and found that the absorption of reactive gases on the
cathode mainly involves molecular adsorption and atom deposition,
rather than direct ion sub-plantation, further proving the basic
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assumption of the Berg model. According to the Berg model, reactive
gas adsorption and atom deposition vary very little with the cathode
erosion. Therefore, only the ion sputtering yield changes slightly with
variations of the discharge parameters during conventional magnetron
sputtering.4 Hence, reactive sputtering is relatively stable. However, in
the large power density regime, the discharge voltage and plasma den-
sity increase significantly, consequently boosting the ionization rate
and energy of the reactive particles in the plasma.13 As a result, the
instantaneous erosion rate increases rapidly, resulting in a faster mor-
phological variation of the target surface.3 Meanwhile, the reactivity of
reactive ions is high, thus enabling more reactive ions to participate in
compound formation and sputtering of the target surface. In this case,
the evolution of the target surface morphology and discharge parame-
ters during erosion become the determining factors of the plasma

discharge and target surface combination, thereby affecting the conti-
nuity and stability of the reactive ion discharge.

Herein, using the reactive sputtering of an Al target in the Ar/N2

atmosphere as an example, we establish a global model with iterative
modification of the erosion profile to describe the reactive sputtering
process. The plasma evolution and target surface combination during
reactive ion sputtering are studied by the model. Owing to the signifi-
cantly enhanced plasma ionization at a large power density, more reac-
tive ions participate in the combination process on the target surface,
and N2 adsorption gradually gives way to N-containing ion sub-
plantation and N deposition. In particular, the proportion of ion sub-
plantation increases from 25% to 37% during cathode erosion and
dominates target poisoning. The coverage rate of compounds on the
target surface rises all the time and aggravates target poisoning.

FIG. 1. (a) Erosion profiles after reactive sputtering for 0, 90, 180, 270, 360, and 540min at a power density of 100W/cm2; (b) Volt-ampere characteristics measured at 12, 20,
40, 60, 80, and 100W/cm2.

FIG. 2. (a) Schematic diagram of the global model for reactive sputtering on an Al target in the Ar/N2 atmosphere. The area surrounded by the light blue lines represents the
plasma ionization region. The arrows represent the reaction mechanisms: green for N2 molecule adsorption, blue for N atom deposition, red for Nþ

2 and Nþ ion sub-plantation,
and purple for ion sputtering, and the change from red to purple indicates the coexistence of ion sub-plantation and sputtering. (b) Plasma ionization regions constructed based
on the cathode erosion profiles, where solid lines represent the actual erosion profile and dashed lines are the magnetic field lines.
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FIG. 3. (a) Electron densities and (b) electron temperature vs erosion depth for different power densities.

FIG. 4. Densities of reactive gas particles vs erosion depth for different power densities: (a) N2 molecules, (b) N atoms, (c) Nþ
2 ions, and (d) Nþ ions.
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II. METHODS
A. Voltage–current measurements

The plasma global model14,15 accepts the current and voltage as
the input.16 According to Wendt et al.17 and Lieberman et al.,18 nearly
no difference occurs in the erosion profile using different discharge
powers when the erosion depth is the same. For this, we etched only
one target at 100W/cm2 to record the erosion morphology at different
depth. The volt-ampere characteristics at the power density of 12, 20,
40, 60, 80, and 100W/cm2 are tested to serve as the input for the global
model. A 60 kW DC power supply (Ascent 60, Advanced Energy,
USA) is used to perform high power density (100W/cm2) discharge
on a rectangular cathode (300� 123mm2).19 The vacuum chamber
dimensions are 600� 600� 500mm3, and the cathode target is Al
(99.9% pure). Ar (99.99% pure, 45 SCCM) and N2 (99.999% pure,
5 SCCM) are the working gas and reactive gas at a pressure of 0.5 Pa.

Figures 1(a) and 1(b) show the erosion profiles and the volt-ampere
characteristics, respectively.

B. Global model with iterative modification of an
erosion profile

The traditional global model assumes that the plasma ionization
region is a semicircle with the erosion runway width as the diameter.16

Therefore, the variations of the target surface morphology and the
magnetic field caused by cathode erosion are not taken into consider-
ation. All the etching morphologies are measured by vernier caliper,
which are regarded as parts of the boundary of the IR region in global
model because the sheath layer is very thin18 and it is always neglected.
The both ends of the cross section of the etched runway are always
used to distinguish the main discharge area, so the magnetic field line
passing through these two ends is assumed to be the other part of the
IR region boundary. The closed region approximating a sector sur-
rounded by the magnetic field line and cathode erosion profile is
defined as the plasma ionization region, as shown in Fig. 2(a). Based
on the different erosion profiles measured experimentally, geometric
information of the plasma ionization region is obtained in different
erosion stages, as shown in Fig. 2(b). The changed parameters are the
average magnetic field intensity of the target surface B (T), the ioniza-
tion region volume VIR (m3), the ionization region superficial area SIR
(m2), and the contact area of the ionization region with the target ST
(m2), and their evolutions are shown in Fig. 10 (in the Appendix). The
IR region parameters obtained from the erosion depth of 0, 2.1, 3.7,
5.3, 6.8, and 8.1mm are calculated to achieve the iterative process. In
this way, the erosion process of reactive sputtering can be described by
the model.

