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Abstract: This paper presents the experimental results of high-temperature sputtering of nickel
targets by the Gas Injection Magnetron Sputtering (GIMS) technique. The GIMS technique is a
pulsed magnetron sputtering technique that involves the generation of plasma pulses by injecting
small doses of gas into the zone of the magnetron target surface. Using a target with a dedicated
construction to limit heat dissipation and the proper use of injection parameters and electrical power
density, the temperature of the target during sputtering can be precisely controlled. This feature of the
GIMS technique was used in an experiment with sputtering nickel targets of varying thicknesses and
temperatures. Plasma emission spectra and current-voltage waveforms were studied to characterize
the plasma process. The thickness, structure, phase composition, and crystallite size of the nickel
layers produced on silicon substrates were investigated. Our experiment showed that although the
most significant increase in growth kinetics was observed for high temperatures, the low sputtering
temperature range may be the most interesting from a practical perspective. The excited plasma has
the highest energy in the sputtering temperature range, just above the Curie temperature.

Keywords: ferromagnetic target sputtering; nickel sputtering; hot sputtering; hot target; nickel
coatings; gas injection magnetron sputtering; GIMS; magnetron sputtering

1. Introduction

One branch of magnetron sputtering technology has attracted strong interest recently.
This branch is the so-called Hot Target Magnetron Sputtering (HTMS) technique [1,2].
HTMS aims to run a cathode sputtering process with an increased temperature. It is
possible by modifying the construction of the magnetron target and involves the creation
of a break in the contact area with the cooled surface. The flux of dissipated heat is
reduced, and the target itself accumulates a significant heat load in its volume, raising its
temperature. The primary purpose of this procedure is to increase the target material’s
vapor pressure and lead to its sublimation. The stream of particles produced during such
a process of sputtering and reaching the substrate is significantly enriched by the stream
of sublimated species. Densified plasma flux is reflected in a considerable increase in the
growth kinetics of the coatings and leads to a significant economization of the technological
process [3]. One of the varieties of HTMS processes is the intentional increase in target
temperature above the melting point of Liquid Target Magnetron Sputtering [4]. This way,
the species flux reaching the substrate is enriched with evaporated particles. The kinetics
of growth is one of the critical parameters determining the applicability of the magnetron
sputtering technique and seems to be of particular importance in its variants where low
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growth kinetics is a genetic feature of the technique. This group of methods includes pulsed
methods such as High Power Magnetron Sputtering (HiPIMS). A variation in HTMS has
also found positive effects in HiPIMS technology [5-9].

One practical purpose of using HTMS is to sputter target ferromagnetic materials
effectively. Sputtering of magnetic materials is highly difficult in standard magnetron
sputtering techniques as ferromagnetic materials confine magnetic field lines within their
volume. The magnetic field strength above the surface of the target is attenuated, resulting
in difficulty initiating and sustaining a glow discharge [10]. Magnetron sputtering tech-
nology employs various approaches to overcome these obstacles, such as using additional
sources of plasma excitation [11-13], thin targets [14], and particular magnetic field config-
uration [15,16]. Although the mentioned methods have undoubted advantages, they are
not ideal, and new solutions are still being sought. One of the more exciting and newer
ideas is the HTMS technique to conduct the sputtering process at the target temperature
above the Curie temperature Tc. This way, sputtering of ferromagnetic materials is efficient.
The HTMS technique has already been used to sputter nickel targets [17,18]. So far, the
authors are not aware of any published work showing the application of HTMS in the
cases of iron and cobalt. This is due to the shielding effect of the magnetic field and the
difficulty in controlling the temperature. These metals have much higher T¢ than nickel,
770 and 1121 °C, respectively. The magnitude of the difficulty is mainly indicated by the
approach of the T¢ to the melting point; in these cases, they are, respectively: 1538 and
1495 °C. “Temperature window” of sputtering processes is thus narrower and at a higher
temperature. The most promising development track of the HTMS technique is the effective
control of the target temperature.

Target temperature control is a critical issue in HTMS technology. Without it, the mag-
netron target can be plastically deformed due to creeping or whole magnetron construction
can be seriously damaged. The permanent magnet system is particularly vulnerable. An-
other risk is the possibility of melting the target material. Another factor to consider is the
effect of heat radiation on the plasma and the substrate-growing coating system. These
issues have not yet been widely discussed in the literature, and the reason can be spec-
ulated to be the difficulty in achieving arbitrary sputtering temperature determination.
The factor that is standardly used to establish the temperature of the target, the electrical
power density, is probably insufficient in HTMS technological practice. Recently, our team
has used Gas Injection Magnetron Sputtering (GIMS) for HTMS technology [19]. At that
stage, we thought that by using GIMS, we would introduce a crucial temperature control
parameter. The GIMS technique is a pulsed technique that uses the generation of discrete
plasma streams (plasma pulses) in an environment of dynamically varying working gas
concentration, controlled by high-speed pulsed gas valves [20,21]. Typically, in GIMS,
layers are produced due to the generation of 1010 ms plasma pulses at frequencies of
1071-10" s. The pulse power density is of the order of 10> W/cm?. Controlling the puls-
ing parameter, i.e., frequency and single pulse lifetime, allowed us to set the sputtering
temperature reasonably precisely.

In this experiment, we aimed to exploit the advantages of using the GIMS technique in
HTMS technology and see if it is effective in sputtering nickel targets. The second objective
of our experiment was to characterize the HTMS process of nickel targets with varying
thicknesses (magnetic field shielding strength) at various temperatures.

2. Materials and Methods
2.1. Apparatus

HTMS processes were carried out in a vacuum apparatus presented in Figure 1a. The
vacuum chamber was equipped with a vacuum pump system consisting of turbomolecular,
roots, and rotary pumps. The vacuum pump unit could reach a base pressure of 5 x 1073 Pa.
An extremely unbalanced, according to Gencoa criterion [22], circular magnetron was used
as the plasma source. The 50 mm diameter nickel targets (Grade 1 purity) were installed in
the magnetron.



Coatings 2022, 12,1022

GV and PS
controler

impulse gas valve

b) .
Ni target body ZrO, powder filling

\,H

: |
©) 7 Lo\
vacuum Mo pad 'Cu pad
—  chamber ¢)
. PLASMA HEATING PLASMA HEATING

TRAIEE £ A B 2 2
e

. PLASMA Ug @ @ @ 3 -—-@ Il
A E B LR LIMITED
magnetron . WATER COOLING WATER COOLING

OSC. pressure
.« ~10%-10°Pa| d) ‘ | .
vacuum ON
pumps —
pulse length | time

pulse period

Figure 1. Diagram illustrating: (a) the apparatus configuration, (b) construction of the hot target
system, (c) the heat transfer through the standard (left) and hot (right) target system, (d) plasma pulse
distribution over the time.

Figure 1b presents the sandwich construction of the used targets. The target sandwich
consisted of a nickel target, ZrO, powder filling, molybdenum foil, and a copper pad.
The 1.5, 2, 2.5, and 3 mm thick nickel targets were used for the experiment. A 1.5-mm
deep channel was fabricated in the copper pad. The channel was filled with ZrO, powder
to provide low thermal conductivity at the high-temperature zone of the target system.
Additionally, a zirconia filling prevented material deformation due to high temperature.
During the coating deposition, the bottom surface of the copper pad was cooled with water.
The qualitative difference between hot and standard sputtering is presented in Figure 1c.

