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Abstract: To improve the deposition rate of thin films, a novel oscillating pulse magnetron sputtering
technology (OPMS) was developed to substitute the traditional high-power impulse magnetron
sputtering (HiPIMS). Meanwhile, the relative density and the mechanical properties were also
significantly enhanced by this method. In this study, OPMS was used to prepare the pure Cu film,
and the effect of the target current on the mode of copper atoms leaving the target (off-target method)
under argon gas atmosphere was also investigated. The results showed that with the increase of the
target current, the off-target method of copper atoms was transformed from sputtering to evaporation,
the surface cracks’ width of the deposited films gradually decreased, and the lattice constants of the
Cu films were close to the bulk materials. Furthermore, the deposition rate of Cu films obviously
increased from 19 to 103 nm/min. The crystal structures of Cu films showed a face-centered cubic
structure, and the grain size increased from 13 to 18 nm, with the target current increased from 2 to
18 A. Moreover, Cu films deposited at currents of 8 and 13 A exhibited excellent adhesion.

Keywords: target current; oscillating pulse magnetron sputtering; thermal electron emission; Cu film;
off-target method

1. Introduction

Magnetron sputtering technology is widely used in the preparation of conductive
films such as Cu owing to its low deposition temperature [1–4], accurate and controllable
film composition and thickness, and smooth film surface. However, the microstructure and
properties of films deposited by conventional direct-current magnetron sputtering (DCMS)
are not ideal because of the low plasma density (1014–1016 m−3) [5] and the low ionization
rate of the deposited particles. In order to improve the ionization rate of the deposited
particles, Kouznetsov et al. [6] first proposed high-power impulse magnetron sputtering
(HiPIMS) in 1999. This technique produces high plasma density and high ionization rate
in a vacuum chamber through low duty cycle (<10%) and high pulse power [7–9]. The
high plasma density can promote the ionization rate of the deposited particles. Under
the effect of the electric field force generated by the negative voltage of the substrate,
the particles obtain a higher-deposition kinetic energy, which is beneficial to improve the
density, uniformity, and adhesion of the film–substrate. Unfortunately, the deposition rate
of HiPIMS is only 15%–70% of that of DCMS [10], which greatly limits its industrialization.
In general, the main reason for the low deposition rate is that the low duty cycle limits the
amount of plasma etched on the target, and the ionized particles are attracted back to the
target surface by the high negative target voltage [11].
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Therefore, increasing the deposition rate has always been a hotspot for HiPIMS re-
search. Based on HiPIMS, Lu and Luo et al. [12–14] introduced DCMS or middle-frequency
magnetron sputtering systems (MFMS) to improve the deposition rate of film, but the total
power of the system was increased. In addition, Bleykher [15] found that in the strong
evaporation environment of the liquid target, the deposition rate is 1–2 orders of magnitude
higher than that of the solid target. In the study of Alena [16], the deposition rate reached
200 nm/s after the target was melted and evaporated by ion bombardment of high plasma
density. However, the thermal radiation of the target could cause the risk of melting the
substrate at high temperatures, which could seriously damage the performance of the
substrate and the film.

Based on the above analysis, oscillating pulse magnetron sputtering (OPMS) tech-
nology was proposed for the first time in this study. The most significant feature of this
technique is that an oscillating pulsed DC electric field is applied to the target. The electric
field voltage has an oscillation amplitude of 50 V, the oscillation frequency is 100 kHz,
the pulse width is millisecond magnitude, and the electric field pulse frequency is ad-
justable from 1 to 100 Hz. A higher current can be obtained at a lower voltage (300–500 V)
through the oscillation effect of the voltage. Therefore, at the same target power, a higher
target current can obtain higher plasma density, which can enhance the intensity and
density of Ar+ bombardment on the cathode target surface, further increasing the number
of deposited particles and secondary electrons. By increasing the target current density
of the target, thermal electrons on the target surface preferentially escape from defects
such as grain boundaries [17,18], so as to realize thermal emission of particles (atomic
evaporation + thermal electron emission) under the joule heat effect. The temperature at
the grain boundary of the target surface is adjusted through power supply parameters until
the steady thermal emission stage for particles to be deposited by sputtering + evaporation.
The significant increase in the number of deposited particles and thermal electrons in the
vacuum chamber contributes to the co-improvement of the target atomic ionization rate
and the film deposition rate.