In the plasma system of reactive sputtering of an Al target in the
Ar/N2 atmosphere, the basic particles include cold electrons (e), hot
electrons (eH), ground-state neutral particles (Ar, N2, N, and Al),
excited-state neutral particles (Arm and Nm

2 ), hot atoms (ArH), and
ions (Arþ, Nþ

2 , N
þ, Alþ, and Al2þ). Based on the generation and con-

sumption reactions, and the energy variations of each component,

FIG. 5. Ionization rates of N vs erosion depth for different power densities.

FIG. 6. Initial stage of reactive sputtering: (a) Velocities of N2 molecules, N atoms, Nþ
2 ions, and Nþ ions flowing toward the target surface; (b) proportions of N2 molecule

adsorption, N atom deposition, and Nþ
2 and Nþ ion sub-plantation in target surface combination for different power densities.
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particle balance equations and energy balance equations are estab-
lished to solve the density variation of the components in the complex
system.

According to the interactions among various components in the
system, the main formation and consumption processes of the com-
pounds on the target surface can be obtained, namely, N2 gas adsorp-
tion, N atom deposition, Nþ

2 and Nþ ion sub-plantation, and ion

sputtering, which are represented by the green, blue, red, and purple
arrows in Fig. 2(a), respectively. To simplify the calculation, it is
assumed that the compound formed on the target surface is the single
AlN phase (see Fig. 11 in the Appendix). On this basis, the equilibrium
equation for the target surface compound coverage rate h can be
obtained to characterize the target poisoning state, as shown as
follows:6,20,21

FIG. 7. (a) Fluxes and (b) proportions of N2 molecule adsorption, N atom deposition, and Nþ
2 and Nþ ion sub-plantation vs erosion depth for different power densities.

FIG. 8. (a) Average sputtering yields and (b) erosion fluxes of target surface compounds vs erosion depth for different power densities.
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dh
dt

rNt ¼ CN2 ;absorptionð1� hÞ þ CN; depositionð1� hÞ
þ CNþ

2 þNþ ;implantation � CAlN;sputh

¼ ð2aN2ÞðCN2 þ CNm
2
ÞÞð1� hÞ þ aNCNð1� hÞ

þ ð2CNþ
2
þ CNþÞ � CAlN;sputh; (1)

where C (m�2 s�1) represents the particle flux. rNt¼ 1.25� 1020 m�2

is the saturation surface density of N atoms in the target surface com-
pound AlN, and a is the sticking coefficient representing the probabil-
ity of gas-neutral particles adsorbed by the target surface to form
compounds. For N2 molecules and N atoms, a can be set as 0.3 and 1,6

respectively. This indicates that the adsorption efficiency of N atoms is
100%, which is equivalent to N atom deposition on the target surface.
CAlN;sput (m

�2 s�1) is the flux of the target surface compound AlN con-
sumed by ion sputtering, as shown as

CAlN;sput ¼ NN
A1N

X
CionY

N
ion;AlN;

ion ¼ Arþ; A1þ;A12þ;Nþ orNþ
2 ; (2)

where NN
AlN ¼ 1 is the number of N atoms in an AlN molecule and

YN
ion;AlN represents the sputtering yield of N atoms on the compound

(see Fig. 12 in the Appendix). More specific details of the model are
given in the Appendix.

III. RESULTS AND DISCUSSION

The plasma evolution behavior during the erosion process is sim-
ulated by the global model with iterative modification of the erosion
profile. The electron density and electron temperature are shown in
Figs. 3(a) and 3(b), respectively. It is evident that with increasing power
density from 12 to 100W/cm2, the electron density in the plasma sys-
tem rises from 1.2–1.6� 1018 to 6.2–8.0� 1018 m�3, representing an
increase of about four times. Meanwhile, the electron temperature rises
from 3.1–3.6 to 4.8–5.2 eV of about 1/2. The phenomenon is consistent
with the plasma properties for high power discharges.6,13,19 The
increase in electron density and electron temperature enhances the
ionization rate of neutral particles in the plasma. At a constant power
density, both the electron density and electron temperature increase at
the deeper erosion stage, indicating further enhancement in the dis-
charge intensity. This is because the target surface becomes thinner
with erosion, and the magnetic field of the target surface is larger thus
enhancing electron binding. However, since the discharge voltage
decreases at deeper erosion stage, the acceleration effect on electrons
weakens, resulting in a slight increase in the electron density and elec-
tron temperature.

Figure 4 shows the densities of various reactive gas particles in
the plasma at different erosion depths for different power densities.
With increasing power density, the higher electron density and elec-
tron temperature promote the ionization and dissociation reactions of
N2 molecules.13,22 Meanwhile, the background temperature near the
target surface increases, and the sputtering intensity goes up, resulting
in a strong gas rarefaction effect23 which causes a substantial decrease
in the N2 density. However, at a constant power density, the gas rare-
faction effect is basically unaffected by the cathode erosion. Therefore,
the increase in electron density and electron temperature plays a domi-
nant role at this point, which promotes N2 molecule density to gradu-
ally decrease at deeper erosion stage. N atoms, Nþ