2.2. Coatings Deposition Process

Coating deposition processes were carried out using argon as sputtering gas (N5.0
purity). The working atmosphere was created by injections from a fast pulse valve directly
at the target surface. The pressure at the valve inlet was set at 1.5 x 10° Pa. The opening
time of the Ar valve was fixed at 4 ms. The applied gas settings resulted in a pressure
oscillation with a peak of about 10~ Pa. A precise determination of the oscillation was
impossible due to the high time inertia of the used vacuum gauge. Pawlak in [23] studied a
more accurate study of the pressure characteristic in GIMS.

The plasma 500 ms pulse length and period were the parameters controlling the
target temperature in the experiment. Individual power pulses are electronically coupled
to the opening moment of the pulsed gas valve. The electronic coupling of the power
supply to the valve operation allows the precise determination of the glow discharge
at a fixed time from the gas injection. In this experiment, we established the discharge
when opening the valve and sustaining it for 500 ms. The interaction of plasma energetic
species with the target surface induces thermal energy in the target material. The energy
distribution has a pulsed manner in GIMS. Therefore, relatively frequent events of thermal
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excitation (plasma pulses) increase the temperature of the target material. During the
interval between pulses, the accumulated heat is partially dissipated. The heat dissipation
is effective when the impulse interval is longer [19]. The pulse length and pulse periods are
described in detail in Table 1 with the other process parameters. Figure 1d schematically
presents the power pulses time distribution in the GIMS process. The nature of the thermal
excitation was pulsed, and the target was continuously heated up during the plasma
phase until a specific target temperature resulting from the system’s ability to dissipate
heat was established. Each discharge is followed by the period of the dissipation of the
accumulated heat. The temperature characteristics during the process of sputtering can
be considered quasi-stationary. The temperature of the targets was measured using an
MM2MH Raytek pyrometer and high-speed Optris Xi400 thermal camera. The center of the
target was the spot with the highest temperature. The temperature data in Table 1 shows
the pyrometer measurement results at the target’s center. As the sensitivity of the pyrometer
starts at 450 °C, the process labeled “<450” in the table was performed at low-temperature
conditions, below the Tc.

Table 1. Parameters of hot nickel target sputtering in the experiment.

Target Thickness (mm) Temperature Period (ms) Deposition Time (s)

<450 2000 720

450 1300 468

1.5 600 1150 414
800 900 324

1000 650 234

<450 2000 720

450 1500 540

2 600 1100 396
800 900 324

1000 650 234

<450 2000 720

450 1100 396

2.5 600 730 263
800 580 209

1000 550 198

<450 2000 720

450 1500 540

3 600 1000 360
800 650 234

1000 550 198

The n-type 100 silicon substrates were prepared by ultrasonic cleaning in acetone and
drying. After that, they were located perpendicularly to the magnetron Z-axis at 10 cm from
its surface. The substrate stage was electrically grounded during coating deposition with
the magnetron anode and vacuum chamber. The magnetron system was powered using a
Dora Power Systems pulsed DC power supply with a carrier frequency of 125 kHz [24,25].

The power waveforms were calculated from the current and voltage characteristics,
measured using the 1 A: 0.1 V Rogowski coil and 1 kV: 1V voltage, and registered by a
Rigol oscilloscope. The pulse energy was calculated using the integral over time. All the
calculations were made using the Origin Lab software. The distribution of normal magnetic
field B_L at the surface of the nickel targets used in the experiments was investigated by
SMS-102 Asonik Hall effect meter.
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2.3. Plasma Characterization

The optical emission spectroscopy (OES) measurements were obtained using an Optel
energy-dispersive optical spectrometer at a wavelength of 200-900 nm. The signals were
collected through a quartz window and an optical fiber. The exposition time was set at a full
single plasma pulse. During these experiments, the optical collimator was perpendicular to
the magnetron Z-axis and placed 55 mm away from the cathode surface.

2.4. Coatings Characterization

The deposited coatings were further characterized by scanning electron microscopy
(SEM). The cross-section of nickel coatings fabricated at silicon substrates was observed at a
45° to the surface plane using a ZEISS Ultra Plus device. The cross-sections of the samples
were obtained by brittle fracture just after cooling them in liquid nitrogen.

The crystal structure of the coatings was analyzed by X-ray diffraction (XRD) using
Cu-K« radiation. The XRD profiles of the layers were measured at a 20 range of 15-120°.
The Debye-Scherrer equation was used to calculate the size of crystallites. Crystalline size
D, is expressed:

KA
" BcosO

where D is the size of the grain, K is known as the Scherer’s constant (K = ~0.9), A is the
X-ray wavelength (for Cu 1.54178A), B is full width at half maximum (FWHM) of the
diffraction peak, and 0 is the angle of diffraction.

@

3. Results and Discussion
3.1. Plasma Characterization

The first step in the experiment was to characterize the sputtering process of the nickel
target during its progressive heating. For this purpose, current and voltage waveforms were
measured at distinct stages of heating a nickel target 1.5 mm thick. Power waveforms were
determined based on the indications of the electric power supply integrating the current
and voltage waveforms in situ during its operation. The results are shown in Figure 2. The
figure shows the fitting of the discharge power curve during the heating of the target. At
the initial stage, when the target material’s volume is below the Curie temperature, the
glow discharge is characterized by relatively low power. The power increases when an
increased volume of the target material exhibits a transition from a ferromagnetic state to a
non-magnetic state. The nature of the transition is relatively smooth and is associated with
a gradual increase in the volume of the non-magnetic fraction of the nickel target. In the
final part of the curve, the power value stabilizes. Power stabilization is associated with
forming a constant volume of non-magnetic material of the target. Images taken with a
thermal camera at distinct stages of heating the target are attached to the figure. When
considering the temperature of the target in the HTMS process, it is necessary to keep in
mind its irregular distribution in the volume. The images clearly show that its hottest
parts are primarily in the center. As the sputtering temperature increases, the pulse power
waveforms also change significantly. The figure presents examples of the curve’s power
waveforms measured in characteristic parts. The power pulses were integrated, and the
energy of a single pulse was determined—also shown in the figure. The nature of the
changes in the energy values is related to the amplitude of the power waveform, which is
the result of changes in the discharge current waveform.
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Figure 2. Diagram presenting the evolution of glow discharge power during the sputtering of hot
nickel target and images of temperature distribution on the target surface.

The next stage of our experiment was to study the effect of temperature and thickness
of the nickel target on the energy of the glow discharge. Sputtering processes of nickel
targets were carried out in the temperature range up to 1000 °C. The temperature was
controlled by adjusting the period of triggering the plasma pulse according to Table 1.
Targets with thicknesses of 1.5, 2, 2.5, and 3 mm were sputtered. Using targets of different
thicknesses, we could characterize the discharge under various magnetic field energy
supports. The effect of target thickness on B_L is shown in Figure 3. The magnetron used in
the initial state has a maximum intensity of 90 mT. Using a cathode system with a 1.5 mm
nickel target reduced the B_L maximum to ~16 mT. B_L of ~1.5 mT characterized the 3 mm
target. The magnetic field intensity distribution over the target itself does not change much.
Figure 3 also shows the energy characteristics as a function of sputtering temperature.
The thickness of the target, that is, the B_L value, significantly affects the pulse energy.
The characteristics themselves are interesting. In the range of temperatures, in which we
conducted measurements, the maximum energy was noted at temperatures ~100 °C above
Tc. In the range of about 500-900 °C, we observed a decrease in the pulse’s energy. At
temperatures above 900 °C, the energy value increased again.
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Figure 3. Distribution of B_L at the surface of nickel targets with various thickness and characteristics
of plasma pulse energy during the sputtering process.

