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Abstract: In this paper, Cu thin films were deposited on Si (100) substrates by the high−power
impulse magnetron sputtering (HiIPMS) technique, and the effects of different duty cycles (from
2.25% to 5.25%) on the plasma discharge characteristics, microstructure, and electrical properties
of Cu thin films were investigated. The results of the target current test show that the peak target
current remains stable under 2.25% and 3% duty cycle conditions. Under the conditions of a 4.5%
and 5.25% duty cycle, the target peak current shows a decreasing trend. The average power of the
target shows a rising trend with the increase in the duty cycle, while the peak power of the target
shows a decreasing trend with the increase in the duty cycle. The results of OES show that with the
increase in the duty cycle, the total peak intensity of copper and argon emissions shows an overall
increasing trend. The duty cycle from 3% to 4.5% change in copper and argon emission peak total
intensity change is not obvious. The deposition rate and surface morphology of the copper film were
investigated by scanning electron microscopy, and the deposition rate of the copper film increased
with the increase in the duty cycle, which was mainly due to the increase in the average power. The
surface roughness of the copper film was evaluated by atomic force microscopy. X−ray diffraction
(XRD) was used to analyze the grain size and texture of the Cu film, and the results showed that the
average grain size of the Cu film increased from 38 nm to 59 nm on the (111) and (200) crystal planes.
Four−probe square resistance test copper film resistivity in 2.25%, 3% low duty cycle conditions of
the copper film resistivity is generally higher than 4.5%, 5.25% high duty cycle conditions, the copper
film resistivity shows the trend of change is mainly affected by the copper film grain size and the (111)
face of the double effect of the optimal orientation. The lowest resistivity of the copper film measured
under the 4.5% duty cycle condition is 1.7005 µΩ·cm, which is close to the intrinsic resistivity of the
copper film of 1.67 µΩ·cm.

Keywords: Cu film; HiPIMS; plasma; duty cycle; grain size; electrical resistivity

1. Introduction

Due to its low resistivity, good thermal conductivity, strong oxidation resistance,
thermal conductivity, and corrosion resistance [1,2], copper film has been widely used
in the electronics industry and the new energy industry [3–6]. Especially in the field of
ultra−large−scale integrated (ULSI) circuits, silicon wafers are often used as substrate
materials [7], and copper thin films are used as interconnect materials due to their excellent
properties [8]. In order to improve the conductivity of the surface of a silicon crystal, a thin
film of copper needs to be deposited on its surface.

Many deposition techniques, such as physical vapor deposition [9–11], chemical vapor
deposition [12–14], and electroplating [15–17], have been reported to be used to prepare
copper thin films, among which magnetron sputtering technology has been widely used
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to prepare copper thin films due to its good process repeatability and easy industrializa-
tion [18,19]. Magnetron sputtering technology can be divided into direct current magnetron
sputtering technology [10,20], radio−frequency magnetron sputtering technology [21,22]
and high−power pulsed magnetron sputtering technology according to the different power
supplies applied to the target. Compared with the first two, high−power pulsed magnetron
sputtering technology can sputter target particles with a high ionization rate and control
the yield of high−energy ions by adjusting process parameters to optimize the crystallinity,
micromorphology, and properties of the film [23–26]. In addition, target particles with high
ionization rates have certain diffraction properties, which are conducive to the deposition
of uniform thin films on the surface of substrates with complex structures with high aspect
ratios [27,28], such as the metallization of silicon−based semiconductor devices.

Several experiments have shown that Cu films with better grain crystallinity [29],
larger grain size [30], and preferred crystal orientation (200) [31] usually have lower re-
sistivity, which in turn improves the mean time to failure (MTTF) in the Cu damascene
process [32]. Most of the physical vapor deposition techniques prepare copper films with
too high resistivity, such as Choi [33] using radio frequency magnetron sputtering to pre-
pare copper films with a minimum resistivity of 8 µΩ·cm and Gotoh [30] using ion beam
assisted deposition to prepare copper films with a minimum resistivity of 3 Ω·cm, which
are difficult to cope with the mean time to failure (MTTF) in the Cu damascene process.
In HiPIMS, the energy of the ions impinging on the substrate can be easily controlled by
duty cycle adjustment, which has been shown to increase the possibility of controlling the
crystalline phase, microstructure, and chemical composition of the resulting films [34–38].