2 ions, and Nþ ions
are generated by ionization and dissociation of N2 molecules during

electron impact, and their densities rise with power density and ero-
sion depth. Differently, the N atom density decreases when the power
density exceeds 20W/cm2. This is because the gas rarefaction effect
and the enhanced sticking of N, resulting in an increased consumption
which is more than the generation by N2 dissociation. At low power
density, both electron density and electron temperature are low, result-
ing in weak electron impact reactions. Since Nþ ions are generated by
the dissociation of N2 molecules and ionization of N atoms in turn, the
density of Nþ ions is lower than that of Nþ

2 ions at low power density
and increases slightly with the small increase in electron density and
electron temperature at the deeper erosion stage. However, with
increasing electron density and electron temperature, the generation of
Nþ ions is enhanced, while Nþ

2 ions are further consumed by dissocia-
tion reactions. Therefore, at high power densities, the density of Nþ

exceeds that of Nþ
2 , presenting a greater increase at deeper erosion

stage.
The ionization rates of N for different erosion depths at different

power densities are calculated by Eq. (3), as shown in Fig. 5,

aNelement ¼
nNþ

2
þ nNþ

nN2 þ nN þ nNþ
2
þ nNþ

� 100%: (3)

FIG. 9. Coverage rates of target surface compounds vs erosion depth for different
power densities.
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The ionization rate of N is positively correlated with both the
power density and erosion depth. At a low power density (12W/cm2),
the ionization rate of N increases slightly from 0.10% to 0.27% due to
the small increase in Nþ and Nþ

2 ion density at the deeper erosion
stage. The low ionization rate further indicates that the ionization of
reactive gas shows almost no effect on the plasma system at this time.
The result is consistent with the basic assumption in the Berg model
that ionization of the reactive gas can be ignored.7 In contrast, at a
high power density (100W/cm2), the ionization rate of N increases
from 3.0% to 5.6% during reactive sputtering, which is approximately
15–30 times larger, indicating that the effect of reaction gas ionization
cannot be ignored.

To study the formation process of the target surface compounds,
the velocities of N2 molecules, N atoms, Nþ

2 ions, and Nþ ions flowing
from the ionization region toward the target surface initially (erosion
depth of 0mm) are calculated, as shown in Fig. 6(a). The ion velocity
is the Bohm velocity determined by the electron temperature Te
(eV),18 while the neutral particle velocity is the thermal velocity deter-
mined by the background temperature TIR (K) in the ionization region
(see the Appendix), as shown as

uBohm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eTe=mion

p
; (4)

uThermal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTIR=mneu

p
; neu ¼ N2 orN; (5)

where kb¼ 1.38� 10�23 J/K is Boltzmann’s constant and m (kg) is the
particle mass. Since eTe� kbTIR, the ion velocity is larger than that of
neutral particles. With increasing power density, the electron tempera-
ture and background temperature increase, resulting in a gradual
increase in the velocities of all the components. According to the densi-
ties and velocities of the reactive gas components, the fluxes of N2 mole-
cule adsorption, N atom deposition, and Nþ

2 and Nþ ion sub-plantation
are obtained by the empirical formulas in Eqs. (6)–(8), respectively,6

CN2 ; adsorption ¼ 2aN2ðCN2 þ CNm
2
Þ ¼ 2aN2

ðnN2 þ nNm
2
Þ

4
uN2 ; thermal;

(6)

CN; deposition ¼ aNCN ¼ aNnNuN; thermal; (7)

CNþ
2 þNþ ; implantation ¼ 2CNþ

2
þ CNþ

¼ 0:4ð2nNþ
2
uNþ

2 ;Bohm
þ nNþuNþ ;BohmÞ: (8)

TABLE I. Rate coefficients for Ar/N2/Al plasma.