The parameter controlling the pulse energy value is the character of the power wave-
form, which in turn is determined by the discharge current characteristics. Figure 4 shows
the discharge current waveforms measured while sputtering a 1.5 mm nickel target at
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different temperatures. Temperatures at which the pulse energy was relatively low are
characterized by current decay at the end of the discharge duration.

I

cold 4

4 450°C

Current (A)

—53A

150 200 250 300 350 400 450 500 550 600 650 700 750 688,220 688,240 688,260 688.280 688,300

Time (ms) Time (ps)

Figure 4. Current waveforms measured during the sputtering of 1.5 mm nickel target at various
temperatures.

The observed decay is not an effect related to the characteristics of the GIMS process,
i.e., dissipation of the gas doses in the volume of the vacuum chamber. The gas dosage
settings we use are established by years of practice, and so far, we have not observed this
effect. In our opinion, the disappearance of the discharge current in the temperature range
of 500-900 °C can be caused by the so-called gas rarefaction phenomenon [26-28]. The
rarefaction phenomenon occurs when the gas is overheated due to high-power sources and
additional heat sources for synthesis [29]. The effect of this phenomenon is the thinning
of the gas atmosphere and, thus, the disappearance of current electric carriers, which is
reflected in the measured current characteristics. This effect is evident at the end of the
discharge since there is a temperature peak, even though the target temperature is quasista-
tionary. At very high temperatures, we observed an increase in the current amplitude value.
It seems that the increase in the population in the gaseous atmosphere of sublimating
molecules is responsible for this state. We can expect sublimation to occur as early as
<900 °C. However, its effects are not so apparent since the flux of particles produced during
sublimation depends on the emitting surface, and the temperature distribution on the
surface of the target is not homogeneous.

OES studies were performed to determine how the sputtering temperature affects the
nickel particle population in the plasma and whether the measured spectra are reflected
in previous studies. Although the intensities of the optical emission lines do not directly
indicate the species population in the plasma, the changes in the line intensity ratios
between each species group can provide valuable information on the plasma content with
the change of process parameters [30]. Figure 5 shows exemplary sections of the plasma
emission spectrum created during the sputtering of a 1.5 mm nickel target. For presentation
purposes, the spectral range in which the intensity of excited nickel N I particles was
the highest was selected for analysis. The presented range included the lines with the
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characteristics listed in Table 2. The rest of the figure shows the spectral intensity for
different target thicknesses and temperatures.
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Figure 5. OES spectrum of plasma registered and fitted with basic components during the sputtering
of nickel target (a) and collection of OES spectra registered at various temperatures (b).

Table 2. OES lines attributed to the measured spectra [31].

Specie Wavelength (nm) Rel. Intensity Lower Level Upper Level
Nil 349.3 5500 3d°(>D)ds 3d°(>D)dp
Nil 351.0 2600 3d°(?D)4s 3d°(>D)4p
Ni I 351.5 6600 3d°(2D)4s 3d°(’D)4p
Nil 352.4 8200 3d°(?D)4s 3d°(>D)dp
Nil 353.2 1100 3d8(3F)4s? 3d°(>D)4p

Comparison of the individual spectra leads to the conclusion that these results are
consistent with calculated energy pulses (Figure 3). The intensity of the lines is correlated
with the pulse energy and indicates the sputtering effectiveness of the nickel target surface.
The sputtering process’s spectrum at T < T¢ shows the lowest intensity. The highest
intensity was registered for a temperature of 450 °C. The spectra collected in the range of
500-900 °C are moderate intensities.
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3.2. Coatings Characterization

The SEM images of the nickel coatings’ structure was shown in Figure 6. SEM investi-
gations show the structural morphology of the deposited coatings and their thickness. The
structure of the coatings is columnar, typical for the magnetron sputtering method [32,33].
In some cases, it is difficult to observe the columnar structure, probably due to the plastic
deformation during the cracking, despite prior freezing by liquid nitrogen. Thickness
results read from the images are shown in Table 3.

1.5 mm 3 mm

450°C cold

600°C

Figure 6. SEM images of nickel coatings structures deposited during the sputtering at various
temperatures.
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Table 3. Nickel coatings thickness deposited during the HTMS processes.

1.5 mm Thick Target 3 mm Thick Target Temperature (°C)
900 nm 380 nm <450
950 nm 500 nm 450
1070 nm 640 nm 600
1080 nm 680 nm 800
1100 nm 1140 nm 1000

The conclusion that comes immediately to mind is that the coatings deposited by
sputtering a 3 mm nickel target are characterized by a smaller thickness than those obtained
with a thinner target. As expected, the thin nickel target sputters more efficiently than the
thick target. The effect of the transformation of ferromagnetic to non-magnetic material
is mainly evident in the case of the thick target. The growth kinetics in its case increased
by 200%, while the thin target increased by only 22%. There is a noticeable increase in the
thickness of coatings from a temperature of 450 °C in both cases. Previous results indicated
that the best thickness results could be expected at 450 °C. However, it seems that the
effects of high discharge energies and the presence of energetic particles in the plasma
cannot be combined with the density of the particle flux emitted from the targets. The jet of
sputtered particles is enriched with sublimated particles. These, in turn, are low-energy
and do not participate in the processes of ionization and internal excitation, which is why
previous studies have not considered their contribution to the population.

XRD technique was used to examine the structure of the coatings in more detail.
Figure 7 shows a comparison of the diffraction patterns of the fabricated coatings. We have
limited the image to the coatings deposited by sputtering 1.5 and 3 mm nickel targets for
presentation purposes. Diffraction patterns are very similar to each other. Reflections from
the same set of crystallographic planes were identified in all coatings. XRD peaks were
used to calculate the size of the crystallites, according to equation 1. The averaged values
of the crystallite size are shown in Table 4.

Table 4. Averaged crystallites’ size of nickel coatings deposited in experiment.

1.5 mm Thick Target 3 mm Thick Target Temperature (°C)
7.8 nm 18.2 nm <450
7.3 nm 10.2 nm 450
7.2 nm 13.1nm 600
7.7 nm 15.2nm 800
12.6 nm 15.0 nm 1000

A certain consistency can be seen in the results, in which the smallest crystallites
presented layers fabricated at mid-range temperature. Previous studies have suggested
that plasma species may have the highest energy under such conditions. This is reflected in
the structure and size of the crystallites. It is known that the coating tends to defect and
defragment the crystallites during growth under energetic particles bombardment [34].
Above this temperature, an increase in size is observed. This may be due to the increased
fraction of low-energy particles originating from sublimation.
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Figure 7. Diffraction patterns of nickel coatings deposited in the experiment.