2. Experimental
2.1. Deposition System

The homemade MAIP-001 (Xi’an University of Technology, Xi’an, China) magnetron
sputtering system and oscillating pulse power supply were used for the experiment. The
system was mainly composed of four parts: vacuum system, power system, control system,
and cooling system.

The vacuum degree of the chamber with the water wall (700 × 400 × 350 mm3) was
provided by the mechanical pump and the molecular pump. A cylindrical hollow structure
with water-cooled magnetron on the back of the target (as shown in Figure 1) was adopted.
The power supply system consists of an oscillating pulse power supply and a pulsed bias
power supply. The maximum power of the oscillating pulse power supply is 8 kW, the
maximum voltage is 1200 V, and the voltage oscillation frequency is 100 kHz, and the
pulse width can be controlled in millisecond magnitude, which was loaded between the
cathode target and the chamber as the power source for generating and maintaining plasma
discharge. A pulsed bias power supply was loaded between the substrate and the chamber
as the power source for triggering the ions to bombard the substrate. The amount and
energy of the plasma bombardment substrate can be controlled by the bias electric field,
so as to control the film deposition process. The pulsed bias voltage power supply has an
arc extinguishing function, which can avoid the arcing phenomenon on the surface of the
substrate or the workpiece, and reduce the damage of the arc to the substrate or the surface
of the workpiece.
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Figure 1. Schematic diagram of the MAIP-001 deposition system.

2.2. Deposition Process

The dimensions of the Cu target used for the oscillating pulse magnetron sputter-
ing were Ø170 mm × 8 mm, and for the substrate material, ground and polished high-
speed steel (W18Cr4V) and a P-type (100) Si sheet were selected. The size of the high-
speed steels used to test the mechanical properties such as film–substrate adhesion was
Ø45 mm × 4 mm, and of the rectangle Si sheet used for the detection of the microstructure
of the film was 10 × 20 × 0.3 mm3.

Before the film deposition, the substrate was ultrasonically cleaned in anhydrous
ethanol and acetone for 15 min, and then fixed on the workpiece holder in the vacuum
chamber after drying. The distance between the substrate and the target was 240 mm. The
substrate was parallel to the surface of the target, as shown in Figure 1.

The experimental parameters were formulated according to the volt–ampere charac-
teristic curve of the Cu target, as shown in Figure 2. Obviously, when the target current
was lower than 3 A, the current was almost proportional to the voltage. The target cur-
rent was mainly composed of secondary electron flux (Ie

−), incident Ar+ flux (IAr
+), and

incident metal ion flux (ICu
+). With the increase of the target current, the curve tended

to be flat. The increment of the target current was represented by the thermal electron
emission flux (Je

−), and the target current was changed from I1 = Ie
− + IAr

+ + ICu
+ to

I2 = Ie
− + IAr

+ + ICu
+ + Je

−. Therefore, four groups of pure Cu films were prepared under
the target currents of 2, 8, 13, and 18 A.

There were two stages for the deposition process: In Stage 1, Ar+ was used for 20 min
of plasma cleaning of the substrate surface, and the substrate bias voltage was set at−450 V.
Stage 2 was the deposition process of pure Cu films, with a substrate bias voltage set at
−60 V, pulse width of the oscillating pulse electric field at 2 ms, duty cycle 20%, pulse
discharge frequency 100 Hz, voltage oscillation frequency 100 kHz, voltage oscillation
amplitude 50 V, and working pressure kept at 0.7 Pa.
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Figure 2. The gas volt–ampere characteristic curve of the copper target.