Reaction equation Rate coefficient k (m3�s�1) Threshold (eV) Reference

eþ Ar ! Arþ þ 2e kiz ¼ 2:3� 10�14T0:59
e expð�17:44=TeÞ Eiz ¼ 15:76 27

eH þ Ar ! Arþ þ 2e kHiz ¼ 8� 10�14T0:16
e expð�27:53=TeÞ Eiz ¼ 15:76 27

eþ Ar ! Arm þ e kex ¼ 2:5� 10�15T0:74
e expð�11:56=TeÞ Eex ¼ 11:56 28

eH þ Ar ! Arm þ e kHex ¼ 3:84� 10�14T�0:68
e expð�22:32=TeÞ Eex ¼ 11:56 28

eþ Ar ! Arþ e kel ¼ 2:336� 10�14T1:609
e � expð0:0618ðlnTeÞ2 � 0:1171ðlnTeÞ3Þ 28

eþ Arm ! Arþ e kdex ¼ 4:3� 10�16T0:74
e Edex ¼ �11:56 29

eþ Arm ! Arþ þ 2e kmiz ¼ 6:8� 10�15T0:67
e expð�4:2=TeÞ Emiz ¼ 4:2 28

eH þ Arm ! Arþ þ 2e kHmiz ¼ 5:7� 10�13T�0:33
e expð�6:82=TeÞ Emiz ¼ 4:2 28

eþ N2 ! Nþ
2 þ 2e kiz;N2 ¼ kHiz;N2

¼ 1:95� 10�15T1:13
e expð�14:4=TeÞ Eiz;N2 ¼ 15:6 30

eþ N2 ! Nm
2 þ e kex;N2 ¼ kHex;N2

¼ 5:81� 10�15 expð�7:57=TeÞ Eex;N2 ¼ 6:17 30

eþ N2 ! N2 þ e kel;N2 ¼ 1:04� 10�13T0:43
e expð�0:206=TeÞ 31

eþ N2 ! 2Nþ e kdiss ¼ 6:15� 10�15T0:81
e expð�12:8=TeÞ Ediss ¼ 9:76 32

eþ Nþ
2 ! 2N kdiss2 ¼ 1:9� 10�15T0:30

e 33

eþ Nm
2 ! Nþ

2 þ 2e kiz;Nm
2
¼ kHiz;Nm

2
¼ 3:39� 10�13T�0:176

e expð�32:4=TeÞ Eiz;Nm
2
¼ 9:43 30

eþ N ! Nþ þ 2e kiz;N ¼ 3:84� 10�15T0:92
e expð�12:1=TeÞ Eiz;N ¼ 14:54 30

eþ N ! Nþ e kel;N ¼ 2:18� 10�13T�0:84
e expð�0:685=TeÞ 30

N2 þ Nþ ! Nþ Nþ
2 kN2�Nþ ¼ 2:0� 10�17 30

Nþ
2 þ N ! Nþ þ N2 kNþ

2 �N ¼ 1:0� 10�17 30

Nm
2 þ N ! Nþ N2 kNm

2 �N ¼ 4:0� 10�17 Edex;Nm
2
¼ �6:17 30

Nm
2 þ N2 ! 2N2 kNþ

2 �N2
¼ 3:5� 10�18 Edex;Nm

2
¼ �6:17 30

Nm
2 ! N2 þ hv kdex;Nm

2
¼ 2:3� 10�4 Edex;Nm

2
¼ �6:17 30

Arþ þ N2 ! Arþ Nþ
2 kArþ�N2

¼ 1:2� 10�17 30

eþ Al ! Alþ þ 2e kiz;Al ¼ expð�Eiz;Al=TeÞ � ðTe=Eiz;AlÞ
X5

n¼0
an½ log 10ðTe=Eiz;AlÞ�n Eiz;Al ¼ 5:96 34

eþ Alþ ! Al2þ þ 2e kiz;Alþ ¼ expð�Eiz;Alþ=TeÞ � ðTe=Eiz;AlþÞ
X5

n¼0
an½ log 10ðTe=Eiz;AlþÞ�n Eiz;Alþ ¼ 18:83 34

Arm þ Al ! AlþþArþ e kP ¼ 5:9� 10�16 EP ¼ �5:60 35

Arþ þ Al ! AlþþAr kchexc ¼ 1:0� 10�15 35
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Consequently, in the initial stage of reactive sputtering, the pro-
portions of the three main reactions in the formation of the target sur-
face compounds at different power densities can be obtained, as shown
in Fig. 6(b). At a small power density (12W/cm2), N2 molecule
adsorption and N atom deposition account for 70% and 28%, respec-
tively, thus dominating the target surface combination. At this point,
the ion density is three orders of magnitude less than that of neutral
particles, with the proportion of Nþ

2 and Nþ ion sub-plantation of
only 2%. With increasing power density, the ion density rises, while
the neutral particle density decreases. When the power density reaches
100W/cm2, the ion density is only one order of magnitude less than
that of neutral particles. Coupling with the particle velocities, the pro-
portions of N2 molecule adsorption, N atom deposition, and Nþ

2 and
Nþ ion sub-plantation are 31%, 44%, and 25%, respectively. Hence, in
high-power reactive sputtering, the dominant factors of target surface
combination shift from N2 molecule adsorption to a combination of N
atom deposition and N-containing ion sub-plantation.

Figure 7(a) shows the fluxes of N2 molecule adsorption, N atom
deposition, and Nþ

2 and Nþ ion sub-plantation vs erosion depth for
different power densities. As cathode erosion proceeds, the flux of N2

molecule adsorption decreases, while the fluxes of N atom deposition
and Nþ

2 and Nþ ion sub-plantation increase. At a small power density

(12W/cm2), the variations of the three processes are relatively small,
thereby maintaining stability throughout the reactive sputtering pro-
cess. In contrast, at a large power density (100W/cm2), the flux of Nþ

2
and Nþ ion sub-plantation increases from 2.1� 1020 to 3.7� 1020

m�2 s�1 by 76%. In comparison, the variation in N2 molecule adsorp-
tion and N atom deposition is less than 5� 1019 m�2 s�1, indicating
that the high-power discharge mainly enhances the contribution of
Nþ

2 and Nþ ion sub-plantation to the target surface combination. The
proportions of the three reactions in surface combination are statisti-
cally summarized in Fig. 7(b), in which regions A, B, and C indicate
that the target surface combination is dominated by N2 molecule
adsorption, N atom deposition, and Nþ

2 and Nþ ion sub-plantation,
respectively. The shaded area between regions A, B, and C indicates
that the three mechanisms dominate the target surface combination
together. The direction of the black arrow represents the deepening of
cathode erosion, revealing a gradual decrease in the proportion of N2

molecule adsorption along the arrow direction. Discharges at lower
power densities (12 and 20W/cm2) are located in region A, and the fit-
ted lines show a small slope, indicating that N atom deposition mainly
increases at deeper erosion stage. With increasing power density, the
discharge gradually enters the shaded area, with a significant increase
in the slope of the fitted lines indicating that the increase is mainly in