4. Conclusions

In this article, we have attempted to actively employ the technological parameters of
the GIMS technique to control the temperature in the HTMS process of nickel targets. The
period of plasma pulses distribution was a parameter by which we could precisely establish
the sputtering temperature. As part of the experiment, we attempted to characterize
the sputtering process of a temperature-controlled target, and as we expected, the most
significant increase in growth kinetics was observed for the highest temperatures. Our
experiment also showed that the sputtering model of ferromagnetic targets at temperatures
slightly above T¢ is exciting and worthy of closer study. From our preliminary findings, one
may be inclined to the thesis that this temperature range may be the most favorable for the
generation of plasmas whose particles have the highest energies. In this temperature range,
we recorded the highest-energy discharges, and the OES spectrum of the plasma excited
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under these conditions was most enriched with excited particles of sputtered nickel. The
preservation of high energy of plasma particles during film fabrication is one of the most
raised issues in the literature. Acquiring control over the execution of HTMS processes is a
crucial skill in mastering this important parameter of the plasma state. The GIMS technique,
at its current stage of development, seems to enable this satisfactorily. As a result, we can
use this tool in our future research plans.
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Abstract: In this work, a set of titanium nitrides thin-films was synthesized with the technique of
reactive RF and DC magnetron-sputtering. To demonstrate the versatility and effectiveness of the
deposition technique, thin films were deposited onto different fiber structures varying the deposition
parameters for optical applications as saturable absorbers in passively g-switched fiber lasers and
as lossy mode resonance fiber refractometers. After deposition, optical and electronical properties
of samples were characterized by UV-Vis and XPS spectroscopies, respectively. Samples presented
coexisting phases of Ti nitride and oxide, where the nitride phase was non-stoichiometric metallic-
rich, with a band gap in the range of Eg = 3.4-3.7 eV. For all samples, glass substrates were used
as templates, and on top of them, optical fibers were mounted to be covered with their respective
titanium compounds.

Keywords: titanium nitride; DC/RF magnetron-sputtering; saturable absorber materials; Q-switched
fiber lasers; fiber micro-ball lens; no-core fiber; lossy mode resonance; fiber refractometers

1. Introduction

In recent years, thin film manufacturing has increased greatly due to its multiple
applications such as semiconductor processing, insulating materials, tool strengthening or
improving the efficiency of the surface properties of various materials. For a given material,
in order to obtain an improvement in its surface properties, physical or chemical surface
treatment techniques are required. A very popular technique for surface treatment is thin
film deposition, which consists of applying a nanometric thin layer of a material on an object.
The object is covered with a material such as a thin film, which can then be used for the
development of specific applications such as sensors, solar cells, optical devices, etc. Thus,
it is necessary to use efficient techniques that ensure quality and reproducibility during
the film-growth process, such as chemical vapor deposition (CVD), sol-gel deposition,
chemical bath deposition and reactive magnetron sputtering [1-4].

Among them, an ideal and minimally invasive method of thin film coating would be
sputtering, a technique that consists of bombarding a target made of the material to be
deposited with highly energetic particles, usually of an inert gas such as argon, capable of
breaking the atomic bonds on the surface of the material; after that, the atoms removed
from the target will be deposited onto the object where the thin film is desired (flat substrate,
optical fibers). The whole process takes place inside a high vacuum chamber. To supply the
full amount of energy, the magnetron is connected to a power source, which can be either a
radio frequency (RF) or direct current (DC) power source. The magnetron will generate a

Coatings 2023, 13, 95. https:/ /doi.org/10.3390/ coatings13010095 https:/ /www.mdpi.com/journal/coatings
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magnetic field where the gas ions will be confined, causing an increase in the shocks of the
deposit and a decrease in the working pressure. When a reactive gas is used, together with
Ar, for example oxygen or nitrogen, the technique is denominated as reactive magnetron
sputtering. With the control of experimental parameters, such as base pressure, working
pressure, flow of reactive gas, power source, it is possible to tailor the film properties [5,6].

Moreover, the advantages of optical fibers include low cost, small size, and immunity
to electromagnetic interference; thus, the use of optical fibers has been very attractive
in a variety of research areas such as data transmission, optical instrumentation, optical
sensing, fiber lasers, among others. The geometry of the fibers also plays a very important
role in the efficiency of their results; as a result, different special fiber structures such
as no-core fibers (NCF) and microball lenses (MBL) have been studied in order to take
advantage of particular optical properties to interact with the surrounding environment. In
this regard, improved with a material coating, the aforementioned fiber structures exhibit
light-material properties suitable for sensing and laser development applications. As a
result, in recent years, the study of promising materials deposited onto the fiber surface
and the deposition method has been of increasing interest for fiber optical applications and
systems. Particularly, transition metal oxides (TMO) and transition metal nitrides (TMN)
have demonstrated their reliability as candidate materials for the development of saturable
absorbers and for electromagnetic resonance phenomenon. Particularly, titanium nitride
with varying concentrations of Ti, N and O has been demonstrated as desirable for its
saturable absorption [4] and plasmonic properties [7]. Transition metal nitrides such as TiN
are ceramic non-stoichiometric materials. The composition and hence the optical properties
depend significantly on the preparation method and conditions. Some of these nitrides
possess metallic properties at visible wavelengths because of large free carrier concentra-
tions (~10?> em~3). High interband losses make many of these compounds unattractive
for plasmonic applications. Titanium nitride, however, exhibits smaller interband losses
in the visible spectrum and a small negative real permittivity. It is therefore a material of
significant interest for plasmonic applications in the visible and near-IR ranges, which are
denominated as double epsilon-cero materials [7-10]. Additionally, with the use of reactive
magnetron sputtering technique (DC/RF), it is possible to grow thin films with tunable
properties at the optoelectronical level, as this technique allows for the synthesis of films
with precise thickness control and greater deposit uniformity and reproducibility [5,11-14].

In this paper, we experimentally explore the reliability of DC/RF magnetron sput-
tering for accurate titanium nitride compound deposition onto optical fiber structures for
their application as saturable absorbers for passively Q-switching fiber laser pulsed laser
generation and for their use as fiber refractometers based on LMR phenomenon. The two
applications presented in this work are:

(a) For saturable absorber (SA) application, a fiber microball lens coated with a thin film
of titanium nitride by RF is used for generation of short high-energy pulses within
a linear fiber laser configuration. The coating acts as an SA, modulating the losses
inside the cavity by means of a passive Q-switching technique. Then, short pulses
with a repetition rate in the kHz order are obtained depending on the variation of the
pumping power of the laser.

(b) As a fiber refractometer, a multimode NCF fiber structure coated with a film of
titanium nitride by DC is used to generate electromagnetic resonances at the fiber—
material interface from the light energy transferred to a plasma wave along the
material surface by lossy mode resonance phenomenon. The NCF fiber coated with
the film material is highly sensitive to refractive index variations on the medium
surrounding the fiber structure.

2. Deposition of Films by RF for Saturable Absorber Application
2.1. Fiber Ball Lens Deposition

Fiber microball lens (MBL) consist of a microsphere at one end of a silica optical fiber.
By using a fusion splicer with special fiber processing characteristics (Fujikura ArcMaster
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FSM-100M, Tokyo, Japan) and the spherical lens fusion program of its software (AFL Fiber
Processing Software FPS, ver. 1.2b, Tokyo, Japan), MBL were constructed on SMF-28 single-
mode fiber segments. With the options of the FPS program, MBLs with diameters of 300,
350 and 400 um were obtained.

