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Abstract

A closed-loop feedback approach has been developed to control titanium incorporation in hydrogenated
amorphous carbon (a-C:H) films during reactive high-power impulse magnetron sputtering (R-HiPIMS).
The average discharge current measured at the magnetron target is used as the primary feedback signal
to regulate the target coverage state. Hence, the titanium concentration in the films can be controlled.
Significant changes were observed in the film microstructure and properties as the target state evolved
with increasing target coverage. This causes the film transition from metallic titanium to a-C:H films with
decreasing titanium concentration. For example, the XRD and Raman analyses indicated a microstructural
change from hexagonal titanium to cubic titanium carbide and finally to amorphous carbon. The change
in microstructure aligned with the density decreasing from 4.7 g-em™ to 1.6 g-cm™ measured by XRR
technique. In addition, a decrease in the Ti/C atomic ratio, from 1.53 to 0.03, clearly demonstrates
that the titanium content can precisely be controlled. A simplified model was proposed to explain the
relationship between the average HiPIMS current and the carbon coverage fraction on the target
surface. The suggested relationship clarifies how adjusting the average discharge current effectively
regulates the target coverage state and the consequent titanium concentration. The approach not only
enhances process stability, but also offers an alternative to traditional control techniques during the

deposition process.

1. Introduction

Metal-doped hydrogenated amorphous carbon (a-C:H), a variant of
diamond-like carbon (DLC) incorporating metal dopants within C-H
network, offers tailored properties to meet diverse and demanding
applications. These films consist of a disordered network where
carbon atoms exhibit sp? (graphitic) and sp® (diamond-like) bonding
configurations, along with varying concentrations of incorporated
metal elements. The introduction of metals, for example, titanium (Ti),
tungsten (W), chromium (Cr), silver (Ag), copper (Cu), etc., can enhance
properties such as tribology at high temperatures [1], hardness, wear
resistance [2], corrosion resistance [3], electrical conductivity [4], and
antibacterial characteristics [S]. These functionalities offer significant
potential for metal-doped a-C:H films in a wide range of applications,
e.g. tribological coatings [6], biomedical devices [7], sensors and
emerging electronic technologies [8].

Dopant concentration, whether metal or non-metal species, within
a-C:H films can induce structural modification, including shifts in
the sp?/sp® bonding ratio, the potential formation of nanoclusters or
distinct phases, and significant changes in internal stress, surface
properties, and defect density [2,9]. The relationship between dopant
concentration and resulting microstructure of a-C:H films is often
non-linear. Slight adjustments in concentration can trigger significant
shifts in microstructure and properties [10-12]. Precise control over
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dopant concentration is therefore crucial for achieving the designed
characteristics and functionalities in doped a-C:H films.

Reactive magnetron sputtering techniques have been extensively
employed for metal-doped a-C:H film deposition. A metal target is
used to generate the sputtered dopant species, while hydrocarbon
reactive gas (e.g., CH4, C2H>) is employed for C-C and C-H networks
in the depositing films. However, during the sputtering process,
reactive gas molecules can chemically react with the exposed target
surface forming a compound layer. This “target poisoning” phenomenon
disrupts the release of metal atoms and leads to fluctuations in dopant
incorporation, film properties and reproducibility [13-15].

Close-loop feedback controls have been developed to address
the challenges of target poisoning, process stability [16] and precisely
tailor dopant concentration in metal-doped a-C:H films during reactive
magnetron sputtering [13]. For example, the control process monitors
the emission intensity of metal species and dynamically adjusts the
flow rate of hydrocarbon gas [13,17,18]. This feedback mechanism
ensures consistent dopant incorporation by active compensation for
changes in target surface conditions.