FIG. 10. (a) The average magnetic field intensity of the target surface B (T) (b) the ionization region volume VIR (m3) (c) the ionization region superficial area SIR (m2), and
(d) the contact area of the ionization region with the target ST (m

2) at different erosion depth.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 023907 (2025); doi: 10.1063/5.0244132 32, 023907-8

VC Author(s) 2025

pubs.aip.org/aip/php


Nþ
2 and Nþ ion sub-plantation. Nþ and Nþ

2 ions penetrate into the
subsurface under the effect of sheath voltage, and provide 1 and 2N
atoms to form the compound, respectively. Yet/However the sputter-
ing of the compound is very small because of the small sputtering
yields of Nþ and Nþ

2 ion of less than 1. Therefore, the target poisoning
could be promoted by Nþ and Nþ

2 ion sub-plantation. When the
power density is 100W/cm2, the fitted line is almost perpendicular to
the horizontal axis of the coordinate system, indicating that N atom
deposition no longer increases. Consequently, the proportion of Nþ

2
and Nþ ion sub-plantation significantly increases from 25% to 37%,
and it is the main reason for the variations in the target poisoning
states. According to the tendency revealed in Fig. 7(b), if the power
density is further increased to above 100W/cm2, the discharge will
enter region C, in which the target surface combination is dominated
by Nþ

2 and Nþ ion sub-plantation, and so is target poisoning.
Figure 8 shows the average sputtering yield and total sputtering

flux of various ions in the sputtering of the target surface compounds
vs erosion depth for different power densities. With increasing power
density, the rise in target voltage leads to higher sputtering energy to
the sputtering ions, leading to an increase in the average sputtering
yield. However, at a constant power density, the target voltage gradu-
ally decreases at deeper erosion stage, which reduces the average sput-
tering yield of the target surface compounds. In addition, more
N-containing ions participate in sputtering and contribute to the
decrease in the average sputtering rate. According to Eq. (2), the sputter-
ing flux of ions on the target surface compounds depends on the num-
ber of sputtering ions and their average sputtering yield. With increasing
power density, both the number of ions involved in sputtering and the
average sputtering rate increase, and the sputtering flux of the target sur-
face compounds is enhanced. At a constant power density, the discharge
intensity and ionization rate increase at deeper erosion stage to raise the
number of sputtering ions. However, the target voltage decreases simul-
taneously, resulting in a reduced average sputtering yield. As a result, the
effects counteract each other and the sputtered flux is basically constant,
showing only a slight variation. Generally, the sputtered flux of the target
surface compounds increases at small erosion depths, but gradually sta-
bilizes with deepened erosion or even decreases slightly at large erosion
depths due to the faster erosion.

Given that the timescale for the plasma to reach a steady state is
extremely small (1� 10�3 s), the erosion profile variation during the
measurement period is negligible. Therefore, when the plasma dis-
charge reaches a steady state, it can be assumed that the components
in the plasma system no longer change with time. At this time, the
generation and consumption of the target surface compounds reach a

FIG. 11. (a) Conventional and (b) simplified schematic diagram of the target compo-
nent in reactive sputtering.

FIG. 12. The sputtering yield of (a) Al atoms on Al target, (b) Al atoms, and (c) N
atoms on the AlN compound.
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balance.13 According to Eq. (1), the coverage rate h of the target surface
compound can be obtained as

h ¼ CN2; adsorption þ CN; deposition þ CNþ
2 þNþ ; implantation

CN2 ; adsorption þ CN; deposition þ CAlN; sput

¼
1þ CNþ

2 þNþ ; implantation

CN2; adsorption þ CN; deposition

1þ CAlN; sput

CN2; adsorption þ CN; deposition

: (9)

Figure 9 shows the coverage rate of the target surface compound vs
erosion depth for different power densities. At a low power density of
12W/cm2, Nþ

2 and Nþ ion sub-plantation is minimal, and the behav-
ior of N-containing particles involved in the target surface combina-
tion remains essentially unchanged, meaning that the generation of the
target surface compound basically remains constant.4 At this time, ion
sputtering determines the coverage rate of the target surface com-
pound. According to Eq. (9), the coverage rate h is inversely related to
the AlN sputtering flux, showing a trend of first decreasing and then
increasing with deepened erosion. However, at a large power density
(100W/cm2), the Nþ

2 and Nþ ion sub-plantation flux significantly
increases at deeper erosion stage, and the ion reactivity with the target
is far beyond that of N2 molecules and N atoms. In addition, the effect
of the enhancement in Nþ

2 and Nþ ion sub-plantation on the target
surface combination is larger than the effect of decreased sputtering
yields on the erosion speed. Consequently, the coverage rate h rises all
the time, resulting in more severe target poisoning. This result explains
the phenomenon in high-power reactive sputtering, in which as soon
as target poisoning causes discharge extinguishing, it is difficult to
resume with the automatic restart function of the sputtering power
source using the same startup power. Therefore, high-power magne-
tron sputtering power sources have to provide higher energy for re-
ignition in order to enable automatic restarting of the discharge, that
is, larger excitation pulses. In addition, it can be further inferred from
this result that the discharge stability and the coating consistency may
change at deeper erosion stage, which is detrimental to industrial pro-
duction. In order to maintain the stability, this work can provide a
strategy to control the power density according to the extent of cathode
etching.