2.3. Testing Equipment

A digital oscilloscope (DS2202, RIGOL Technologies, Dongguan, China) was used to
measure the output waveform of the target power supply. A laser confocal microscope
(LEXT OLS-4000, OLYMPUS Inc., Tokyo, Japan) was used to take photos of the target
surface topography after the deposition process. A scanning electron microscope (SEM,
JSM-6700F, JEOL Ltd., Tokyo, Japan) was used to observe the microstructure of the film,
and the sampling process for the film section is shown in Figure 3. The crystal structure of
the film was determined by an X-ray diffractometer (XRD, XRD-7000S, Shimadzu Limited
Corp., Tokyo, Japan). The hardness and elastic modulus of films were measured by a
nano-indenter (G200, KLA, Milpitas, CA, USA) with a selected pressing depth of about 1/8
of the film thickness. A Rockwell hardness tester was used to load 45 kg on the surface of
the films and observe the indentation morphology, and the film–substrate adhesion was
evaluated by the indentation morphology.
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3. Oscillating Pulse Electric Field

Considering that plasma generation can be induced at lower voltage or power by the
oscillating voltage technology [19], in this experiment, the oscillating pulse electric field was
used to induce gas discharge on the target surface. A plasma power supply with voltage
adjustable within 100–1000 V, a voltage oscillating frequency of 100 kHz, and pulse width
controllable at the millisecond level was developed, based on the delayed response of the
ionization/recombination period of argon atoms in argon gas to high-frequency switching
of voltage between electrodes. With this power supply, a pulse electric field environment
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with a peak target current 10 times that of the conventional magnetron sputtering, a target
current pulse width kept in a steady state at the millisecond level, and a target voltage with
several microseconds of high-frequency oscillating was established between the magnetron
cathode and the anode cavity wall, as shown in Figure 4. The voltage oscillates at a 100 kHz
frequency, and Ar+ bombards the target surface at high frequency under the action of the
electric field, making a large number of target atoms and secondary electrons escape from
the target surface. Moreover, the pulse width at the ms level makes the target surface
temperature higher than that of conventional HiPIMS, thus greatly advancing the thermal
electron emission. The number of impact-ionized target metal ions increases with the
number of secondary electrons, thermal electrons, and off-target atoms in the vacuum
chamber, and the plasma density is higher than that of conventional HiPIMS. At the
same time, the deposition rate is also greatly improved due to the longer discharge time.
Therefore, the high plasma density and the rapid deposition of thin films are possible with
OPMS technology at close to conventional DCMS target voltages.

Coatings 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

environment with a peak target current 10 times that of the conventional magnetron sput-

tering, a target current pulse width kept in a steady state at the millisecond level, and a 

target voltage with several microseconds of high-frequency oscillating was established 

between the magnetron cathode and the anode cavity wall, as shown in Figure 4. The 

voltage oscillates at a 100 kHz frequency, and Ar+ bombards the target surface at high 

frequency under the action of the electric field, making a large number of target atoms 

and secondary electrons escape from the target surface. Moreover, the pulse width at the 

ms level makes the target surface temperature higher than that of conventional HiPIMS, 

thus greatly advancing the thermal electron emission. The number of impact-ionized tar-

get metal ions increases with the number of secondary electrons, thermal electrons, and 

off-target atoms in the vacuum chamber, and the plasma density is higher than that of 

conventional HiPIMS. At the same time, the deposition rate is also greatly improved due 

to the longer discharge time. Therefore, the high plasma density and the rapid deposition 

of thin films are possible with OPMS technology at close to conventional DCMS target 

voltages.  

 

Figure 4. Schematics of the discharge mechanism: (a) conventional HiPIMS and (b) oscillating pulse 

magnetron sputtering (OPMS). 

4. Discussion 

4.1. Surface Morphology of Target Material 

The target surface morphology was obtained by laser scanning confocal microscopy 

(LSCM), as shown in Figure 5. When the target current was 2 A, the etched area of the 

target surface presented a large number of irregular pits. When the target current in-

creased to 8 A, the quantity of Ar+ bombarding the target surface as well as the depth and 

size of pits on the target surface increased. When the target current was increased to 13 A, 

small circular melting pits (round crater) appeared on the target surface, indicating that 

the target surface material has undergone an evaporation or sublimation process. When 

the target current increased to 18 A, the material on the target surface showed an obvious 

materials ejection phenomenon (Figure 5g). This is consistent with the matter ejection 

model proposed by Martin et al. [20].  

In conventional magnetron sputtering technology, the main way to remove the target 

materials is only sputtering [21]. The particles preferentially sputtered out of the target 

surface at low binding energy locations, such as grain boundaries, presenting an irregular 

pit morphology, as shown in Figure 5a. The number of sputtered particles depends on the 

number and kinetic energy of Ar+ bombarding the target surface, thus the number and 
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magnetron sputtering (OPMS).