This work introduces an approach for controlling titanium
incorporation within hydrogenated amorphous carbon films during
reactive high-power impulse magnetron sputtering (R-HiPIMS). The
approach uses the average discharge current measured at the magnetron
target as the primary feedback signal. This parameter effectively regulates
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the target coverage state, providing a fast and sensitive response to
changes in target surface conditions. A proportional-integral (PI)
controller dynamically adjusts the acetylene (C2H2) gas flow rate.
Thin film characterization demonstrates the effectiveness of this
method, which allows precise control over titanium incorporation.
Consequently, the film structure and properties can be tailored. This
methodology offers an alternative to traditional reactive sputtering
control techniques.

2. Experimental setup
2.1 Coating system apparatus

Titanium-doped amorphous carbon (Ti-doped a-C:H) films were
prepared using reactive high-power impulse magnetron sputtering
(R-HiPIMS) with a closed-loop feedback controller. The setup is
shown in Figure 1. A vacuum chamber was evacuated to a base pressure
of 107 Torr. Argon was used as the sputtering gas, and acetylene (C2Hz)
as the reactive gas. A 2-inch diameter titanium target (99.99% purity)
was mounted on the magnetron source, powered by an in-house
HiPIMS unit (a pulse width of 20 ps, a repetition rate of 400 Hz).

The discharge current and voltage were monitored using probes
and displayed on a digital oscilloscope. A proportional-integral (PT)
controller adjusted the acetylene flow rate based on the average
discharge current, sending a control signal to the mass flow controller.
A shutter opened once the current reached a setpoint, ensuring steady-
state deposition. Optical emission spectroscopy (OES) was used to
analyze plasma emissions from a side-view of the ionization zone.
Spectral data (300 nm to 1000 nm, 0.4 nm resolution) were collected
with an AvaSpec ULS4096 spectrometer.

2.2. Coating procedure

Polished single-crystal silicon wafers (1 cm x 1 cm) were used as
substrates. Before deposition, the wafers were ultrasonically cleaned
with acetone, methanol, and deionized water for 15 min each, then
dried with nitrogen gas. The substrates were mounted on an electrically
grounded holder located 8 cm away from the titanium target.

Argon gas was introduced at 20 sccm, and the chamber pressure
was initially set to 8 mTorr. The titanium target was cleaned in argon
using a DC power of 100 W for 10 min to 20 min. To identify the
setpoints, the average discharge current (Iavg) was recorded while
the acetylene (C2H:) flow rate was gradually increased from 0 sccm to
6.0 sccm. This scanning process was repeated multiple times to ensure
the reproducibility of the discharge behavior, which is critical to the
deposition process. Once the setpoint was identified, the feedback
controller adjusted the acetylene flow to maintain L.y at a specific
setpoint.

2.3 Thin film characterization

Several analytical techniques were used to characterize the
deposited films. These include a field emission scanning electron
microscope (FE-SEM) with the energy-dispersive X-ray spectroscopy
(EDS) to analyze morphology and elemental composition. X-ray
diffraction (XRD) examined crystalline structure, while X-ray
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Figure 1. Schematic representation of the experimental arrangement for
Ti containing DLC deposition via reactive high power impulse magnetron
sputtering technique. A digital oscilloscope (OSC) with voltage and current
probes integrated to a feedback controller regulating the mass flow controller
(MEC) of C2H—2 gas. An optical emission spectroscopy (OES) system with
a collimator lens was employed for plasma diagnostic purposes.

reflectometry (XRR) measured film density and determined the
deposition rate. Raman spectroscopy analyzed carbon bonding (sp?
and sp?), and X-ray photoelectron spectroscopy (XPS) provided
insights into the chemical state and bonding environment of the
elements.

3. Results

In reactive magnetron sputtering, the formation of compound films
on the metal target surface triggers the process instability. Specifically,
when using acetylene as a reactive gas, the accumulation of carbon
layers on the titanium target surface initiates instability in the discharge
process, which in turn affects the control over titanium concentrations
within the deposited films. This study introduces a feedback approach
to control the coverage state of the carbon layer on the titanium surface.
The coverage states are categorized into three distinct levels namely
uncovered, partially covered, and fully covered. By implementing the
feedback control, it is possible to maintain titanium concentration
within the a-C:H films. This section is divided into three subsections
to demonstrate the effectiveness of the feedback approach in improving
the process stability and controlling the structure and composition
of the deposited film.