IV. CONCLUSION

To address the unstable and discontinuous discharge caused by
plasma evolution during the reactive sputtering, we take the reactive
sputtering of the Al target in the Ar/N2 atmosphere as an example and
establish a global model with iterative modification of the erosion pro-
file to improve the simulation accuracy, by which the plasma evolution
and target surface combination behavior during erosion using different
power densities are investigated. With increasing power density, the
electron density and electron temperature in the plasma increase to
enable more reactive gas ions to participate in the target surface combi-
nation. The proportion of N2 molecule adsorption involved in target
surface combination decreases, whereas the proportion of N atom
deposition and N-containing ion sub-plantation increases. During ero-
sion, the proportion of N involved in target surface combination
remains essentially unchanged at low power densities, but the propor-
tion of N-containing ion sub-plantation increases from 25% to 37% at
high power densities, thus dominating target poisoning. The calculated

generation and consumption of target surface compounds indicate
that the coverage rate of target surface compounds decreases and then
increases at low power densities, while that rises all the time at high
power densities, leading to increasingly severe target poisoning. This
explains the phenomenon that when target poisoning extinguishes the
discharge in high-power reactive sputtering, it cannot be restarted
automatically using the restart function of the sputtering power source
(at the same startup power). The results provide insight into the design
of high-power reactive sputtering power sources.
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APPENDIX: DETAILS OF THE GLOBAL MODEL

The reactions in the Ar/N2/Al plasma system and their reac-
tion rate coefficients are shown in Table I.
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1. Particle balance equations of atoms and ions

(1) Ar atom:

dnAr
dt

¼ �ðkizne þ kHizneHÞnAr � ðkexne þ kHexneHÞnAr

� CAl;coll
mAl

mAr

nAr
ngas

SIR � ST
V IR

þ kArþ�N2
nArþnN2 þ kchexcnArþnAl þ kpnArmnAl

þ ðkdexne þ kHdexneHÞnArm þ CAr;diff
SIR � ST
V IR

; (A1)

where n (m�3) is the number density of particles in the plasma
system. VIR (m3) is the ionization region volume, SIR (m2) is
the ionization region superficial area, and ST (m2) is the con-
tact area of the ionization region with the target. ngas
¼ nAr þ nArm þ nArH þ nN2 þ nNm

2
þ nN is the density of neu-

tral gas particles. CAr,diff (m
�2 s�1) describes the diffusional Ar

flux, as shown as19

CAr; diff ¼ nAr; 0uAr; 0 � nAruAr
4

; (A2)

where uAr; 0 ¼
ffiffiffiffiffiffiffiffiffi
8kbT0
pmAr

q
and uAr ¼

ffiffiffiffiffiffiffiffiffiffi
8kbTIR
pmAr

q
is the average velocity

of Ar out and in the ionization region, respectively. The tem-
perature distribution by the plasma heat transfer model
according to Ref. 36, T0 (K) and TIR (K) is evaluated by the
average background temperature out and in the ionization
region, respectively, both increasing with the power density
and calculated with finite element method. CAl,coll (m

�2 s�1)
stands for the collision part of the Al, Alþ, and Al2þ sputtering
wind, as shown as

CAl;coll ¼ ðCAl;sput þ CAlþ ;sput þ CAl2þ;sputÞFcoll;
CM;sput ¼ nMuTAl

4
;M ¼ Al;Alþ; andAl2þ;

uTAl ¼ ð3kBT=mAlÞ1=2;
Fcoll ¼ 1� expð�RIRðrAr�AlðnAr þ nArm þ nArHÞ

þrAr�N2ðnN2 þ nNm
2
Þ þ rAr�NnNÞÞ;

(A3)

where Fcoll (Hz) is the collision probability of Al particles with
neutral gas particles in the ionization region, uTAl (m/s) is the
root mean square velocity, r (m2) is the cross section of colli-
sion based on the hard sphere model, and RIR (m) is the thick-
ness of the ionization region.

(2) Arþ ion:

dnArþ

dt
¼ �kArþ�N2

nArþnN2 � kchexcnArþnAl

� CArþ
ST
V IR

� CArþ
ðSIR � STÞð1� bArþÞ

V IR

þ ðkizne þ kHizneHÞðnAr þ nArHÞ þ ðkmizne þ kHmizneHÞnArm ;
(A4)

where CArþ ¼ 0:4nArþuArþ;Bohm is the Arþ flux leaving the ion-
ization region and bArþ is the ion return probability can be
expressed as

bion ¼
0; UIR � Tion=qion;

1� Tion

UIRqion
; UIR > Tion=qion;

8><
>: (A5)

in which qion (eV) is the charge number of ion and Tion (eV) is
the ion energy. UIR (V) is the voltage drop in the ionization
region which could be calculated by the Poisson equation as

UIR ¼ � eR2
IR

e0
nArþ þ nNþ

2
þ nNþ þ nAlþ þ 2nAl2þ � ne � neH

� �
;

