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Chromium thin films are deposited by combining direct current magnetron sputtering and high
power impulse magnetron sputtering (HiPIMS) on a single cathode in an industrial deposition
system. While maintaining a constant deposition rate and unchanged metal ion energy distribution
function, the fraction of the total power supplied by either deposition technique is altered, and
thereby also the metal ion to metal neutral ratio of the deposition flux. It is observed that the
required total average power needed to be proportionally increased as the HiPIMS fraction is
increased to be able to keep a constant deposition rate. The influence on microstructure, electrical,
and electrochemical properties of the films is investigated and shows improvements with the use of
HiPIMS. However, considerable influence of the studied properties occurs already when only some
40% of the total power is supplied by the HiPIMS technique. Further increase of the HiPIMS
power fraction results in comparatively minor influence of the studied properties yet significant
deposition rate efficiency reduction. The results show that the degree of ionization can be
controlled separately, and that the advantages associated with using HiPIMS can be obtained while
C 2012
much of the deposition rate reduction, often reported for HiPIMS, can be avoided. V
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I. INTRODUCTION
In high power impulse magnetron sputtering (HiPIMS)
the power is applied to a conventional cathode in short unipolar pulses at low duty factors.1–3 By doing this, the instantaneous power density on the target and the plasma density
is increased by approximately 2–3 orders of magnitude as
compared to direct current magnetron sputtering (DCMS).
The higher plasma density, in turn, leads to a higher probability to ionize the sputtered vapor.4 A partially ionized deposition flux has been shown to allow for increased possibility
in controlling the microstructure, phases, and chemical composition of the growing films, which may lead to enhanced
mechanical, optical, and electrical film properties.3 Besides
the beneficial influence of the HiPIMS process for the film
properties, the power normalized deposition rates for
HiPIMS are often observed to be lower than those for
DCMS.5 For example, in the case of Cr, as low as 30% of
the DCMS rates have been reported.2 The reduction in deposition rate has been suggested to originate from the back
a)
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attraction of ionized sputtered atoms.6 Other factors, such as
changes in, and efficiency of, the transport mechanisms of
ionized species through the bulk of the plasma toward the
substrate, have also been proposed to contribute to the deposition rate loss.7–9
The HiPIMS process entails a wide parameter range, generating a variety of plasma conditions.10 By tuning the process
parameters, such as peak target power or current, it is possible
to compass plasma conditions ranging from DCMS-like to
highly ionized ones. This was demonstrated by, e.g., Alami
et al.,11 who found that a change in ionization influenced the
plasma impedance, and through this also the deposition rate.
Although studies have shown that the degree of ionization can
exceed 90% during a HiPIMS discharge,12 full ionization may
not be required, or even desirable in all cases. This can be
illustrated by the works of Aiempanakit et al.13 on TiO2, and
Alami et al.14 on CrN, see Figs. 1(a) and 1(b), respectively. (It
has to be pointed out here that for the latter study, previously
unpublished data points for the deposition rate have been provided by the corresponding author of Ref. 14.) By decreasing
the ionization degree and approaching a DCMS-like discharge
(e.g., low peak target current or peak target power) the
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deposition rate loss was reduced, while the beneficial effects
on optical properties and surface roughness due to a partially
ionized deposition flux were still obtained. Similar results has
been reported employing the recently developed modulated
pulse power technique.15 From Fig. 1 it can be seen that with a
further increase in peak power or current—also entailing an
increased degree of ionization in the deposition flux—the film
properties were only marginally improved. The deposition
rate, however, decreased continuously with an increased
degree of ionization. By altering the process characteristics as
shown in Fig. 1, not only changes in the degree of ionization
of the deposition flux are expected,14 but also the deposition
rate and ion energy distribution.13,16 It is well known that film
microstructure and properties are influenced by the arrival rate
of film forming species,17 as well as the abundance of ions and
ion energy distribution in the deposition flux.18,19 Therefore,
simultaneous alteration of the aforementioned parameters
makes unambiguous understanding of fundamental mechanisms influencing films grown under different conditions
difficult.
Another approach to navigate in the HiPIMS parameter
space is by combining DCMS and HiPIMS in a single process. This approach has been implemented for deposition of
multilayered films using two cathodes, where one was operating in DCMS mode and the other in HiPIMS mode.20 This
combination provided for HiPIMS-like film properties for
both types of layers.21 The combination of processes has
also been demonstrated using a single cathode by superposition of DCMS and HiPIMS,22 mainly in order to ensure
reliable plasma ignition and a steep current increase by providing access to charged particles at the onset of the pulse
from the existing DCMS plasma.22,23 All of the aforemen-