3.1 Discharge characteristics

The discharge current waveforms captured by the oscilloscope
during HiPIMS discharges in uncovered and fully covered target states
are presented in Figure 2. The uncovered target state is obtained in
Ar, while the fully covered state is achieved using the C.Hz and Ar
at a constant flow rate of 5 sccm and 20 scem, respectively. A clear
difference in the discharge waveforms between these two target states
is observed. The peak discharge current in the uncovered target state
is close to 40 A, significantly higher than that in the fully covered state
(approximately 1 A). This variation in the discharge current waveforms
indicates a change in the target surface properties transitioning from
an initial titanium surface to one covered by a carbon layer.
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Figure 2. Discharge current waveforms for the target with uncovered state
and fully covered state.
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Figure 3. Average discharge current, .., and total pressure, pi as functions
of progressive acetylene flow during the scanning process. Points A through
F on the discharge current curve represent the designed setpoints for
feedback control, corresponding to different titanium concentrations in the
deposited films.

For the implementation of a feedback algorithm, the use of the
discharge current waveform—comprising a 2D array of data—may be
ineffective due to the baud rate limitation for data reading from the
oscilloscope. Therefore, it is proposed to use the average discharge
current, represented by a single numerical data. Consequently, the
real-time measurement capability inherent to the oscilloscope is utilized
to obtain the average discharge current over the entire acquisition
window. It is worth noting that the acquisition window of the oscilloscope
needs to be optimized to maintain the sensitivity of the average current.

Figure 3 illustrates the variation of the average discharge current
(Iavg) and total pressure (pwt) in response to progressively increasing
acetylene flow throughout the scanning procedure. The L curve
defines two stable regions referred to as the uncovered target state
at a high current of approximately 18 A and fully covered target state
at lavg =~ 4 A. Additionally, lavg shows the non-monotonic unstable
region associated with the partially covered target state. Notice that
within the non-monotonic feature there is the most unstable region
where Lavg and piot changes with a fast rate, denoted by the gray area

in the graph. The non-monotonic feature is not found in the total
pressure curve. This suggests that the lvg curve could capture more
detail in the reactive process.

These three regions, as observed in the lavg and prot curves
correspond to the stable metal mode, the stable compound mode,
and the unstable transition mode typically found in literature [19].
This characteristic in reactive magnetron sputtering discharges is
attributed to the dynamic evolution of target coverage which will
later be discussed in more detail.

Points A through F on the lavg curve denote the chosen setpoints
for feedback control, corresponding to varied titanium concentrations
in the depositing films. These setpoints are selected to assign different
target coverage states which are essential for customizing the structure
and properties of the films. A designed setpoint, Iset, was programmed
into the feedback system. The controller continually monitors lavg
and dynamically modulates the acetylene flow to align lavg with Iset
to maintain the deviation below 10%. With the process stabilized
through feedback control, plasma emission diagnostics and the coating
process for the specified setpoint can then be conducted.

3.2 Plasma emissions

Figure 4 presents the optical plasma emission spectrums normalized
at 811.3 nm line (Ar I) for the designed setpoints A to F during the
feedback assisted HiPIMS process. Note that the selected standard
emission lines of Ar I and Ti I [20] are provided at the bottom to the
graph. Each measured spectrum was obtained from the side view of
the ionization zone in the HiPIMS discharge, providing a non-invasive
method to correlate the average discharge current with the target
coverage state.