Hard coatings with excellent mechanical properties obtained by adjusting the duty
cycle of the HiPIMS technique are widely studied in the scientific community [35,36,39],
while the preparation of high−performance thin films on the surface of silicon−based
semiconductors has rarely been investigated. Therefore, Cu films were prepared using the
HiPIMS technique at different duty cycles in this work. The duty cycles were obtained
by varying the pulse width while keeping the frequency constant. The effect of different
duty cycles on the plasma discharge characteristics and the electrical conductivity of the
Cu films was investigated.

2. Materials and Methods
2.1. Sample Preparation

All deposition was carried out in a magnetron sputter coater (DTS−200) with a
rectangular vacuum chamber containing three magnetron cathodes, one of which contained
a round cake copper target (99.99% purity, 2′′ diameter). The layout of the specific coating
equipment is shown in Figure 1. During normal operation of the coating equipment,
the vacuum chamber is first pumped to below 10 Pa by a mechanical pump and then
vacuumed to a background air pressure of 3 × 10−3 Pa by a vertical turbomolecular pump.
A non−equilibrium magnetic field is applied above the copper target by a magnetron to
bind the electrons above the target. A high−power pulsed power supply was applied to the
copper target using a constant voltage mode power supply with a pulsed negative voltage
of −500 V. The power supply was applied to the copper target with a constant−voltage
mode power supply. In this research topic, the HiPIMS technology process parameters for
pulse length range from 75 µs to 175 µs with a constant frequency of 300 Hz, corresponding
to a duty cycle of 2.25% to 5.25% and a peak current of 20A to 9A. During the deposition
process, the vacuum pressure was maintained at 0.5 Pa. The argon (Ar, 99.999%) gas flow
was maintained at 100 sccm, and its flux was controlled by a mass flow controller. Copper
films were deposited by HiPIMS with duty cycles of 2.25%, 3%, 4.5%, and 5.25% (pulse
lengths of 75 µs, 100 µs, 150 µs, and 175 µs, respectively), corresponding to Sample 1,
Sample 2, Sample 3, and Sample 4.
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Figure 1. Schematic of the deposition apparatus.

Copper thin films were deposited on 20 mm × 20 mm × 1 mm silicon wafers ((100)
crystal−oriented P−type doped with a resistivity less than 0.0015 Ω·cm) substrates. Prior
to each deposition, a negative bias was applied to the substrate for sputter cleaning. The
substrates were mounted on a sample holder with a target distance of 75 mm from the
substrate. The heating of all substrates was maintained at 50 ◦C during the experiments,
and no DC bias voltage was applied to all substrates. The deposition parameters involved
in the specific experiments are shown in Table 1.

Table 1. Details and parameters of sputtering.

Parameter HiPIMS
(Sample 1/2/3/4)

Target to substrate distance (mm) 75
Substrate temperature (◦C) 50

Working pressure (Pa) 0.5
Substrate rotation speed (r/min) 10

Total deposition time (min) 40
pulse frequency (Hz) 300

Duty cycle (%) 2.25/3/4.5/5.25
Pulse−negative voltage (V) 500
Peak discharge current (A) 20/18/10/9

2.2. Characterization

During the deposition process, in order to understand the real−time discharge voltage
and discharge current of the copper target, a digital oscilloscope (TBS100X) was connected
to the HiPIMS power supply box to collect the voltage and current signals. Four−channel
plasma emission spectroscopy was used to determine the plasma species and intensity in
the chamber at different duty cycles, especially the emission spectra of sputtered particles
from the copper target (Cu). Spectroscopy is the measurement of the intensity of the
emission spectrum from 200 nm to 1000 nm, in which the spectrometer probe is oriented
directly above the target through a viewing window with a highly transmissive film.