Prior to deposition process, optical fibers were mounted on top of glass substrates.
Fibers were fixed with a special vacuum type. The synthesis equipment consists of a glass
bell chamber (deposition chamber) connected to a vacuum system, made up of mechanical
and turbomolecular pumps. The chamber is fed with external tank gases (Ar, N and O high
purity, 99.99%), connected with valves and controlled with electronic mass flow meters. Into
the chamber, a magnetron is connected to a RF power-source. The magnetron is designed
to place targets of 1” in diameter and 1/8” thick. The substrate holder is placed in front of
the magnetron, 5 cm away. A mechanical shutter is placed between the target and substrate,
which prevents deposit of the material when not desired. A schematic diagram of the RF
equipment used for the synthesis of this film is included in the Supplementary Materials.

In this work, two batch of samples were prepared: the first batch of three samples
(labeled F01, FO2 and F03), and the second batch of four samples (labeled F04, FO5, FO6
and F07).

For the first batch, depositions were performed using a ceramic circular target (TiN
target, by Plasmaterials, (Livermore, CA, USA). The depositions were made inside a glass
bell chamber, with a base pressure of 7.5 x 1075 Torr. A supply of Ar was used in the
reaction, with a flow rate of 20 sccm. Plasma was generated by applying 200-watt RF
power and a working pressure of 70 mTorr. With the shutter activated, the target was first
pre-sputtered for 5 min to remove any contamination. The deposition rate was controlled
with a quartz crystal sensor connected to an external computer. The deposition time was
15, 20 and 25 min for samples labeled as: FO1 (fiber of 300 pm), FO2 (fiber of 350 pm) and
FO3 (fiber of 400 um), respectively.

For the second batch, depositions were performed using;:

(a) Metallic circular target (Ti target, by Kurt-Lesker, Jefferson Hills, PA, USA)—The depo-
sitions were made inside a glass bell chamber, with a base pressure of 7.5 x 107> Torr.
A mixture of high purity gases, Ar and N, was used in the reaction with a flow rate
of 20 and 5 sccm, respectively. The gas flow is monitored with mass flow meters.
Plasma was generated by applying 300-watt RF power and a working pressure of
70 mTorr. The target was pre-sputtered for 5 min to remove any contamination. The
deposition rate was controlled with a quartz crystal sensor connected to an external
computer. The deposition time was 15 min. In this case, in a single substrate, two
optical fibers were placed. The fibers were labeled F04 (Fiber of 300 um) and F05
(Fiber of 350 um). The substrate used as template was then characterized with XPS
and UV-Vis spectroscopy and labeled as F0405.

(b) Ceramic circular target (TiN target, by Plasmaterials)—The depositions were made
inside a glass bell chamber, with a base pressure of 7.5 x 107 Torr. A supply of
Ar was used in the reaction, with a flow rate of 20 sccm. Plasma was generated by
applying 300-watt RF power and a working pressure of 70 mTorr. With the shutter
activated, the target was first pre-sputtered for 5 min to remove any contamination.
The deposition rate was controlled with a quartz crystal sensor connected to an
external computer. The deposition time was 15 min. In this case, in a single substrate,
two optical fibers were placed. Fibers were labeled FO06 (fiber of 300 um) and FO7 (fiber
of 350 um). The substrate used as a template was then characterized with XPS and
UV-Vis spectroscopy and labeled as F0607.

After deposition, areas of substrate surrounding the fibers were characterized with
XPS (K-ALPHA, Thermo Fisher Scientific, Waltham, MA, USA) and UV-Vis-NIR spec-
trophotometer (V-770, Jasco, Easton, MD, USA) spectroscopies. In addition, Filmetrics
equipment was employed to measure the optical thickness of the films.
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In this case, samples of first batch were analyzed with XPS and UV-Vis spectroscopies.
As the second batch is a preliminary study, intended to focus on saturable absorption for Ti
nitrides, obtained from two different targets, only the UV-Vis results will be presented.

The composition of the films was analyzed by XPS using a monochromatic source of
AlKo of 1486.68 eV. The XPS technique can extract the atomic concentration of the elements
and their respective chemical states. During measurements, samples were first bombarded
with Ar" ions for a few seconds to remove any contamination adsorbed at their surface. The
Cl1s peak position at 284.8 eV is used as a binding energy reference. The procedure consisted
of making measurements in survey mode (from 1486.68 to 0 eV; 1 eV /step), followed by
windows of high resolution for the Cls, Ols, N1s and Ti2p windows (0.2 eV /step). Spectra
were measured before and after sputtering. From the position in binding energy (BE), the
chemical state was determined. From the sensitivity factors and the area below the curve
for each transition, the atomic concentration (atomic %) of Ti and N was obtained. From
the Ti2p and Nl1s signals, spectra were deconvoluted using lorentzian curves.

The optical properties were analyzed using the UV-Vis-NIR spectrophotometer, in the
wavelength range of 300 to 2500 nm. Curves of transmittance, reflectance and absorbance
were obtained. With the thickness and transmittance spectra, Tauc curves were constructed.
From them, optical parameters: band gap (Eg), absorption coefficient («), refractive index
(n), extinction coefficient (k), dielectric (€« ) and static (¢g) constants), were extracted.

2.2. Optoelectronical Characterization

Figure 1 displays the Ti2p and N1s transitions for FO1, F02, and F03 before sputtering.
Figure 2 displays the Ti2p and N1s transitions for FO1, F02, and F03 after sputtering. In
Figure 1, Ti appears at the surface in an oxidized state, which is expected at this level of
analysis. Some traces of N can be detected. Since all samples are thin, it is expected that
even during surface-level analysis, it is possible to detect signals from the entire thickness
of the sample.

In Figure 2, a convolution of oxide/nitride states, for the Ti2p transition, can be
observed. In the figure, deconvoluted curves for both states are included. Oxide and nitride
states are clearly differentiable, both in binding energy and in the shape of the transition.
The shape of the Ti in the nitride state is modified because of the generation of satellites
(caused by the extra conduction electrons) to the left of each transition, which produce
asymmetry [11,14]. In Figure 1, a more symmetric shape in the Ti2p transition can be noted.
Again, in Figure 2, the BE of Ti-oxide appears at 457-458 eV, while BE of Ti-nitride is about
1 eV lower, at 454-456 eV. This is expected, as the oxidized state tends to be more stable.
The values of BE detected in our samples agree with the ones reported in the literature
for oxide/nitride [12,13,15-17]. No oxy-nitride signal was detected in the Ti2p window,
which is very distinguishable between the Ti-oxide and Ti-nitride and which appears at
the middle in energy value [17,18]. In addition, metallic states of Ti were discarded. The
assignation of the chemical states of samples was also supported by additional XPS analysis
of the Ti and TiN targets, which are included in the Supplementary Materials.

From the area below the curve of the Ti2p3/2-nitride and N1s, and from using their
respective sensitivity factors, the empirical formula for the nitride phase was obtained.
Table 1 shows a summary of data obtained from the XPS analysis.
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Figure 1. High-resolution spectra for the Ti2p (top) and N1s (bottom) windows for samples (a) FO1,
(b) FO2 and (c) F03, before sputtering.
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Figure 2. High-resolution spectra for the Ti2p (top) and N1s (bottom) windows for samples (a) FO1,
(b) FO2 and (c) FO3 after sputtering.
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Table 1. Summary of data obtained from XPS analysis. Second column is an account of the BE
for each chemical state (eV). Third column is an account of the percentage of each chemical state.
Last column is the obtained empirical formula. The analysis of FO1, FO2 and F03 corresponds to the
substrates used as a template on which optical fibers were mounted.