FIG. 1. (Color online) (a) Deposition rate and refractive index vs pulse peak
power from Aiempanakit et al. (Ref. 13) on TiO2. and (b) deposition rate
and surface roughness vs pulse peak current from Alami et al. (Ref. 14)
on CrN.
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tioned studies have shown that a more DCMS-like HiPIMS
plasma can be advantageous from a deposition rate perspective while maintaining all, or close to all, of the advantages
from a film property perspective. However, the degree of
ionization itself, and its influence on film properties, has not
been isolated since in all the above-discussed studies the
deposition rates and/or ion energies were varied along with
the degree of ionization.
In the present work, DCMS and HiPIMS, superimposed on
a single cathode, are employed to alter the time averaged ion
content of the deposition flux. At the same time, the ion energy
distribution of the ionized sputtered metal originating from the
HiPIMS process, and average deposition rate is kept constant.
This is realized by keeping the HiPIMS pulse characteristics
constant while altering the pulse repetition frequency to adjust
the supplied HiPIMS power. A DCMS component is added
for each choice of HiPIMS frequency to ensure the same average deposition rates in all experiments. We implement this
strategy in order to systematically investigate the relationship
between the fraction of sputtered flux generated by HiPIMS
and film properties, using Cr as a model system.
II. EXPERIMENTAL DETAILS
All depositions were performed in an industrial high vacuum deposition system (Inline Coater 400, Impact Coatings24). Prior to the depositions the chamber was evacuated
to a pressure below 4  10 4 Pa (3 lTorr). The films were deposited on Si substrates at an Ar pressure of 0.67 Pa (5 mTorr).
No intentional substrate heating was used, whereas all the
substrates were biased to 50 V. The magnetron source was
equipped with a rectangular (21  10 cm2) Cr target. Two
power supplies were connected to the cathode; a DCMS supply (ADL GX100/800) operating in constant current mode,
and a HiPIMS supply (Sinex 3, Chemfilt AB). In order to
protect the DCMS power supply from the HiPIMS transients,
and allow stable DCMS operation, a diode was mounted in
series with the DCMS power cable. This diode arrangement
also enabled the DCMS supply to rapidly resume the set
power once a HiPIMS pulse ended. As discussed in Sec. I,
the HiPIMS pulse characteristics (for a single pulse), i.e., the
peak values for power and current, as well as the pulse
shapes were matched in all experiments. Keeping the
HiPIMS pulse characteristics equal for all experiments
implied that alteration of the HiPIMS power fraction, and
thereby the time averaged degree of ionization, had to be
controlled by varying the pulse repetition frequency. The frequency was changed in steps of 50 Hz, ranging from 50 to
350 Hz, resulting in duty factors between 1% and 5%. The
time-resolved substrate bias current was measured during
the HiPIMS pulses. To obtain equal deposition rates in all
experiments, a DCMS component was added according to
previous deposition rate calibrations. HiPIMS typically, and
also in this study, yields a lower deposition rate than DCMS
for the same average power. Therefore, the combination of
DCMS and HiPIMS required increasingly higher total average power as the fraction of HiPIMS power increased, as
seen in Table I.