4. Discussion
4.1. Surface Morphology of Target Material

The target surface morphology was obtained by laser scanning confocal microscopy
(LSCM), as shown in Figure 5. When the target current was 2 A, the etched area of the target
surface presented a large number of irregular pits. When the target current increased to 8 A,
the quantity of Ar+ bombarding the target surface as well as the depth and size of pits on
the target surface increased. When the target current was increased to 13 A, small circular
melting pits (round crater) appeared on the target surface, indicating that the target surface
material has undergone an evaporation or sublimation process. When the target current
increased to 18 A, the material on the target surface showed an obvious materials ejection
phenomenon (Figure 5g). This is consistent with the matter ejection model proposed by
Martin et al. [20].
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In conventional magnetron sputtering technology, the main way to remove the target
materials is only sputtering [21]. The particles preferentially sputtered out of the target
surface at low binding energy locations, such as grain boundaries, presenting an irregular
pit morphology, as shown in Figure 5a. The number of sputtered particles depends on the
number and kinetic energy of Ar+ bombarding the target surface, thus the number and
kinetic energy of sputtered particles increased linearly with the target current. The number
of deposition particles by sputtering as well as the size and number of pits on the target
surface increased with the target current.

When the target current increased to 13 A, the number of secondary electrons escaping
from the target surface obviously increased [22]. Since the electron work function at the
grain boundary and defect microregion of the target surface was lower than that in the
grain, the electron escape flux at the grain boundary and defect microregion was greater
than that in the grain [23], resulting in obvious joule heat accumulation in the microregion
of the target surface, and the generated heat can further increase the flux of electron escape;
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that is, the self-enhancement effect of electron escape occurred. This effect caused the target
to evaporate in regions with low atomic binding energy, such as grain boundaries, so that
a large number of atoms in this region were separated from the target surface, forming
a round crater as shown in Figure 5e. At this point, the off-target method of deposition
particles has changed into sputtering + evaporation. The number of off-target particles has
no linear relation with the target current any more. In this unbalanced discharge mode, it is
easy for the current density at the grain boundary to achieve the condition of arc generation.

With a further increase of the target current, an arc was formed on the target, the
deposition particles in the grain boundary and other areas were melted and ejected, and
the ejected material was left on the target surface as shown in Figure 5g. The bottom of
the pits was filled by melted material as the ejection occurred at a defect such as a grain
boundary, which decreased the pits’ depth, then the target surface was smooth and flat. At
the same time, deposited particles containing molten droplets can reduce the film quality.

Therefore, when the target current was 13 A, sputtering + evaporation on the Cu
target was an ideal off-target method before the ejection phenomenon occurred, which
can not only avoid droplet formation, but also improve the ionization rate and the film
deposition rate.

4.2. Crystal Structure

Figure 6 shows the XRD patterns of Cu samples under different peak currents. The
four groups of samples had obvious diffraction peaks at 43◦, 50◦, and 74◦. Compared with
standard PDF card #89-2838, all samples were Cu films with a face-centered cubic (FCC)
structure. Strong (111), weak (200), and (220) face-centered cubic Cu phases were detected
for all of the samples.
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Obviously, the difference in diffraction peak intensity indicated the differences in grain
size and preferred orientation of the Cu film. The TC value was used to characterize the
preferred orientation of the film [24,25]. The calculated results showed that for the four
groups of samples, crystal plane (111) was preferentially oriented. The texture coefficient
of crystal plane (111) increased gradually with the target current, indicating that the grain
size of films grew to a certain extent. In the experiment, the Scherrer formula was used to
calculate the average grain size of films [26] for further verification. As a result, the grain
size of films increased with the target current, and the calculation results were as shown in
Table 1.
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Table 1. Experimental results of the Cu coatings deposited at different target currents 1.