Binding Energy (eV) Ti Percentage (%)
Sample - - - - Empirical Formula
Ti-N Ti-O TiN Ti-O
Fo1 456.19 457.7 20 80 TipcNo4
F02 454.8 456.3 33 67 TipgNo2
F03 454.52 456.19 12 88 Tip4Noe

From the XPS analysis, it is possible to conclude that the samples presented a mixture
of coexisting phases of titanium nitride and titanium oxide. The most prevalent is the
oxidized one. The nitride phase for samples FO1 and F02 looks more metallic than for FO3.
It is possible that the higher deposition time favors the generation of more oxidation events.

The transmittance curves obtained from the UV-Vis measurements are included in
Figure 3 for samples F01, FO2 and F03, together with the Tauc curves at inset, and the n, k
vs. A of all samples in one graph. Figure 4 includes the transmittance curves for samples

F0405 and F0607.
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Figure 4. Transmittance spectra for samples (a) F0405 and (b) FO607. Tauc curves are included in
inset; (c) n and k vs. wavelength curves for the two samples.

The optical parameters were obtained from the transmittance spectra. Then, by the
use of the Drude-Lorentz model, Eg, o, n and k were extracted. Applying the single-
oscillator model developed by Wemple and Domenico, e« (dielectric constant, real part,
at high-frequency values, for electronic transitions) and ¢ (static constant, real part, at
low-frequency values, related to the lattice contribution) were extracted [19]. A detailed
procedure about how to use these models has been published by us elsewhere [20].

The TiN compound is formed from the hybridization of the orbitals Ti: 3d?4s> and N:
2p3. Thus, electronic levels are distributed in energy to conform the sp®d? hybrid-orbital.
Previous to hybridization, there are four and three valence electrons for Ti and N, respec-
tively. When hybridization takes place, there is room for six electrons, and one remains free
as a conductor electron. This final configuration is very similar to gold: 5d19s!. For this rea-
son, TiN contains a high concentration of conduction electrons, ~10*2 cm ™2, proportional
to the conduction concentration of metallic elements, in this case to gold [7,10,15]. This
metallic-like behavior for TiN can be observed in the transmittance spectra. The wavelength
located at the onset, the region when transmittance starts to experiment a sudden drop, is
defined as the screened plasma energy, A, or the energy region where the real part of the
dielectric constant €. = 0. This wavelength, for metals such as gold and Ti nitrides, can be
located within the visible spectral range and is affected by both intraband and interband
characteristics (this is the cause of the yellowish color for both gold and stoichiometric TiN).
At wavelengths A < Ay, it is also expected to produce a sharp rise in the refractive index,
n, because of light attenuation due to the interband absorption, together with a reduction
in transmittance and a maximum absorbance [7]. For regions A > Aps, an almost constant
transmittance or transparent zone is expected. A drop in the transmittance is expected in
the IR region at the onset of vibrational modes in the lattice [19,20].

At this region (transparent zone), a condition of high transmittance (low reflectance) is
expected for typical semiconductors (SiO,, TiO,, sapphire). For metallic-like compounds,
the transmittance depends on the density of the free carriers, which is influenced by the
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deposition conditions and film thickness. Thus, high reflectivity, similar to that of metals,
coupled with low transmittance, may be possible.

In all the transmittance curves, the onset of the absorption edge is located at ~500-600 nm.
This onset corresponds with wavelengths within the visible part of the spectra, and thus,
all our films presented with a yellowish color, which is expected for TiN [21]. In this
case, at this border, there are intraband transitions due to the interaction of light with the
conduction electrons, which produce a maximum absorption at ~A = 600 nm. Between
A =600 nm and A = 800 nm, there is a transition zone. At A = 800 nm, a transmittance
of ~80% is observed. Then, at the onset of the absorption edge, the absorption coefficient (a)
can be calculated from the relation [18-20]:

o« = %m{%}, 1)

where T is the measured transmittance, and d is the optical thickness. The optical band
gap (Eg) was extracted from Tauc’s relation:

(whv)" = A(hv — Eg), 2

where A is the edge width parameter. The value of E; is obtained by (whv)" vs. hv with
r =2 for a direct transition, as reported for TiN [15,22]. In a direct transition, the maxima of
density of states (DOS) at the top of valence level are aligned with the maxima of DOS at
the bottom of the conduction level at k = 0 [20].

From the dispersion curve (1 vs. A), dielectric and static constants are obtained [19,20].
The procedure employed to extract the band gap from the Tauc’s curves is included in the
Supplementary Materials.

In Table 2, a summary of the optical parameters extracted from the experimental
transmittance curves is displayed.

Table 2. Summary of optical parameters extracted from transmittance curves and applying the optical
models. The analysis of FO1, FO2 and F03 corresponds to the substrates used as a template, where
optical fibers were mounted. In addition, FO405 is the substrate used as a template, on which F04 and
F05 were mounted (use of Ti target). Likewise, F0607 is the substrate used as a template, on which
F06 and F07 were mounted (use of TiN target).

Deposition

Sample Time (min) Thickness (nm) Eg (eV) €0 er
Fo1 15 20 3.7 1.9 2.0
F02 20 22 3.6 22 2.3
FO3 25 20 3.6 21 2.4

F0405 15 20 3.4 1.9 21
F0607 15 20 3.5 2.1 2.1

All films are similar in thickness, and the presented values for Eg range from 3.5 to
3.7 eV. These values agree for the titanium nitride films reported on by other authors, from
3.0 to 3.5 eV [15,21]. Values of Eg > 3.5 eV can be attributed to more metallic-like states,
due to the non-stoichiometry of our films and the higher amount of loaded Ti, as the XPS
analysis suggests. These additional electronic stats tend to be redistributed between the
valence and conduction levels, giving place to band gap widening. In our case, the lowest
value of the band gap at 3.4 eV corresponds to the film synthetized from the Ti target.
Regarding the dielectric constants, the values were almost similar for all samples. The €o
has values in the range of Eg = 1.9-2.2 eV, where the value for FO1 (synthesized from TiN
target) is similar to F0405 (synthesized from Ti target). From these last values, we could
observe that the optical properties using both synthesis routes would produce Ti nitride
films with similar properties.
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7o

From Figures 3d and 4c, “n” presents somewhat monovaluated stable values in the
region of 1000-2000 nm, a transition region with an onset at =800 nm, with a sharp increase
at 600 nm, which corresponds to the yellow region of the visible spectra, which is very
distinguishable in the samples (see Figure Slc; Supplementary Materials).

From the data provided by XPS and UV-Vis characterization of the samples from
the first batch and the UV-Vis characterization of samples from the second batch, we can
conclude that the thin films of the non-stoichiometric TiN were synthesized. This films
turned out to be metallic-rich, coexisting with a phase of titanium oxide.