During the uncovered state at setpoint A, emissions are predominantly
from titanium species, particularly in the 300 nm to 500 nm range,
which contrasts with the argon emissions in the 700 nm to 950 nm
range. This metal-dominated plasma is well-known as the characteristic
of'anon-reactive HIPIMS discharge, where the dense plasma within
the ionization zone effectively excites and ionizes the sputtered metal
species [21]. Transitioning to the partially covered state at setpoint B,
a noticeable decrease in titanium emissions occurs comparable to
those of argon. This reduction is attributed to the carbon-based
compound layer beginning to cover the titanium surface, thus reducing
the available titanium target surface area for sputtering. As the process
advances towards the highly unstable region from setpoints C to F,
emissions from titanium species diminish markedly indicating a shift
from a metal-dominated to a gas-dominated plasma.

The change in plasma emissions at different setpoints infers the
transition in target coverage state from an uncovered titanium surface
(setpoint A) to one covered by a carbon-based compound (setpoint F).
This transition consequently influences the structure and composition
of the deposited films.

3.3 Thin films characterization
This section provides the results in thin film characterization for
the different setpoints A to F (as seen Figure 3) which correspond

to different target coverage and consequent titanium content in the
deposited films.
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Figure 4. Optical plasma emissions normalized at 811.3 nm (Ar I) for the
designed setpoints during the HiPIMS process.

Figure 5(a) shows the density of the deposited films analyzed
using XRR technique. There is a clear decreasing trend in the density
from setpoint A, with a density of 4.7 g-cm™3, to setpoint F, where
the density slightly exceeds 1.6 g-cm™. The density at setpoint A is
close to the density of typical sputtering titanium films [22]. In
contrast, the lower density at setpoint F aligns with the typical range
for hydrogenated amorphous carbon (a-C:H) films [23].

Grazing incident X-ray diffraction (GIXRD) analysis of the
deposited films, as depicted in Figure 5(b), reveals an evolution in
crystallographic structures corresponding to various deposition set-
points from A to F. At setpoint A, the XRD pattern correlates with
hexagonal titanium, referring to the Powder Diffraction File (PDF)
00-044-1294. The XRD pattern at setpoint B matches with a cubic
titanium carbide structure (PDF 03-065-8805). No crystalline peaks
are observed from setpoints C to F, except for the silicon peak from
the substrate. This indicates that the films deposited between setpoints
C and F exhibit a more amorphous which is the typical structure of
hydrogenated amorphous carbon (a-C:H) films.

Figure 6 shows the selected SEM images to highlight the most
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distinct morphological differences. Although the deposition times
were adjusted to maintain similar thicknesses for all setpoints, some
variation within + 51 nm was observed in the SEM images. For the film
at setpoint A, which is a titanium metal film, one observes a relatively
uniform and fine-grained surface structure. The cross-section reveals
a dense film with no significate columnar growth or large voids,
suggesting a high degree of atomic mobility which is one of the
important benefits of the HiPIMS deposition [21,24]. At setpoint B,
representing the titanium carbide compound film as examined by
XRD analysis, the surface shows a slightly rougher texture compared
to position A. The cross-sectional view shows a more defined columnar
structure. The film at setpoint F shows a very smooth surface morphology
without distinct structures. This kind of morphology is typically
found in a-C:H films [25], which agrees with the results from XRR
and XRD analyses presented in Figure 5.

EDS analysis, performed on the cross-section SEM images,
identified several elements in the deposited films including carbon
(C Ko, titanium (Ti L), oxygen (O Ka), aluminum (Al Ka), silicon
(Si Ka), and two peaks for titanium (Ti Ko and Ti Kf). Aluminum,
silicon, and oxygen are treated as detected contaminants consistently
found in all samples. However, the amount of titanium and carbon
significantly changes with the setpoints, represented by the ratio of
the atomic percentage between Ti and C, as shown in Figure 7. The
Ti/C ratio monotonically decreases from 1.53 to 0.03 from setpoint
B to F. This trend suggests a film composition change from titanium-
rich to carbon-rich films.