031507-3 Samuelsson et al.: Influence of ionization degree on film properties when using HiPIMS

031507-3

TABLE I. Deposition conditions and resulting values for the different combinations of DCMS and HiPIMS powers. To maintain the same deposition
rate for all experiments the total average power was increased as the
HiPIMS power fraction increased. As the HiPIMS pulse characteristics were
equal for all experiments, the HiPIMS power, and thus, the degree of ionization was adjusted by changing the pulse repetition frequency.
Pulse
Total HiPIMS
HiPIMS
HiPIMS peak
repetition average power
peak
current
Deposition
frequency power fraction power density
density
rate
(mA cm 2)
(nm/min)
(Hz)
(kW)
(%)
(W cm 2)
n/a
50
100
150
200
250
300
350

0.86
1.00
1.11
1.22
1.29
1.34
1.40
1.58

0
25
45
60
77
88
98
100

n/a
408
430
419
430
419
408
408

n/a
590
624
614
624
619
619
619

83
87
88
85
77
83
72
91

Film thicknesses were determined by cross section scanning electron microscopy (LEO 1550 Gemini). The film
thickness values were averaged for at least six measurements
spanning the full substrate cross sectional width. Surface
roughness rms values were attained using a Dimension 3100
SPM atomic force microscope, over a 2  2 lm area. Amperometric experiments25 were performed to relate the
resulting current to the surface properties. The chromium
films were exposed to a potential in the transpassive region
where the faradaic current was dominated by the electrochemical oxidation of chromium to soluble chromate.26 In
such experiments, the current can be directly related to the
surface area and thereby the surface roughness. The oxidation of the films was performed for 1 h at room temperature
(the potential was set to 1.0 V vs Ag/AgCl) using 1.0 M sulfuric acid as the electrolyte. The data were obtained with an
Autolab PGSTAT30 (EcoChemie), employing an Ag/AgCl
reference electrode and a folded platinum wire as the counter
electrode. The films (working electrodes) were brought into
contact with the electrolyte via press fitting to an o-ring in
the side of a Kel-F-based electrochemical cell (the exposed
area of the electrodes was 0.20 cm2). The current at the end
of each experiment was used for evaluation and comparison.
In-plane electrical resistivity was measured using four-pointprobe setup with a cylindrical probe head (Jendel Engineering) connected to a micro-ohm meter (Agilent 34420A). At
least five resistivity measurements, from slightly different
locations, were taken on each sample.
III. RESULTS AND DISCUSSION
To illustrate how the deposition rate efficiency alters
between DCMS, HiPIMS, and any combination of the two,
the power normalized deposition rates are plotted in Fig. 2.
It is seen that when the HiPIMS power fraction increases,
the deposition rate efficiency decreases linearly, which
implies that the two processes are independent of each other
during superposition. For pure HiPIMS, 60% of the pure
DCMS power normalized rate is obtained. The independJVST A - Vacuum, Surfaces, and Films

FIG. 2. (Color online) Deposition rate normalized to power as a function of
the HiPIMS fraction of the total average power. Error bars are smaller than
the symbols used, and the dashed line is a guide to the eye only.

ency between the two processes was valid also at the substrate position, as confirmed by measuring the time-resolved
substrate bias current during the HiPIMS pulses, which
showed to be insignificantly influenced by the experimental
parameters. Thus, the two processes combined on a single
cathode do not significantly interfere with each other with
regard to deposition rate or conditions at the substrate. Since
the bias current waveform for each was unaltered as the experimental conditions were varied, the time averaged bias
current must increase with pulse repetition frequency. The
bias current observations and the observed decrease in power
normalized deposition rate, found both in the present study
and in the literature,13 are consistent with an increased average degree of ionization in the deposition flux with increased
pulse repetition frequency. Thus, it is here suggested that by
altering the HiPIMS pulse repetition frequency, the time
averaged amount of ions reaching the substrate could be varied independently of ion energy and deposition rate. Moreover, using the present experimental setup and target
material we could not detect the synergy effect—where the
combined DCMS and HiPIMS deposition rates superseded
the sum of the parts themselves, as Bandorf et al. reported
for Nichrome (Ni–Cr) and titania.27,28 Bandorf et al.
observed delayed plasma ignition for pure HiPIMS, but an
instantaneous current rise at the pulse onset when employing
the superposition approach. This allowed for longer HiPIMS
discharge time, i.e., more sputtered material and consequently higher deposition rate. Under the conditions used in
the present work, the HiPIMS plasma ignites well also without the presence of a DCMS plasma preceding each pulse,
which can explain the here observed absence of deposition
rate synergy effect.
The microstructure of films grown using a HiPIMS power
fraction of 0% (DCMS), 45%, and 100% are illustrated by
the SEM micrographs in Fig. 3. It can be seen that as the
fraction of power applied by the HiPIMS power supply is
increased, the microstructure of the films appears denser as
the column separation is decreased and the top surface gets
smoother. This trend is consistent with previous reports on
morphological modifications14 and is assumed to be a consequence of increased adatom mobility18 due to an increased
amount of ions in the deposition flux. From the discussion
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FIG. 4. (Color online) Measured film properties; roughness, electrical resistivity, and faradaic current (oxidation) as a function of HiPIMS fraction of
the total average power. The dashed lines are only intended as a guide for
the eye.