(A6)

where e0¼8.85� 10�12 F/m is the vacuum dielectric constant.
(3) Arm atom:

dnArm

dt
¼ �ðkmizne þ kHmizneHÞnArm � kPnArmnAl

� ðkdexne þ kHdexneHÞnArm

� CAl;coll
mAl

mAr

nArm

ngas

SIR � ST
V IR

� CArm;diff
SIR � ST
V IR

þ ðkexne þ kHexneHÞðnAr þ nArHÞ; (A7)

where CArm;diff ¼ nArm
4 uAr stands for the diffusional flux of Ar

m

atom.
(4) ArH atom:

dnArH

dt
¼ � kizne þ kHizneH

� �
nArH � ðkexne þ kHexneHÞnArH

� CArH;diff
SIR � ST
V IR

� CAl;coll
mAl

mAr

nArH

ngas

SIR � ST
V IR

þ CArþ
ST
V IR

: (A8)

(5) N2 molecule:

dnN2

dt
¼ � kiz;N2ne þ kHiz;N2

neH
� �

nN2 � kex;N2ne þ kHex;N2
neH

� �
nN2

� kdissnN2ne � kN2�NþnN2nNþ � kArþ�N2
nArþnN2

� CAl;coll
mAl

mN2

nN2

ngas

SIR � ST
V IR

þ kNþ
2 �NnNþ

2
nN

þ kNm
2 �NnNm

2
nN þ kNm

2 �N2nNm
2
nN2

þ kNm
2 �dexnNm

2
þ CN2 ;diff

SIR � ST
V IR

: (A9)

(6) Nþ
2 ion:

dnNþ
2

dt
¼ �kdiss2nNþ

2
ne � kNþ

2 �NnNþ
2
nN � CNþ

2

ST
V IR

� CNþ
2

SIR � STð Þ 1� bNþ
2

� �
V IR

þ kiz;N2ne þ kHiz;N2
neH

� �
nN2

þ kiz;Nm
2
ne þ kHiz;Nm

2
neH

� �
nNm

2

þ kN2�NþnN2nNþ þ kArþ�N2
nArþnN2 : (A10)

(7) Nm
2 molecule:
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dnNm
2

dt
¼ � kiz;Nm

2
ne þ kHiz;Nm

2
neH

� �
nNm

2
� kNm

2 �NnNm
2
nN

� kNm
2 �N2nNm

2
nN2 � kdex;Nm

2
nNm

2

� CNm
2 ;diff

SIR � ST
V IR

� CAl;coll
mAl

mNm
2

nNm
2

ngas

SIR � ST
V IR

þ kex;Nm
2
ne þ kHex;Nm

2
neH

� �
nN2 : (A11)

(8) N atom:
dnN
dt

¼ � kiz;Nne þ kHiz;NneH
� �

nN � kNþ
2 �NnNþ

2
nN

� CN;diff
SIR � ST
V IR

� CAl;coll
mAl

mN

nN
ngas

SIR � ST
V IR

þ 2kdissnN2ne þ 2kdiss2nNþ
2
ne þ kN2�NþnN2nN

þ CN
AlN; sput

ST
V IR

; (A12)

where CN
AlN; sput ¼ h

P
CionYN

ion;AlN is the sputtering flux of N
atoms.

(9) Nþ ion:

dnNþ

dt
¼ �kN2�NþnNþnN2 � CNþ

ST
V IR

� CNþ
ðSIR � STÞð1� bNþÞ

V IR

þ ðkiz;Nne þ kHiz;NneHÞnN þ kNþ
2 �NnNnNþ

2
: (A13)

(10) Al atom:
dnAl
dt

¼ � kiz;Alne þ kHiz;AlneH
� �

nAl � kchexcnArþnAl � kPnArmnAl

� CAl;diff
SIR � ST
V IR

þ CAl;sput
ST
V IR

; (A14)

where CAl;sput ¼ ð1� hÞPCionYion;Al þ h
P

CionYAl
ion;AlN is

the sputtering flux of Al atoms.
(11) Alþ ion:
dnAlþ

dt
¼ �CAlþ

ST
V IR

� CAlþð1� bAlþÞ
SIR � ST
V IR

� ðkiz;Alþne þ kHiz;AlþneHÞnAlþ þ ðkiz;Alne þ kHiz;AlneHÞnAl
þ kchexcnArþnAl þ kPnArmnAl: (A15)

(12) Al2þ ion:
dnAl2þ

dt
¼ ðkiz;Alþne þ kHiz;AlþneHÞnAlþ � CAl2þ

ST
V IR

� CAl2þð1� bAl2þÞ
SIR � ST
V IR

: (A16)

2. Particle balance equations of electrons

(1) Cold electron e:
dne
dt

¼ ðkizne þ kHizneHÞðnAr þ nArHÞ þ ðkmizne þ kHmizneHÞnArm
þ ðkAl; izne þ kHAl; izneHÞnAl þ ðkAlþ ; izne þ kHAlþ; izneHÞnAlþne
þ ðkN; izne þ kHN; izneHÞnN þ ðkN2 ; izne þ kHN2 ; izneHÞnN2

þ ðkNm
2 ; izne þ kHNm

2 ; iz
neHÞnNm

2
þ kpnAlnArm

� kdiss2nNþ
2
ne � Ce

SIR � ST
V IR

: (A17)

The flux of cold electrons Ce can be calculated as

Ce ¼ Dernel þ De

Te
nelE � nel

De

RIR
1þ UIR

Te

� �
; (A18)

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

xs
Te
B is the Bohm diffusion coefficient of

cold electrons, in which xs is the ratio of electron cyclotron
and collision frequency, and B (T) is the average magnetic field
intensity of the target surface.

