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Introduction

• In the high power impulse magnetron sputtering (HiPIMS) the dis-
charge is created by applying a high power unipolar pulse of low duty
cycle to the cathode target (Helmersson et al., 2005, 2006).

• The pulse length is typically 50 - 500 µs and the pulse frequency 1 –
1000 Hz

• The high power pulse has a peak cathode voltage in the range 500 –
2000 V which gives peak power densities in the range 1 – 3 kW/cm2.

• A high fractional ionization has been demonstrated and values higher
than 90 % have been reported (Bohlmark et al., 2005).

• The measured ionized flux fraction from Cu target was estimated
roughly 70 % (Kouznetsov et al., 1999), from a Ti0.5Al0.5-target around
40 % (Macák et al., 2000), and from C and Al target 4.5 % and 9.5 %,
respectively (DeKoven et al., 2003).

• The reported measured values are highly inconsistent.

• The ionization mechanism and the temporal behavior of the plasma
parameters in a high power impulse magnetron sputtering (HiPIMS)
discharge is investigated using a time dependent global (volume aver-
aged) model.

The global (volume averaged) model

• The discharge is assumed to consist of electrons, Ar atoms in the ground
state, metastable Ar atoms, Ar+ ions, metal atoms, M, and metal ions,
M+.

• Electrons are assumed to have a Maxwellian energy distribution in the
range 1 – 7 eV.

• The power balance equation, which equates the absorbed power Pabs
to power losses due to elastic and inelastic collisions and losses due to
charged particle flow to the discharge walls is given as
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where Ee is the mean kinetic energy per electron lost and Ei is the mean
kinetic energy per ion lost, mi is the argon ion mass, and nAr+ is the
density of argon ions.

• The collisional energy loss per electron-ion pair created and is defined
as
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where Eiz is the ionization energy, Eex,i is the threshold energy and
kex,i is the rate coefficient for the i-th excitation process, respectively,
kiz is the ionization rate coefficient for single step ionization.

Reaction k [m3/s]

e + Ar−→ Ar+ + 2e kiz
e + Ar−→ Ar∗ + e kexc

e + Ar∗ −→ Ar+ + 2e kexc,iz

e + Ar∗ −→ Ar + e kdeexc = 4.3 × 10−16T 0.74
e

Ar+ −→ Ar(wall) kwall,Ar+ = 2uB(hLR2 + hRRL)/R2L
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Ar∗ −→ Ar + hν krad
e + Al −→ Al+ + 2e kizm = 1.23 × 10−13 exp(−7.23/Te)

Al+ −→ Al(wall) kwall,Al+ = 2uB,m(hLR2 + hRRL)/R2L
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Ar∗ + Al−→ Al+ + Ar + e kP = 5.9 × 10−16

Ar+ + Al−→ Al+ + Ar kchex = 1 × 10−15

• The particle balance for the metal ions gives

dnm+

dt
= kmiznenm + kPnAr∗nm + kchexcnAr+nm − kwall,m+nm+ (3)

where nm is the neutral metal density, nm+ is the metal ion density,
nAr∗ is the density of metastable argon atoms, and mi,m is the metal
ion mass.

• The particle balance for metal atoms is
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)

−kmiznenm − kPnAr∗nm − kchexcnAr+nm − kdiff,mnm+ (4)

where γsput is the yield of sputtered atoms per incident argon ion,
γselfsput is the yield of sputtered atoms per incident metal ion, rT is
the target radius.

• The particle balance equation for generation and loss of metastable
argon atoms is

dnAr∗

dt
= kexcnenAr − kexc,iznenAr∗ − kdeexcnenAr∗

−kloss,Ar∗nAr∗ − kPnAr∗nm (5)

• The particle balance for argon ions is

dnAr+

dt
= kiznenAr+kexc,iznenAr∗−kchexcnmnAr+−kwall,Ar+nAr+ (6)

• The temporal variation of the particle density and the electron tem-
perature was obtained by solving the differential equations (1), (3),
(4), (5) and (6) simultaneously and self-consistently. Once the density
of Ar+ and M+ ions is found the quasi-neutrality condition gives the
electron density ne = nAr+ + nm+.
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Figure 1: The measured power applied to the discharge versus
time from the pulse initiation. The target was made of tantalum 7.5
cm in radius. After Gudmundsson et al. (2002).
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Figure 2: The sputter yield of Ar+ on Al and Al+ on Al versus
time. The voltage applied to the discharge versus time from the
pulse initiation determined experimentally at 10 mTorr. The target
was made of tantalum 7.5 cm in radius.

Results and discussion

• To explore the ionization processes in a high power impulse magnetron
sputtering discharge we assume a discharge chamber of radius R = 15
cm and length L = 15 cm with a target of radius 7.5 cm made of
aluminum.

• We assume the power pulse to be the same as shown in figure 1 and the
discharge pressure to be 10 mTorr (after Gudmundsson et al. (2002)).
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Figure 3: The calculated density of electrons, argon ions, alu-
minum ions and aluminum atoms versus time from the pulse initia-
tion.

• The metal ion flux to the surface is Γm+ ≈ 0.61nm+uB,m and the flux

of the neutral metal is Γm = 1
4vmnm.

• In discharges that are not in thermal equilibrium the electron tem-
perature Te is typically significantly larger than the neutral gas tem-
perature Tg. Thus, the fraction of ionized metal flux at the substrate
Γm+/(Γm+ + Γm) is larger than the fraction of ionized metal in the
plasma nm+/(nm+ + nm).

• The integrated metal ion fraction is 0.98 and the integrated ionized
flux fraction is 0.99 during the pulse.
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Figure 4: The ionized metal fraction and the ionized flux fraction
versus time from the pulse initiation.
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Figure 5: The relative reaction rate for the creation of the metal
ion versus time from the pulse initiation.

Conclusions

• The metal ion fraction and the ionized flux fraction are very high, the
sputtered metal is almost fully ionized.

• During the pulse on period electron impact ionization is the most ef-
fective process in creating metal ions while charge exchange becomes
the dominant process in creating metal ions after the pulse is off.
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