Sample
ID I (A) G (nm) V (nm/min) H (GPa) E (GPa) Preferred

Orientation α (Å)

1 2 13 ± 0.632 d 18.23 ± 0.089 d 2.44 ± 0.053 a 132.17 ± 4.858 d (111) and (200) 3.631 ± 0.012 a
2 8 15 ± 1.095 c 66.40 ± 0.095 c 1.69 ± 0.066 a 136.38 ± 7.687 c (111) 3.626 ± 0.031 a
3 13 16 ± 0.894 b 84.85 ± 0.071 b 2.61 ± 0.077 a 154.10 ± 8.665 b (111) 3.618 ± 0.012 a
4 18 18 ± 0.632 a 102.47 ± 0.120 a 1.92 ± 0.078 a 156.20 ± 5.593 a (111) 3.615 ± 0.011 a

I—peak current; G—grain size; V—deposition rate; H—hardness; E—elastic modulus; α—lattice constant.
1 Results are reported as the mean ± standard deviation. Different lowercase letters within each column indicate
significant statistical differences (p < 0.05) between films.

When the target current was 2 A, crystal planes (111) and (200) were preferentially
oriented for pure Cu films. When the target current increased from 8 to 18 A, the preferred
orientation of films was dominated by crystal plane (111). It has been known that Cu
with FCC structure owns crystal plane (111) with densely packed atoms, which has the
lowest surface energy [27], while crystal plane (200) has the lowest strain energy [28].
Generally, the preferred orientation during film growth is the result of competition between
strain energy and surface energy [29]. When the surface energy is dominant, crystal plane
(111) is preferentially oriented, when the strain energy is dominant, crystal plane (200) is
preferentially oriented, and if both are dominant, both crystal planes (111) and (200) are
preferentially oriented.

The nucleation and growth of the film grains are mainly affected by the deposition
conditions and the properties of the deposition particles. When the target current is small,
the particles of collision sputtering off-target have a low ionization rate, the temperature
rise of the substrate is not obvious during deposition, and thus, the free-energy difference
of phase transition is increased, the critical nucleation size is decreased, and the grain
size of the film is relatively small. At this point, due to the low diffusion energy of the
deposition particles, both surface energy and strain energy dominate during the growth of
films, and thus, crystal planes (111) and (200) are preferentially oriented. With the increase
of the target current, the ionization rate of deposition particles was improved, and the
deposition of ionized particles was accelerated under the bias electric field of the substrate.
In this process, the temperature rise of the substrate was obvious, and thus, the free-energy
difference in phase transition was reduced, and the critical nucleation size was increased.

According to the XRD patterns, the lattice constants (α) of the Cu film were cal-
culated by using Cu (111) and (200) peaks. For all of the films, the lattice constant
was larger than that of massive Cu (α = 3.613 Å). However, the films deposited by the
sputtering + evaporation off-target method had lower α: 3.631 Å→ 3.626 Å→ 3.618 Å→
3.615 Å. In addition, the lattice parameters of the film were closer to those of bulk copper
as the target current increased. Obviously, this variation of the lattice constant is related to
the increase of the substrate temperature [30], as the temperature of the target surface and
the characteristics of particles obtained from the target surface make the substrate obtain
additional heat flux.

4.3. Microstructure

Figure 7 provides the SEM photos for the surface and section morphology of films. The
surface morphologies for all of the four groups of Cu films were of round cell shape, and
the size of these particles of round cell shape was increasing with the target current. When
the target current was 2 A, there were cracks of about 50 nm-wide on the surface of the film.
With the increase of the target current, the width of the cracks gradually decreased. These
cracks and particles of round cell shape formed a cauliflower-like morphology (Figure 7a,c).
When the current increased to 13 A, the cracks on the film surface tended to disappear, and
at the same time, the particles of round cell shape with a diameter of about 100–150 nm
appeared (Figure 7e), and the columnar structure of the section began to change into
laminar morphology (Figure 7f). Moreover, the thickness of films was measured by the
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section topography. When the target current was 2, 8, 13, and 18 A, the thickness of the
prepared films was 676, 1393, 1535, and 1691 nm, respectively.
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Figure 7. Surface and cross-section morphology of Cu films at different peak currents: (a,b) 2 A,
(c,d) 8 A, (e,f) 13 A, and (g,h) 18 A.