The morphology and thickness of copper films deposited on silicon wafers were eval-
uated using an environmental scanning electron microscope (Gemini SEM360), where the



Materials 2024, 17, 2311 4 of 14

thickness of the deposited copper film is controlled between 570 nm and 1560 nm. The
copper film thickness was obtained by SEM by taking the arithmetic mean of multiple
measurements on the sample cross−section. The three−dimensional micro−morphology
and roughness of the copper thin film surfaces were characterized by atomic force mi-
croscopy (AFM, Bruker−ICON) in probe tapping mode, where the values of roughness
were obtained by taking multiple 1 µm × 1 µm areas in the range of 5 µm × 5 µm, and
then the arithmetic average of the multiple sets of roughness values was taken.

The crystal structure was analyzed by an X−ray diffractometer (Rigaku SmartLab
(9 KW)) in grazing incidence mode (GI−XRD). X−ray diffractograms of copper thin films
were acquired using a Cu Kα source (Kγ = 1.5406 Å) at an angle of 30◦ to 80◦ with the
following measurement parameters: step = 0.02◦, speed = 4 ◦/min, incident slit = 0.5 mm.

The square resistance of copper films was evaluated using a four−probe tester (RTS−9),
and the film resistivity was calculated in conjunction with the measured thickness. The
square resistance values were obtained by taking multiple measurements along the diagonal
on a square film sample and then taking the arithmetic mean.

3. Results and Discussion
3.1. HiPIMS Deposited Copper Film Features

The voltage and discharge current waveforms of copper thin film targets deposited by
HiPIMS technology under different duty cycle conditions (ranging from 2.25% to 5.25%)
are shown in Figure 2. Current and voltage curves with different shapes for different
duty cycle conditions can be found, which are mainly determined by the nature of the
target glow discharge and the size of the capacitor in the high−power pulsed supply [39].
As shown in Figure 2a, after applying voltage to the target, the target current cannot be
generated immediately for all samples, but there is a discharge reaction time of 25 µs.
Anders et al. [40] also had a 20 µs delay in the target current when preparing copper films
using the HiPIMS technique. This is mainly due to the time required for the ionization
of argon atoms and the sputtering of target particles. The peak current shows an overall
decreasing trend with increasing duty cycles, where the peak current decreases especially
significantly (by about 1/2) when the duty cycle is increased from 3% to 4.5%. Under the
conditions of 2.25% and 3% low duty cycles, the target peak discharge current remained
at a stable value of 20 A. Under the conditions of 4.25% and 5.25% high duty cycles, the
target peak discharge current showed a decreasing trend, i.e., it gradually decreased from
the beginning of 9 A to 5. The trend of the variation between peak current and duty cycle is
consistent with previous studies [35,41]. As shown in Figure 2b, the peak discharge voltage
is less affected by the duty cycle.
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The average power and peak power of the target are useful parameters for evaluating
the efficiency of the magnetron sputtering deposition process, and the formulas for calcu-
lating the average power (PAv) and peak power (PPk) under HiPIMS operation are shown
in (1), (2), respectively:

PAv =
1
T

∫ τ

o
VT(t)· IT(t)· dt (1)

PPk = UPk· IPk (2)