(2) Hot electron eH:

dneH

dt
¼ 1

eUD=2
USHIse
VIR

� QH

� �
� CeH

SIR � ST
V IR

; (A19)

where UD (V) is the discharge voltage and USH¼ UD- UIR is the
voltage drop in the sheath. Ise (A) is the secondary electron cur-
rent, as shown as4

Ise ¼ eSTðð1� hÞ
X

Cioncion;Al þ h
X

Cioncion;AlNÞ; (A20)

in which c is the secondary electron emission coefficient calcu-
lated as

cion; target ¼ 0:016ðEiz; ion � 2Eu; targetÞ; target ¼ Al orAlN; (A21)

where Eu is the electronic work function of target. For Al and
AlN, Eu is equal to 4.28 eV (Ref. 25) and 3.7 eV (Ref. 26),
respectively.QH (W/m3) stands for the energy loss of hot elec-
trons in the inelastic collision with the atoms, as shown as

QH

e
¼

X
ðEj;c þ EhtcÞkHiz;jneHnj � Edexk

H
dexneHnArm

j ¼ Ar; Arm; N2; Nm
2 ; N; Al; andAl

þ;
(A22)

where Ehtc¼ 10 eV is the energy loss from hot electron to cold
electron. Ej,c (eV) can be calculated as follows:

kizEAr; c ¼ kizEiz þ kexEex þ kel
3me

mAr
Te; (A23)

kmizEArm;c ¼ kmizEmiz þ kel
3me

mAr
Te; (A24)

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

3me

mN2

Te; (A25)

kiz;Nm
2
ENm

2 ;c ¼ kiz;Nm
2
Eiz;Nm

2
þ kel;N2

3me

mN2

Te; (A26)

kiz;NEN; c ¼ kiz;NEiz;N þ kel;N
3me

mN
Te; (A27)

kiz;AlEAl; c ¼ kiz;AlEiz;Al þ kel;Al
3me

mAl
Te; (A28)

kiz;AlþEAlþ ; c ¼ kiz;AlþEiz;Alþ þ kel;Al
3me

mAl
Te: (A29)

The flux of cold electrons CeH can be calculated by19

CeH ¼ DeH

RIR
neHl 1þ UIR

TeH

� �
; (A30)

where DeH ¼ 1

xs

ffiffiffiffiffi
T
eH
Te

q TeH

B is the Bohm diffusion coefficient of hot

electrons. TeH is the temperature of the hot electron, as shown as24
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TeH ¼ USH=3; Te � USH=3;

Te; Te > USH=3:

(
(A31)

3. Energy balance equation

d
dt

3
2
eneTe

� �
¼ FPWR

PD
VIR

� Q� 3
2
eTeCe

SIR � ST
V IR

�

þ
X 1

2
eTeCion

ST þ ðSIR � STÞð1� bionÞ
V IR

�
; (A32)

where PD is the discharge power which could be directly measured
by the discharge experiment. Q (W/m3) is the energy variation of
collisions between electrons and atoms, as shown as

Q ¼
X

Ej;ckiz;jnenj þ EdexkdexnenArm þ Edex;Nm
2
kdex;Nm

2
nNm

2

þ ENm
2 �NkNm

2 �NnNm
2
nN þ ENm

2 �N2kNm
2 �N2nNm

2
nN2 þ EpkpnAlnArm :

(A33)

FPWR is the effective power transfer coefficient (from the power
supply to heat the electron), as shown as

FPWR ¼ eVIREhtc�Hiz þ UIRID=2
UDID

; (A34)

where ID is the discharge current. Here, eVIREhtc�Hiz is the power
input for the heating of second electron, and UIRID=2 power input
by Ohm heating. �Hiz is the ionization collision of the hot electron
with other particles, as shown as

�Hiz ¼ neHðkHizðnAr þ nArHÞ þ kHiznArm þ kHN2 ; iznN2

þ kHNm
2 ; iz

nNm
2
þ kHN; iznN þ kHAl; iznAl þ kHAlþ ; iznAlþÞ: (A35)

4. Iterative modification of the erosion profile

The changed parameters during the iterative process are shown
in Fig. 10.

5. Target poisoning model

Three layers named surface, subsurface, and the bulk, respec-
tively, are always used to describe the target poisoning,6,21,37 as
shown in Fig. 11(a). The Nþ

2 and Nþ sub-plantation takes place
only in case 1, which forms case 2 once the Nþ

2 and Nþ arrive the
target subsurface. However, case 2 will immediately go into case 3
due to the fast erosion of Al layer at high power density, and into
case 4 because of the rapid poisoning at low power density.
Therefore, we can ignore case 2 which includes subsurface, but the
sub-plantation hasn’t been ignored and it is calculated in the reac-
tion from case 1 to case 3 or case 4, as shown in Fig. 11(b).

6. Sputtering yield

All the sputtering yield is calculated by TRIM,38 as shown in
Fig. 12.
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