2.3. Passive Q-Switched Laser Pulse Generation

For pulsing to occur, the SA accumulates a large amount of energy supplied by the
pumping source, until saturation overflow is reached, leading to a release of energy in the
form of a pulse of the order of microjoules. The experimental setup is a linear cavity laser
containing an Er/Yb-doped double-clad fiber (EYDCF) with a length of ~1.2 m (DCF-EY-
10/128, CorActive, Québec, QC, Canada), with a core absorption of 85 dB m~ ! at 1535 nm
and inner cladding absorption of 2 dB m~! at 915 nm), which functions as a gain medium.
The EYDCF pumps with a high-power 25 W laser at 976 nm, and the light beam passes
through of a 2 X 1 + 1 combiner that allows for the passage of wavelengths at 976 and
1550 nm at the same time. On one side of the cavity is a fiber loop mirror (FLM) that consists
of a 50/50 coupler with its output ports connected, which is used as a mirror capable of
reflecting 100% of the incident light. At the other end is a 90/10 coupler from which the
10% output port was connected to an MBL fiber that is fixed horizontally to the base, with
a flat mirror to the front. The 90% output port was the output of the laser signal and where
the data measuring the pulsations were detected with the help of a photodetector, of which
were read by means of an oscilloscope. Figure 5 shows the laser setup.

B
\ Laser source
— 976 nm

EYDCF 12 m

L Mirror

Beam 90% reflector

combiner

Output signal

Figure 5. Experimental setup of the PQS laser.

The laser pulses were detected with a photodetector and were recorded by an oscillo-
scope. Previously, test measurements were made with an MBL without deposited material
to detect possible self-Q switches and to rule them out later, ensuring only to include the
pulses generated by the nonlinear optical properties of the material. Table 3 is shown below,
detailing the different MBLs that were used to perform the measurements.

23



Coatings 2023, 13, 95

0 20

Table 3. MBL diameters for each sample measured.

Sample MBL Diameter (um)
FO1 300
F02 350
F03 400
F04 300
F05 350
F06 300
F07 350

The characteristics of the generated PQS laser pulses are shown in Figure 6, where it
can be seen that all the samples maintain stability in the pump power range of 0.457 to
0.98 W, except in sample F03, in which unstable pulses were observed, attributed to the lack
of available conduction electrons, since this sample had a lower amount of Ti (see Table 1).
We think that this factor, and not the diameter of the optical fiber, explains this behavior.
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Figure 6. Train of PQS pulses of the laser at different pump powers for the different MBL samples:
(a) sample FO1, (b) sample F02, (c) sample F03, (d) sample F04, (e) sample FO5, (f) sample F06,
(g) sample FO7.

All the characteristics obtained from the information provided by the pulse trains are
summarized in Table 4, while Figures 7 and 8 appear in graphic form for each of the samples.

Table 4. Characteristics of the PQS laser pulses generated in each of the samples while the pump
power increases in a range of 0.57 to 0.98 W.

Samole Pump Power Repetition Rate Pulse Width Peak Power Pulse Energy
P W) (kHz) (us) W) (1))
0.457 26.12 4.19 0.01115 0.04671
Fo1 0.72 41.98 2.85 0.02624 0.0748
0.98 59.24 2.6 0.03363 0.08744
0.457 28.24 4.15 0.01126 0.04674
F02 0.72 42.45 3.03 0.02433 0.07373
0.98 59.38 2.55 0.03474 0.08858
0.457 28.24 8.58 0.00582 0.04993
Fo4 0.72 43.1 5.94 0.01297 0.07703
0.98 60.97 4.92 0.0179 0.08808
0.457 28.53 4.02 0.01186 0.04767
F05 0.72 46.06 2.92 0.02387 0.06969
0.98 66.69 2.61 0.03091 0.08067
0.457 28.49 3.91 0.01356 0.053
Foe 0.72 43.4 297 0.02661 0.07903
0.98 64.24 2.68 0.03229 0.08655
0.457 27.58 3.78 0.01391 0.05257
Fo7 0.72 42.43 2.92 0.02696 0.07872
0.98 60.97 2.52 0.03619 0.09119
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Figure 7. Pulse width and repetition rate of the PQS pulses as a function of the pump power of MBL
sample: (a) sample F01, (b) sample F02, (c) sample F04, (d) sample F05, (e) sample F06, (f) sample F07.
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Figure 8. Peak power and pulse energy of the PQS pulses as a function of the pump power of all MBL
samples. (a) sample F01, (b) sample F02, (c) sample F04, (d) sample F05, (e) sample F06, (f) sample F07.

With this, it can be observed that the obtained laser pulses exhibit a typical behavior
of PQS generation. By increasing the pump power, the repetition rate of the PQS pulses
increases while the pulse width decreases.

From the figures, it can be shown that all the samples generate pulses at powers of
0.457, 0.72 and 0.98 W. These pulses are generated due to the material that covers each
fiber. However, sample F03, in particular, presents alterations or modifications that are
not detected in the others. Based on the data obtained from the analysis of the samples
(XPS: see Table 1), it was observed that FO3 presents a reduction in the amount of Ti when
compared to the others (Tig4No). It is possible that the reduction of the metal also reduces
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the amount of carriers that favor the interaction of the laser with the conduction electrons of
the deposited material. In this way, it has been reported that the more metallic-rich the TIN
phase, the better it is to sustain a pulsed laser operation by using the passive q-switching
technique. Regarding the pulses in general, a similar and favorable response is observed in
all the samples, regardless of the experimental conditions used in the RF deposition.

3. Deposition of Films by DC for LMR Refractometer Application
3.1. No-Core Fiber Structure and Deposition

The dielectric properties of the thin material film coated onto the optical fiber surface,
which interacts with the light propagated through the fiber, are exploited in fiber sensors
based on electromagnetic resonance responses, such surface plasmon resonance (SPR)
and lossy mode resonance (LMR) phenomena. Instead of using a typical Kretschmann-—
Raether configuration for SPR and LMR bulky approaches, fiber structures effectively guide
multiple modes supported by the fiber coating, with an angle greater than the attenuated
total reflectance (ATR) angle, by total internal reflection (TIR). Then, with a significant
phase coincidence between the guided light and the material coating, SPR and LMR occur
in the optical fiber structures at the fiber-coating interface, where an evanescent wave is
then produced. Depending on the wavelength of the light and the thickness of the material,
mode coupling takes place when fiber-guided modes over the cut-off condition are guided
through the material surface. As a result, energy is transferred from the light modes to
a plasma wave generated at the interface surface at the resonance wavelength. Optically,
the transferred energy generates a lack of intensity in the light through the fiber, which is
detected as an intensity notch at the resonance wavelength in the output spectrum of the
fiber transmission expressed by the power distribution of the input light source p(6), the
TIR critical angle 6, and the reflected light at the fiber-material interface RN'(e), as [23]:

2" p(0)RNO) (0, 1)do

T(A) = 2% 0 3
(A) (RO ®3)

where N, (0) = L/dtan 6 stands for the number of reflections, depending on the coated
fiber length L and the fiber diameter 4.

In the case of SPR, electromagnetic resonance occurs at a single resonance wavelength;
however, for LMR candidate materials, multiple resonant orders exist along a broadband
wavelength range. Here, the exhibited plasmonic effect depends on the permittivity of the
material coating and, as a consequence, on the complex refractive index conditions. LMR is
obtained from materials on the low imaginary part of the refractive index. In this sense,
different transition metal oxides (TMO) and metal nitrides have demonstrated to be good
candidates to explore the LMR effect.