In the above equation, T is the period of a pulse, T = 1/f, f is the frequency at which
the pulse is repeated, τ is the pulse duration during the application of the voltage, IT is
the target discharge current, and VT is the target voltage, which can be read from the
power supply box. In the present study, HiPIMS was operated at a frequency of 300 Hz, so
T = 3333 µs. UPk is the peak target voltage, and IPk is the peak target current. Therefore, the
average power of the target and the peak power of the target versus duty cycle during the
deposition of copper thin films by HiPIMS can be obtained, as shown in Figure 3. As the
duty cycle increases (from 2.25% to 5.25%), the average power of the target increases, while
the peak power of the target decreases continuously.
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Four-channel plasma emission spectra were recorded in order to obtain information
about the plasma species in HiPIMS discharges, especially sputtered copper ions and their
peak emission intensity. Figure 4 shows the emission spectra of HiPIMS at different duty
cycles, and the four-channel plasma emission spectra were collected during the application
of pulsed voltage to HiPIMS. The calibration of the spectral emission of copper atoms and
copper ions in Figure 4 was performed using the PLASUS SpecLine Database, which can
be found in the Supplementary Material. As shown in Figure 4a, the emission spectra can
be divided into two parts according to the type of plasma: the first part has a wavelength
range of 600 nm to 850 nm and is dominated by strong argon (Ar) emission lines; the
second part has a wavelength range of 300 nm to 600 nm and is dominated by copper (Cu)
emission lines. From Figure 4a, it can be seen that the peak intensity of light emission from
HiPIMS will be higher in high duty cycles than in low duty cycles. This is mainly due to
the fact that a high duty cycle increases the glow discharge time per unit cycle of the copper
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target. In order to see more intuitively the condition of copper atoms and copper ions
sputtered from the copper target under different duty cycle conditions, all the emission
spectra of copper particles located between 505 nm and 580 nm are put in Figure 4b. In the
wavelength spectral range from 505 nm to 580 nm, six particle optical emission lines can be
observed, which come from excited copper atoms located at 511 nm (Cu|, neutral particles
of copper atoms), 515 nm (Cu|, neutral particles of copper atoms), 522 nm (Cu|, neutral
particles of copper atoms), 529 nm (Cu|, neutral particles of copper atoms), 570 nm (Cu||,
monovalent ions of copper atoms), and 578 nm (Cu|, neutral particles of copper atoms).
It can be observed that the overall intensity of the six emission spectral lines increases
more significantly when the duty cycle is varied from 2.25% to 3%. It can be observed that
the overall intensity of the six emission spectral lines increases more significantly when
the duty cycle is varied from 2.25% to 3% and from 4.5% to 5.25%, while it varies very
little when the duty cycle is varied from 3% to 4.5%. From 4.5% to 5.25%, while it varies
very little when the duty cycle is varied from 3% to 4.5%. It can be seen in Figure 4c that
the intensity of the copper ion emission spectrum increases with increasing duty cycle
(from 2.25% to 5.25%), which indicates an increase in energetic copper ions sputtered from
the target. Ganesan et al. [41] also found that the HiPIMS technique at a high duty cycle
favours the increase in the plasma intensity in the cavity, which leads to an overall increase
in the intensity of light emission from the particles in the cavity. This is mainly due to the
fact that the increase in duty cycle is conducive to prolonging the discharge time of the
HiPIMS technique in a single pulse, which results in more copper particles being sputtered
in a single pulse, increasing the density of the plasma in the cavity.
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3.2. Microstructure and Morphology