The deposition of films was affected by factors such as temperature of deposition
and properties of deposited particles [31], e.g., deposition quantity, deposition kinetic
energy, etc., while the properties of deposited particles were influenced by the off-target
method. Therefore, the growth and morphology of Cu films prepared under different
off-target methods of deposition particles are different obviously. When the target current
was 2 and 8 A, the main off-target method of deposited particles was sputtering, and
both ionization rate and kinetic energy were relatively low. The deposited particles with
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a low ionization rate weakened the bombardment effect of plasma on the substrate. The
substrate had a low deposition temperature, and the surface diffusion and volume diffusion
of the particles deposited on the substrate were extremely low. According to the classical
growth theory of film [32,33], the film grew in a fibrous or columnar form (Figure 4b).
Additionally, the deposited particles with low ionization were affected by the shadow
shielding effect during the deposition process, and thus, there were many cracks in the
microstructure of films [34,35]. Due to the low energy carried by the off-target particles and
the low deposition temperature of the film, it was difficult to release the internal stress of
the film caused by lattice mismatch in the deposition process. With the increase of the film
thickness, the internal stress superposition led to the cracking of the film at the defects such
as grain boundaries.

When the target current increased to 13 A, the energy and ionization rate of deposited
particles increased for the transformation of the off-target method, and under the bias
electric field, the deposition of ions accelerated until the film formation of the substrate
occurred. The high temperature of the target resulted in heat transfer of the deposited
particles during the deposition process. With the increase of substrate temperature, affected
by the deposition temperature, the stress in the film was released. When the target current
increased to 18 A, it was difficult to observe cracks on the film surface, but the phenomenon
of matter ejection occurred on the target surface, suggesting that some of the off-target
particles were spherical molten droplets of large size, and some of the large molten droplets
were deposited on the surface of the substrate, forming many unevenly distributed spherical
particles, which greatly promoted the roughness of the film.

According to the section SEM images, the section morphology of the film was affected
by the target current: when the target current was 2 and 8 A, the cross-section was at a
certain angle with the substrate, showed a columnar morphology, and the interface between
the Cu film and the Si substrate was well-bonded. With the increase of the target current,
the orientation of the columnar structure was weakened until a compact structure with a
few pores and defects was formed, with gaps appearing at the interface between the film
and the substrate. When the target current was 13 and 18 A, obvious separation of the film
from the substrate was observed. There were two reasons for this: (1) Copper and silicon
have different thermal expansion coefficients. When the deposition temperature was high,
the high temperature made the atoms in the film become fully diffused and the internal
stress released, while for the film and the substrate themselves, the difference in crystal
structure resulted in lattice mismatch and differences in thermal expansion coefficient
between the two single-phase materials. After deposition, the stress produced in the
process of temperature reduction was released at the interface between the two phases, and
thus, the film was separated from the substrate. (2) In the film section sampling process,
for the columnar structure formed under a low current, the crack propagation path was
the gap parallel to the columnar structure, and therefore, the photos showed that the bond
between the substrate and the film was strong. However, with the increase of the target
current, the film became dense, and it became difficult for the cracks to penetrate the film.
Thus, the cracks expanded at the gap between the film and the substrate, thus forming a
more obvious gap. The film thickness was measured by the SEM image of the film section
to obtain the deposition rate of the film, as shown in Table 1. The deposition rate of the film
greatly increased with the target current, especially when the target current increased from
2 to 8 A, whereby the deposition rate increased by nearly 2.5 times. The average deposition
rate of the film reached 102 nm/min when the target current was 18 A.