The Raman spectra across different setpoints are shown in
Figure 8(a). The spectra with the Raman shift in the range of 1000 cm™
to 1800 cm™! show the typical characteristic of the amorphous carbon
with the deconvoluted disorder (D) and graphitic (G) peak [26]. The
absence of the carbon characteristic at setpoint A agrees with the
previous findings that this setpoint corresponds to crystalline titanium.
At setpoint B, the Raman spectrum shows the D and G peaks indicating
the formation of the amorphous carbon in the film with the crystalline
structure of the TiC as informed by XRD analysis. Presenting the
amorphous structure in the film could induce the shortening grain size
of the TiC [27] as seen the broadening peaks in the XRD pattern.
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Figure S. (a) XRR-analysis densities and (b) XRD patterns of the titanium containing hydrogenated amorphous carbon films for the given setpoint positions.
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Figure 7. The Ti/C ratio from EDS analysis for different setpoint positions.

The graph in Figure 8(b) is obtained from Raman spectra for
amorphous structure across setpoints C to F corresponding toward
the low Ti concentration. The integrated area ratio of the D and G
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peak, In/IG ratio decreases consistently from 4.5 to 1 while the G peak
position shifts downward from around 1560 cm™! at setpoint C to
1540 cm™! at setpoint F. The decrease in both In/I and G peak position
informs that the structure of the films transitions from a relatively
ordered graphitic network to a more disordered or amorphous state
[26] as the titanium concentration decreases (from setpoint C to F).
The additional Raman analysis with a broader range (not presented
here) confirms the presence of titanium compounds, such as TiC
and TiOz, dominating at setpoint B and becoming negligible toward
setpoint F.

The XPS analysis offers a detailed examination of the chemical
bonding states within the Ti-doped a-C:H films. A detailed deconvolution
of the Cls peak for the sample deposited at setpoint B reveals several
bonding states (see Figure 9(a)). The Ti-C peak at around 281.6 eV
is attributed to titanium carbide bonds [28]. The C-C peak at around
284.3 eV corresponds to sp>-hybridized carbon. The C-C peak at
approximately 285.0 eV is associated with sp3-hybridized carbon
[29,30]. The peak at around 286.3 eV represents carbon-oxygen
single bonds, while the peak near 288.1 eV indicates the presence
of carbon-oxygen double bonds [29].
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Figure 8. (a) Raman spectra of the deposited films at different setpoints, (b) The area ratio between the deconvoluted D and G peaks and the G peak position.
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Figure 9. (a) Deconvoluted XPS spectrum of the C1s peak for the sample deposited at setpoint B and (b) bonding percentage distribution at the C1s position

for samples deposited at setpoints B to F.

Figure 9(b) illustrated the bonding percentages for samples
deposited at setpoints B to F. The Ti-C bonding is present only at
setpoint B comprising 9% of the total bonding. The Ti-C peak found
in XPS spectrum agrees well with the XRD pattern (see Figure 5(b)),
confirming the presence of TiC crystalline structure at this setpoint.
The C-C (sp?) bonding is predominant across all setpoints, though
it decreases slightly from 55% at setpoint B to 44% at setpoint F.
Conversely, C-C (sp®) bonding shows an increasing trend, rising from
21% at setpoint B to 43% at setpoint F. This indicates a transition
towards a more diamond-like structure as the setpoint charge from
B to F. Furthermore, the increase in C-C (sp*) bonding observed in
the XPS analysis correlates with the Raman analysis. As mentioned
previously, the decrease in the In/Ig ratio and the G peak position in
the Raman spectra (Figure 8(b)) indicates a transition from a relatively
ordered graphitic network to a more disordered or amorphous state,
suggesting a decrease in sp? cluster size [26]. The C-O and C=0
bonding remains relatively constant (4% to 9%) owing to some degree
of surface oxidation or oxygen contamination.

