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Abstract

In high-power pulsed magnetron sputtering, a large power density is applied giving rise to a high degree of ionization. From an
application point of view, the major drawback of this technology is the considerably lower deposition rate as compared to DC magnetron
sputtering. Using transport-of-ions-in-matter simulations, we show that the apparently low deposition rate can be understood based on
the non-linear energy dependence of the sputtering yields. Our calculations are consistent with deposition-rate measurements on Cu films
as well as with published deposition-rate data for Ti [Konstantinidis S, Dauchot JP, Ganciu M, Ricard A, Hecq M. J Appl Phys

2006;99:013307].
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ehiasarian et al. [1] reported two operation modes for
magnetron sputtering based on the current—voltage dis-
charge characteristic. The dependence of the discharge
current, /, versus discharge voltage, U, can be described by
a power law where I=kU" [2]. For conventional DC
magnetron sputtering (DCMS), n equals 7-14 [2]. At target
current density values of >600 W/cm?, the exponent 7 is
approximately 1 and the mode of operation is changing
into the so-called high-power pulsed magnetron sputtering
(HPPMS) mode [1]. HPPMS was first reported by
Kouznetsov et al. [3] in 1999 estimating the degree of
ionization for sputtering Cu in Ar to be in the order of
70%. As a consequence of the large dissipated power,
plasma density values of ~10'>cm ™ can be obtained [4,5].
The advantages of utilizing ionized vapor deposition
techniques from an application point of view have recently
been reviewed by Helmersson et al. [6], while the structure
evolution during ion-assisted growth has been discussed by
Petrov et al. [7]. Examples for advantages of the HPPMS
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technique include uniform deposition of structures with
high aspect ratio [3], interface modification through ion
irradiation [8], and increased film density [9,10].

These advantages are generally associated with a large
degree of ionization of the sputtered flux. Macak et al. [4]
confirms that, besides the sputtering gas, a substantial
amount of sputtered Ti is ionized (~40%). The fact that
HPPMS is characterized by a large degree of ionization of
the sputtered flux is well established [1,11-13].

Helmersson et al. [6] reviewed the available deposition-
rate data and summarized that the rates are typically in the
order of 25-35% of the rates in DCMS at similar time-
averaged power values. From an application point of view,
this is probably the largest drawback of the HPPMS
technique. Christie [14] suggested that self-sputtering
significantly affects the deposition rate during HPPMS,
while Konstantinidis et al. [15] stressed the importance of
the plasma conductivity. Furthermore, Bugaev et al. [16]
and Bohlmark et al. [17] identified that the mag-
netic confinement of the sputtered flux influences the
deposition rate.

As pointed out above, generally, HPPMS and DCMS
deposition rates are compared at similar time-averaged
power values. HPPMS discharges are driven with cathode
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potentials in the range of —600 to —3000V [1], exceeding
the target potentials commonly employed in DCMS
considerably. According to sputtering theory, the sputter-
ing yield, Y, in the here-discussed energy range, depends on
the target potential, U, as follows [18-20]:

Y~U'2, (1)

The fact that the sputter yield is non-linearly energy
dependent (see Eq. (1)) during DCMS and HPPMS has
been ignored in the previous analysis of the deposition-rate
data.

Macak et al. [4] showed, based on time-resolved optical
emission spectroscopy data, that the plasma chemistry is a
function of time. At the beginning of the pulse, the Ar™
population is dominant, while later in the pulse Ti " is in
the majority. The existence of a time separation between
the Ar and metal-ion fluxes has been confirmed [17,21].

With this in mind, we have calculated the effect of non-
linearly energy-dependent sputtering yields (for the Ar™"
ion scenario as well as for the metal ion part of the pulse)
on the deposition rate during HPPMS. The data are then
compared to the DCMS deposition rate obtained at
identical time-averaged power values. The argumentation
is based on TRansport-of-Ions-in-Matter (TRIM) simula-
tions as well as experimental data. The effect of the energy-
dependent secondary electron emission yield on the
deposition rate is not considered here. A discussion of
the effect of electrons on the deposition rate is omitted, due
to the lack of data describing metal-ion-induced secondary
electron emission during self-sputtering.

2. Experimental details

The TRIM software [22] was employed for the simula-
tion of the sputtering yield of Ar" and Cu™ (self-
sputtering) of Cu target atoms as a function of the ion
energy range of 100-2000eV. A 1-um-thick Cu target was
bombarded with 9999 Ar* and Cu™ ions, respectively,
under perpendicular incidence.

The base pressure in the chamber was ~5 x 10~*Pa. A
Cu target (& 90 mm) was at a distance of 120 mm from the
substrate. The films were deposited on grounded Si wafers
using HPPMS (Chemfilt Ionsputtering, SINEX 2.0-AS14)
and DCMS (MKS Instruments, ENI RPG-100E) in an Ar
atmosphere of 1 Pa. In the HPPMS plasma, the voltage was
set at —750 V with voltage-pulse duration of 50 us and a
frequency of 100 Hz. The corresponding target current was
measured using a current probe (Tektronix, A6303) in
combination with an amplifier (Tektronix, TM502). Time-
dependent evolutions of voltage and current were mea-
sured by an oscilloscope (Tektronix, TDS 3014B) and the
time-averaged power was calculated to be 78 W. A power
of 77 W was applied during DCMS (—308 V and 250 mA).
The deposition rate was determined from thickness-profile
measurements using a surface profilometer (Dektak-3030).