4.4. Mechanical Performance
4.4.1. Hardness and Elastic Modulus

In this experiment, a nano-indenter was used to detect the hardness and elastic
modulus under different peak current intensities, and five different points were selected
for relevant measurement. The measured values were averaged.
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Figure 8 shows the load displacement curves for four groups of pure Cu films. The
load displacement curves for the films prepared at target currents of 2, 8, and 13 A had a
high degree of coincidence, especially when the target current was 13 A, whereby the load
displacement curves of the five points selected for the films almost completely coincided
(see Figure 8c). However, the load displacement curves for the films deposited at the target
current of 18A were not as good as those of the first three groups. When the target current
increased from 2 to 13 A, due to the temperature rise of the target surface, the off-target
method of deposited particles changed from sputtering to sputtering + evaporation, which
dramatically increased the number of off-target atoms. Thus, the number of copper ions in
the vacuum chamber dramatically increased when the probability of collision ionization
increased. The ions deposited into the substrate had both high internal energy and high
kinetic energy under the influence of bias acceleration and target temperature, and thus,
their diffusion ability on the substrate surface was increased. For this, with the increase
of the target current, the compactness of the film was effectively improved. Therefore, at
13 A, as the nano-indenter was indented, the compactness and structure, as well as the
mean contact compressive stress during the plastic deformation, were all the same for
the positions. When the current increased to 18 A, the inclusion of molten droplets in the
deposited particles, which caused the abnormal growth of grains at their deposition sites.
As a result, the hardness distribution of the film was uneven, and the load–displacement
curve was relatively discrete.
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According to Table 1, when the target current was 13 A, the hardness of the Cu film was
at a maximum. When the target current increased to 18 A, a material ejection phenomenon
appeared on the target surface. There were molten droplets in the deposited particles,
which were difficult to be ionized, although the film was compact. At the same time, the
high deposition temperature caused abnormal grain growth. The above reasons led to the
decrease of hardness and elastic modulus of the films. When the current was 2 A, the grain
size of the prepared film was 13.4 nm. The H/E value of the Cu thin film was much less
than 0.1, and the plastic deformation of the thin film was dominant. Meanwhile, the plastic
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deformation resistance of the films was the best among the four groups of samples. In
addition, the film deposited at a target current of 13 A has the highest hardness and the
most uniform distribution of mechanical properties.

4.4.2. Film–Substrate Adhesion

In the experiment, the Rockwell indentation method was used to evaluate the film–
substrate adhesion of films. The indentation morphology is shown in Figure 9. Films
deposited at a target current of 2 A had less cracking and spalling around the indentation.
When the target current was 8 and 13 A, there were almost no cracks around the films’
indentation, and only a small number of films fell off, indicating that the film had a strong
film–substrate adhesion. When the target current was 18 A, the films cracks were the most
obvious, and the film–substrate adhesion was the worst at this time.
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The main factors influencing the adhesion are films’ thickness, microstructure, mechan-
ical performance, and residual stress [36–38]. Generally, high film density, good mechanical
performance, and low residual stress are beneficial to relieve the cracking of the coating
under load and improve the adhesion of the films. The indentation morphologies of the
four groups of films were observed, and it was found that the coatings prepared when the
target current was 2 A had a small thickness and a loose structure, and the lattice mismatch
caused by the low activity of the deposited particles during film formation increased the
residual stress of the films [39,40]. Therefore, the films showed poor adhesion.

With the increase of the target current, the off-target method of deposited particles
gradually became sputtering + evaporation. Thicker films were prepared in the same
deposition time, the film structure was denser, and the residual stress was reduced, which
was beneficial to the improvement of film–substrate adhesion. However, as the target
current increased to 18 A, the film–substrate adhesion strength decreased, and obvious
film cracking and peeling were observed (Figure 9d). The reason is that the atoms in
the film were sufficiently diffused when the deposition temperature increased. After the
deposition, the substrate temperature decreased, and there was a large internal stress
between the film and the substrate due to the different thermal expansion coefficients.
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When the Rockwell indenter was pressed into the film, the internal stress was released
along the bonding interface between the film and the substrate, and then obvious damage
and peeling occurred.

5. Conclusions

In this experiment, oscillating pulsed magnetron sputtering was used to deposit pure
Cu films at different peak target currents.

As the target current increased, the off-target method of the deposited particles
changed from sputtering to sputtering + evaporation. When the target current reached
18 A, a materials ejection phenomenon appeared on the surface of the target.

With the increase of the peak current, the grain size of the film slightly increased.
When the peak current was more than 8 A, the deposition rate of the film significantly
increased, and when the target current was 13 A, the off-target method of deposited
particles became sputtering + evaporation. At this point, the deposition rate was as high
(the actual deposition rate was 84.9 nm/min, and the deposition rate per unit power was
2.79 µm/(h·kW)) as nearly four times that of conventional HiPIMS, and furthermore, the
film structure was dense, the stress–strain curves measured at five points of the film almost
overlapped, the hardness reached 2.61 GPa, and the film–substrate adhesion strength
was the best among the four groups. When the peak current reached 18 A, although the
deposition rate was extremely high, the properties of the films severely deteriorated due to
the inclusion of molten droplets in the deposited particles.
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