4. Discussion

The experimental results demonstrate that titanium concentration,
film composition, microstructure, and chemical bonding state in the
deposited films show significant variations with the average HiPIMS
current lavg. This correlation is linked to the change in the targe coverage
state from uncovered to partially and fully covered states, respectively.

In the uncovered state, the discharge is stable, and the target
surface is predominantly titanium resulting in titanium domination
in the deposited film. The partially covered state is characterized by
unstable discharge due to the competition between the formation
and sputtering of carbon-based compound layers on the target surface
[19]. Once the compound layer completely covers the target surface,
the target is in the fully covered state, leading to the titanium-less
feature in the deposited film.
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The behavior described above is a well-known characteristic in
reactive magnetron sputtering processes. The deposition by a constant
flow of the reactive gas is unsuitable to regulate the target state and
consequent titanium concentration, especially during the partially
covered state. The average HiPIMS current Ly, however, effectively
regulates the target state. This regulation is related to the fraction
(¢c=Ac/Atr) of the accumulated carbon area Ac on the target surface
Aur. We could simplify the relation between g and ¢c by the following
relationships.

Iovg =K + m¢c (1)
where K and m relates to secondary electron emission yield of
the titanium yse,ti and carbon yse,c surface, the particle flux of singly
charged ions bombarding at the target surface I'ion and fundamental
charge e, expressed as

K= (] +}/xe,Ti)(€Atarnan) (2)

m = (yse,c — yse,1i )(€Atar L'ion) 3)

At setpoint A, the target state is initially uncovered, i.e., ¢c = 0.
The recorded lavg and the depositing films at setpoint A result from
the clean titanium surface. When introducing the C2Hz at setpoints
B to F, the carbon compound layer is progressively formed on the
titanium target. The target state changes to the partially covered state.
The average discharge current lvg tends to decrease due to the lower
secondary electron emission yield of the carbon compound layer
yse.c[31], compared to yse, i [32]. Consequently, the concentration of
titanium in the deposition films gradually reduces due to the diminishing
exposed titanium area on the target surface.

At setpoint B, the exposed titanium area is still large. The amount
of titanium and carbon in the deposition films can be comparable,
forming the crystal structure of titanium carbide films on the substrate
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surface. At setpoints C to F, however, the carbon-covered area continuously
expands, indicated by the reduction of Lvg. This causes a decrease in
the titanium exposed area and sputtered titanium flux. Consequently,
amorphous carbon films with reduced titanium concentration are
formed during these setpoints.

This study highlights that through precise control of Iavg, the
target coverage state can be effectively adjusted with the assistance
of feedback control. Therefore, the composition and properties of
the carbon films can be tailored. The findings provide an alternative
approach for achieving controlled titanium incorporation in hydrogenated
amorphous carbon films via closed-loop feedback during reactive
HiPIMS. This approach not only enhances process stability but also
allows precise tuning of the metal dopant concentration in amorphous
carbon films. This enables fine adjustments in microstructure, chemical
bonding, and consequent film properties.

5. Conclusions

Titanium-doped diamond-like carbon (DLC) films were prepared
using the reactive high-power impulse magnetron sputtering technique
assisted by a closed-loop feedback approach. The results show that
the average HiPIMS current, used as the feedback parameter, effectively
regulates the target coverage state. This regulation technique significantly
impacts plasma emission, composition, microstructure, and chemical
bonding state in the deposited films. Particularly, during the unstable
partially covered state, the titanium-to-carbon ratio can be controlled
within a range of 0.70 to 0.03, allowing adjustments in film density,
Ip/lg ratio, and C-C bonding. The simplified model suggests a linear
relationship between the average HiPIMS current and the carbon area
fraction on the target surface. Therefore, controlling the feedback
of the average discharge current enhances the stability of the reactive
HiPIMS process and allows precise tailoring of the structure and
properties of the films.
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