Figure 5 shows the XRD diffractograms of all the samples in the region of 30–80◦, the
grain size, and the peak intensity ratio of (111)/(200). As shown in Figure 5a, the diffraction
peak intensities of each crystalline surface of the copper films (111), (200), and (220) increase
with the increase in duty cycle, which is mainly due to the bombardment of the substrate
surface by the target particles with high energies to improve the atomic mobility of the
surface of the films, thus increasing the crystallinity. This is consistent with the result that
the spectral emission intensity of target particles increases with increasing duty cycle in
Figure 4a. A common phenomenon for all samples is that the peak position is shifted
to a higher diffraction angle with respect to the reference peak position (vertical dashed
position in Figure 5a), which was taken from JCPDS card number 0−004−0836. This may
indicate the presence of tensile stresses in all the deposited films, and these results are in
agreement with the previous results for copper films deposited using HiPIMS [42–44]. The
tensile nature of the Cu films on silicon substrates may be due to the large difference in the
coefficient of thermal expansion of Cu (17 × 10−6 K−1) compared to silicon (2.7 × 10−6 K−1).
Compressive stress is commonly used in films grown using energetic ion bombardment
due to densification of the film by adsorbed atom insertion at grain boundaries and atom
blasting [45]. There may be competition between these two mechanisms, which leads to
the final stress state of the film. Among all the crystalline surfaces of the copper film, the
copper (111) crystalline surface has the highest diffraction peak intensity, which is mainly
due to the fact that the densely arranged (111) crystalline surface has a relatively low
surface free energy [46]. The grain sizes of the samples were calculated from the Scherrer
equation, as shown in Figure 5b. The grain size of the copper film shows an elevated
and then decreasing trend in relation to the duty cycle. The rising trend is mainly due
to the increase in ion bombardment energy, which enhances atomic mobility and surface
diffusion [32]. The decreasing trend may be due to the resputtering effect triggered by the
target particles with too much energy, which removes the larger grains that have already
crystallized. Figure 5b shows the relationship between the ratio of the integral intensities of
the (111) and (200) diffracted lattice planes and the duty cycle. It is found that the integrated
intensity ratio ((111)/(200)) of HiPIMS−deposited copper films is higher than 2.17, which
is the value for standard untextured samples (JCPDS file 0−004−0836), regardless of the
variation in the duty cycle (from 2.25% to 5.25%). This means that the volume fraction
of (111)−oriented microcrystals is much larger than that of (200)−oriented microcrystals,
resulting in a strong (111) texture.
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Figure 6 shows the SEM images of copper films deposited by HiPIMS under different
duty cycle conditions, and it is found that the particle size on the surface of the copper
film shows an increasing trend with increasing duty cycle. This is mainly due to the
high−energy target particles bombarding the surface of the copper film, which enhances
atomic mobility and surface diffusion. This finding is consistent with the effect of different
duty cycles of HiPIMS on the microstructure of AlCrN coatings studied by Liu et al. [35].
This also aids in verifying the general trend of the grain size variation with the duty
cycle in Figure 5b. In particular, at duty cycles of 4.5% and 5.25%, the particles on the
film surface are fully diffused and coarsened, and a large number of coarse particles are
interspersed with each other, resulting in the unevenness of the film surface. Observation of
the cross−section of the copper film under different duty cycle conditions reveals that the
cross−section micro−morphology of the copper film is covered due to plastic deformation.
The greater the thickness of the copper film, the more severe the plastic deformation. This
is mainly due to the good plasticity of the copper film when the SEM cross−section was
taken to prepare the sample.
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In order to obtain further information about the surface roughness of copper films,
Figure 7 shows the surface roughness of copper films measured by AFM under different
duty cycle conditions. As the duty cycle increases, the surface of the copper film becomes
rough. The surface roughness values increased from Rrms 1.04 nm and Rmax 10.7 nm at a
duty cycle of 2.25% to Ra 1.87 nm and Rmax 18 nm at a duty cycle of 5.25%, respectively.
The trend of copper film surface roughness is mainly due to the growth of copper film
surface particles, while the increase and coarsening of particles on the surface of the copper
film can be well reflected in Figure 6. In order to visualize the relationship between the
surface roughness of the copper film and the duty cycle, Figure 8 shows the trend graphs
of the sample surface root mean square roughness and surface maximum roughness with
different duty cycles, respectively. The deeper reason for the increase in copper film
roughness with increasing duty cycle is mainly due to the increase in the overall energy
of the sputtered particles, which further exacerbates the formation of three−dimensional
islands during the Volmer–Weber growth mode [26,47].
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Figure 7. Surface morphology of AFM copper film under different duty cycle conditions: (a) 2.25%
duty cycle; (b) 3% duty cycle; (c) 4.5% duty cycle; (d) 5.25% duty cycle.
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3.3. Deposition Rate and Resistivity Properties