rent is directly related to the surface area, enabling a comparison to the surface roughness experiments. The correlation is
confirmed in Fig. 4, where it is clear that the faradaic current
follows the trend for the surface roughness—the films
become smoother as the HIPIMS power fraction increases.
IV. SUMMARY AND CONCLUSIONS

FIG. 3. SEM cross section micrographs showing the morphology for films
grown using an HiPIMS power fraction of (a) 0% (DCMS), (b) 45%, and
(c) 100%.

following Fig. 2 it was concluded that decreased power normalized deposition rate with increased HiPIMS power fraction (i.e., frequency) is consistent with an increase in degree
of ionization in the average deposition flux, and in accordance, Fig. 3, confirms that the ions also arrive at the substrate
in greater numbers.
The effect of the HiPIMS power fraction on roughness
(rms values), electrical resistivity, and electrochemical oxidation of the Cr thin films is illustrated in Fig. 4. All these
properties show a similar trend: after an initial overall
improvement of the respective property values using a
HiPIMS power fraction of up to 45%, only a minor
improvement is observed as a larger fraction of the total
power is supplied by the HiPIMS power supply. This suggests that the influence of ionized deposition flux on the
observed film properties saturates when the ionic content
exceed a certain value. Decreased surface roughness, due to
the ionized deposition flux, is commonly observed in studies
comparing DCMS and HiPIMS,3,29 and is here consistent
with the qualitative observations from the SEM, as shown in
Fig. 3. The lateral resistivity will be influenced by the intercolumnar porosity, a property that, like surface roughness, is
highly affected by the ionization of the deposition flux, and
can thus be understood in such terms (cf. Fig. 3). For the
electrochemical evaluations performed in this study, the curJ. Vac. Sci. Technol. A, Vol. 30, No. 3, May/Jun 2012

The results show that when combining DCMS and
HiPIMS on a single cathode under the conditions used in the
present experiments, the two processes can be operated independently with regard to deposition rates and ionization in
the deposition flux. This allowed for tuning the amount of
ions of the deposition material, keeping the deposition rate
and ion energy distribution unchanged, by adjusting the
DCMS and HiPIMS powers independently. For the film
properties studied here—roughness, electrical resistivity,
and electrochemical oxidation—a large improvement was
observed already when <40% of the average power was
applied by HiPIMS, where approximately 80% of the power
normalized DCMS deposition rate (nm min 1 kW 1) was
obtained. Increasing the HiPIMS power fraction resulted in
marginal property improvement, but significant reduction in
deposition rate efficiency.
By decoupling ionization from ion energies and average
deposition rate, the results demonstrate that the degree of
ionization as such is a process parameter that influences film
growth. Moreover, it is qualitatively shown that there is a
certain value that is sufficient for nearly full benefit with
regard to film property manipulation. The strategy used in
the present study also shows that degree of ionization can be
isolated and controlled independently, which opens up for
interesting research, e.g., regarding the role of target material
ions versus process gas ions, as well as provides the possibility to tailor HiPIMS processes for specific applications with
regard to ion content and deposition rate.
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