3. Results and discussion

Fig. 1 shows the simulated sputtering yield extrapolated
from the target potential during DCMS, —308 V, assuming
that the yield is linearly proportional to the target potential
(denoted ““+7). This extrapolation suggests a 100%
efficient sputtering process with respect to DCMS at any
target potential. This assumption is the erroneous basis of
the comparison between DCMS and HPPMS deposition
rates at constant time-averaged power. Additionally, the
simulated sputtering yield for Ar* (denoted “[1”) and
Cu™ (denoted “M”) bombardment on a Cu target is
plotted as a function of target potential in the range of
100-2000eV. The investigated discharge conditions for
DCMS and HPPMS are marked at 308 and 750eV,
respectively. For Ar " sputtering, the Cu sputtering yield
increased from 1.74 (DCMS, YRS) to 3.24 (HPPMS,
Y Kff MS) " which agrees well (within 20% deviation) with
experimental data [23], while the linearly extrapolated
sputtering yield, YoXUapolated “increases to 4.24. The max-
imum relative deposition rate, defined as HPPMS rate/
DCMS rate, of an Ar' plasma determined by the
yHPPMS jyextrapolated ratio is 76%. Based on the Christie
model [14], the maximum relative deposition rate of a
metal (M) plasma (no Ar" contribution) is given by the
ratio:

YﬁEPMS -1
—extrapolated - 2
Yextrapolated

The term “—1" represents the metal ion employed in the
self-sputtering event and its incorporation in the target.
The relative deposition rate for the pure metal plasma
(Eq. (2)) is only applicable for materials exhibiting a self-
sputtering yield higher than 1. For materials not fulfilling
this requirement, contribution to sputtering by both Ar
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Fig. 1. Simulated sputtering yield for Cu target bombarded with Ar™"
(0), Cu™ (M) ions, and an extrapolated yield (+) (linearly extrapolated
from the Ar™ yield at 308eV) as a function of target potential.
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and metal ions is required to avoid plasma extinction.
Eq. (2) for a Cu’ plasma with YJI'PMS =284 vyields
43%.

The previously discussed optical emission spectroscopy
data revealed a transition from an Ar"-dominated to a
metal-ion-dominated plasma [4]. Based on this and the
here-discussed non-linear energy-dependent sputtering
yields (Eq. (1)), it is reasonable to expect a maximum
relative deposition rate for Cu of 76%, assuming that the
entire Cu flux is generated by sputtering of a Cu target by
Ar ™ ions and transported without any loss to the substrate.
The minimum deposition rate that can be expected is 43%,
assuming that the entire Cu flux is sputtered by Cu™ ions
and transported without loss to the substrate. These data
strongly suggest that a comparison of HPPMS and DCMS
deposition rates is physically meaningful only if the non-
linear energy dependence of the sputter yield (Eq. (1)) is
taken into account. To expect similar values for the
HPPMS and DCMS deposition rates at similar time-
averaged power values is not compatible with sputtering
theory.

To test our calculations, Cu thin films were deposited
by HPPMS and DCMS in an Ar atmosphere. Due to the
high pressure (1 Pa) and the long pulses (50 us) applied in
our experiments, it is reasonable to assume that the
main part of the pulse is Cu'’ dominated [21] and thus
the relative deposition rate should be close to the
theoretical limit determined for a pure Cu’ plasma. The
relative deposition rate based on thickness measure-
ments was determined to be 32%. This is somewhat
lower than the predicted maximum rate based on sputter-
ing of Cu by Cu” ions, but this calculation is based on
100% efficient transport. Due to the high degree of
ionization of the sputtered material, a certain amount of
the metal-ion flux may be guided away from the path to the
substrate and hence does not contribute to film growth.
This is consistent with the work of Konstantinidis et al.
[21]. Bohlmark et al. [17] showed that the deposition
rate can be increased by 80% with the variation of the
magnetic field.

Our theoretical considerations are also consistent with
the HPPMS deposition-rate data reported by Konstanti-
nidis et al. for Ti films in an Ar " -dominated plasma with
Spus pulses at 0.27Pa [21]. In Fig. 2, the simulated
sputtering yields for Ar " (denoted “[0”’) and Ti " (denoted
“M”) sputtering, and the yield extrapolated from DCMS
at 300eV (denoted “—) are presented. Good agreement
between the reported relative deposition rate of approxi-
mately 70% and our simulated value of 67% based on the
sputtering yields of Ti [YRSMS (300V) = 0.45; YHFPMS
(820 V) = 0.82; y=xtraplated "go0 V) = 1.23] is achieved.
However, for the HPPMS Ti plasma with 5pus pulses
operated at an increased pressure of 1.3 Pa, the relative
deposition rate dropped to 43%. This is consistent with the
optical emission data indicating the presence of a Ti" -
dominated plasma later in the pulse and hence a significant
deposition-rate reduction has to be expected.
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Fig. 2. Simulated sputtering yield for Ti target bombarded with Ar™ (),
Ti" (M) ions, and an extrapolated yield (—) (linearly extrapolated from
the Ar" yield at 300eV) as a function of target potential.

4. Conclusions

We have shown that the apparent decrease of the relative
deposition rate discussed in the literature may be under-
stood by considering the non-linear energy dependence of
the sputtering yields. Our results strongly suggest that a
comparison of high-power pulsed magnetron sputtering
(HPPMS) and DC magnetron sputtering (DCMS) deposi-
tion rate is physically meaningful only if the non-linear
energy dependence of the sputtering yield is taken into
account. To expect similar values for the HPPMS and
DCMS deposition rate at similar time-averaged power
values is not compatible with sputtering theory. These
results are of general relevance for ionized physical vapor
deposition, utilizing larger target potentials as employed
during DCMS.
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