Figure 9 shows the relationship between film thickness, deposition rate, and duty cycle,
respectively, and the deposition rate rises with the increase in duty cycle. This is mainly
due to the increase in the duty cycle caused by the increase in the average power of the
target, which is the main factor affecting the deposition rate of HiPIMS coating [48]. With
the increase in duty cycle, the film thickness increases, and the film thickness increases from
572 nm at 2.25% to 1596 nm at 5.25%. In the study of Cemin et al. [49], it was found that the
thickness of the copper film is below 500 nm; the thickness is the main factor affecting its
resistivity. When the copper film thickness is above 500 nm, the effect of thickness on the
resistivity of the copper film is negligible. Therefore, the film thickness of all samples in
this experiment was kept above 500 nm.
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Figure 10 shows the relationship between resistivity and different duty cycles, with
resistivity showing a decreasing trend as the duty cycle varied from 2.25% to 4.5%. Table 2
lists the values of the specific resistivity of copper films prepared by the HiPIMS technique
with different duty cycles. The resistivity shows an increasing trend as the duty cycle varies
from 4.5% to 5.25%. Previous experiments have shown that higher crystallinity, larger grain
size [30], smaller (111) crystal plane weave [31], and higher film thickness of copper films
are beneficial in reducing the resistivity of copper films [49]. Since the copper film thickness
is greater than 500 nm, the first three influences are mainly considered in this experiment.
During the increase in duty cycle from 2.25% to 4.5%, the crystallinity and crystal size of the
copper film show an increasing trend, which can explain the decreasing trend of copper film
resistivity. While the duty cycle increases from 4.5% to 5.25%, the crystal size of the copper
film shows a decreasing trend, and the (111)/(200) crystal surface shows an increasing
trend, which may be the reason for the increase in the resistivity of the copper film. The
lowest copper film resistivity measured under the 4.5% duty cycle is 1.7005 µΩ·cm, which
is very close to the intrinsic resistivity of the copper film of 1.67 µΩ·cm. Table 3 lists the
resistivity of copper films deposited by different preparation methods (all copper film
thicknesses are above 500 nm). It can be found that the resistivity of the copper films
prepared in this experiment is much lower than that of those prepared by other methods,
which is of great significance in the field of silicon−based semiconductors.
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Table 2. Copper film resistivity under different duty cycle conditions.

Duty cycle (%) 2.25 3.00 4.50 5.25

Resistivity (µΩ·cm) 2.4598 2.4681 1.7005 1.7744
Intrinsic resistivity (µΩ·cm) 1.67 1.67 1.67 1.67

Table 3. Lowest copper film resistivity was obtained from different preparation methods.

Thin Film Materials Preparation Method Resistivity (µΩ·cm) Bibliographic
Reference

Copper film

HiPIMS 1.7005 present study
RF magnetron

sputtering 8 [33]

IBAD 3 [30]
DC magnetron

sputtering 2.1 [31]

HiPIMS 2.3 [32]

4. Conclusions

In this study, the preparation of copper films on silicon wafers by HiPIMS at different
duty cycles (2.25% to 5.25%) has been explored. The detection of target voltage and current
signals by a digital oscilloscope shows that the peak target current remains stable at 2.25%
and 3% duty cycle conditions. Under the conditions of 4.5% and 5.25% duty cycles, the
peak target current shows a decreasing trend. The average power of the target during
HiPIMS deposition increases with the increase in the duty cycle, and the peak power of the
target decreases with the increase in the duty cycle. The results of the OES show that with
the increase in the duty cycle, the total intensity of the peak emission of copper and argon
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shows an overall increasing trend. The duty cycle changes from 3% to 4.5%, and the total
intensity of copper and argon emission peaks does not change significantly.

X−ray diffractograms show that the Cu films deposited on the wafers are polycrys-
talline, and there are tensile stresses in the Cu films at duty cycles from 2.25% to 5.25%.
The crystal size shows an increasing and then decreasing trend with an increasing duty
cycle (2.25% to 5.25%). The relationship between the variation in the ratio of the integrated
intensity of the diffraction peaks of the (111)/(200) facets in the Cu film and the duty cycle
is not significant, but there is a selective orientation of the (111) facets in all the samples.
Scanning electron microscopy showed that the thin copper facet particles were gradually
coarsened by increasing the duty cycle from 2.25% to 5.25%. Atomic force microscopy
results showed that the surface roughness value of copper film increased from Ra 1.04 nm
at 2.25% to Ra 1.87 nm at 5.25% with an increasing duty cycle. The copper film deposi-
tion rate showed an increasing trend with an increasing duty cycle (2.25% to 5.25%). The
four−probe square resistance test shows that the resistivity of the copper films at 2.25%
and 3% low duty cycle conditions is generally higher than that at 4.5% and 5.25% high duty
cycle conditions. This is mainly due to the dual influence of the grain size of the copper
film and the (111) optimal orientation of the crystalline surfaces. In summary, the use of
HiPIMS technology for the preparation of copper films at a duty cycle of 4.5% can take
into account both the faster deposition rate (33 nm/min) and the preparation of highly
conductive copper films (resistivity is 1.7005 µΩ·cm), which can provide a reference for the
preparation of high−performance copper films for silicon−based semiconductors.
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