Moreover, in order to achieve generation of the LMR effect in optical fibers, it is
necessary to ensure the strong interaction between the light guided through the fiber and
the material deposited onto the fiber surface. For this purpose, different fiber structures such
as chemically etched fibers, tapers, D-shaped fibers, and no-core fibers (NCF) have been
studied for their application in fiber refractometers based on the LMR effect. In this case,
although higher sensitivity properties on D-shaped fibers have been demonstrated, no-core
fibers facilitate the implementation and deposition process, since special fiber preparation
is not required. In our approach, NCF were used for the proposed application. The use of a
multimode NCF eases the generation of strong evanescent waves from high-order modes
excited from the fundamental mode propagated along the fiber surface. Figure 9 shows
the fiber structure formed by an NCF segment spliced between two MMF segments. The
proposed structure also facilitates the splicing process during the fabrication process due to
fiber compatibility.
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Figure 9. No-core multimode fiber structure.

For the NCF deposition preparation, high vacuum tape and glass substrate were used
for mounting and to fix the fiber structure. The film was deposited over the fiber surface
as well as in the substrate. The film deposited in the substrate near the NCF was used for
XPS characterization and optical thickness measurement. The same target (surface native
oxide) was used to supply oxygen. A Filmetrics device in reflectance mode was used to
measure the thickness of the films. From simulation analyses and from the results of our
research group, it was demonstrated that for Ti compounds, film thickness from 200 to
300 nm allows for the generation of a strong second LMR order around 1500 nm [24]. For
this purpose, DC magnetron sputtering from a TiN target was performed with a power
of 250 W at 5 cm distance between the substrate and the target for 18 min. Oxygen was
supplied from the same target (surface native oxide).

The deposition was made using a gas mixture containing argon (Ar) and nitrogen
(N2), where Ar and N, were the working and reactive gases, respectively. High purity
(99.999%) Ar and N were employed for the TiOxNy deposition. The chamber was pumped
down to a base pressure of 6.6 x 10—5 Torr before N, and Ar were introduced. The flow
rate of both gases was controlled during deposition by using gas flowmeters. The target-
substrate distance d was fixed at 5 cm. A source from the DC Sputtering Ion Magnetron
(Materials Science Inc., San Diego, CA, USA) was used during the deposition process. The
pre-used vacuum evaporation was performed using two pumps: a mechanical JEOL75 G
(Agilent, Santa Clara, CA, USA) and RP-250 Turbo Macrotorr turbomolecular V (Agilent,
Santa Clara, CA, USA). The gas pressure was established using the flowmeter AERAFC-
7800CD. After deposition, the thickness of the resulting film was measured ex situ by the
Filmetrics equipment in reflectance mode. The measured film thickness was ~250 nm. A
schematic diagram of the DC equipment used for the synthesis of this films is included in
the Supplementary Materials.

Elemental characterization of the film was performed by the XPS equipment. A
monochromatic AIK« source of 1486.68 eV was used to obtain the spectra. For the analysis,
the binding energies were calibrated with the Cl1s peak at 284.5 eV. Figure 10 shows the
XPS high-resolution spectra for Ti2p, Ols and N1s windows before and after sputtering.
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Figure 10. XPS high-resolution spectra for sample 01 film for (a) Ti2p, (b) Ols and (c) N1s windows.
The spectra before (b.s.) and after sputtering (a.s.) is presented.
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The binding energies (BE) obtained from XPS spectra are presented in Table 5.

Table 5. Binding energy values of the film.

Transition BE (Before Sputtering) BE (After Sputtering)
Ti2p3/» 457.98 eV 453.98 eV
Ols 531.4eV 529.8 eV
Nis 3953 eV 395.7 eV

For the Ti2p window shown in Figure 10a, before sputtering, the BE of Ti2p;,, can be
associated with a nonstoichiometric native oxide Ti oxide, as the metallic state is discarded.
After sputtering, that Ti2ps/, signal can be associated with an oxynitride phase. In addition,
it a tendency of the BE to become lower can be observed, from 457.98 to 453.98 eV when Ti
tends to nitridize. For the Ols window of Figure 10b, the BE before sputtering can also be
related to native oxide. After sputtering, Ols can be related to an oxynitride phase. For the
case of Ols, the BE before sputtering (531.5 eV) closely agrees with the reported value of the
native oxide phase [25]. Conversely, this is not the case for the oxynitride phase, due to the
wide variety of substoichiometric TiNxOy phases with different contents of O and N, which
can turn into several variations in the chemical state and therefore into BE values. For
N1s in Figure 10c, the BE change is not significant before and after sputtering. Thus, those
signals can be related to the oxynitride phase. From the calculated atomic concentrations of
Ti, N and O, extracted from the XPS spectra after sputtering, the empirical formula of the
film was Tig 37N0.4100.21-

3.2. LMR Refractometer Results

In order to characterize the sensitivity of the fiber structure to refractive index varia-
tions of a liquid medium surrounding the coated fiber, the experimental setup of Figure 11
was used. The fiber structure was fixed between the holders of a mechanical device, and
then, the NCF was immersed in liquid solutions from a set with different refractive indices.
A broadband NIR LED source with emissions in the range of 1400 to 1700 nm was used as
the input light source. The transmitted optical spectrum was measured to determine the
characteristics of the output light by using a NIR spectrometer with a wavelength range
from 970 to 1700 nm.

Broadband
light source Spectrometer

Input

Liquid
solution

Figure 11. Experimental setup for LMR refractometer.

The measurements of the output transmitted signal and the transmission of the coated
fiber are shown in Figure 12. The spectrum of the input light source (black line) was directly
obtained with the source connected to the spectrometer. As can be observed, the spectrum
of the broadband source spans from ~1400 to ~1650 nm. The spectrum of the transmitted
light through the fiber (red line) exhibits a transmission notch at 1512.3 nm. The inset of
Figure 12 shows the transmission calculated as the division of the transmitted signal over
the input light signal, shown in dBm units. The results were obtained for the NCF structure
submerged in a solution with a refractive index of 1.36. The observed transmission notch
corresponds to the second LMR order, which exhibits a depth of ~6 dB.
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Figure 12. Output spectrum and transmission of the fiber structure.

The characterization of the wavelength displacement of the transmission notch as
a function of the variations on the refractive index of the liquid medium surrounding
the coated fiber is shown in Figure 13. As can be observed, with the increase in the
refractive index of the surrounding medium, the transmission notch displaces toward
longer wavelengths as the depth of the notch decreases.
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Figure 13. Wavelength displacement of the transmission notch as a function of the refractive
index variations.

From the results obtained in Figure 13, the characteristic curve of the refractometer
is obtained by wavelength displacement interrogation, as shown in Figure 14. As it can be
observed, the results can be fitted to a linear function with R? of 0.996. The sensitivity, obtained
from the slope, is 1184.91 nm/RIU in a refractive index ranging from 1.3684 to 1.4072.
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Figure 14. Wavelength displacement of the transmission notch as a function of RI variation wave-
length shift sensitivity.

4. Conclusions

Titanium nitride thin films were synthesized by the technique of RF reactive magnetron
sputtering. The thin films were deposited on a glass substrate, on which optical fibers were
placed. After deposition, the substrates were characterized by means of XPS and UV-Vis
spectroscopy. The analysis showed the formation of oxide and nitride phases, where the
TiN phase was non-stoichiometric and metal-rich. The forbidden width of the nitride
phase presented values in the range of Eg = 3.4-3.7 eV. The coated fibers were then placed
in a Q-switch laser optical system, with the purpose of detecting and characterizing the
plasmonic response at an energy region of around 1.55 um. Regular pulses were detected
in the region close to the output energy of the laser, which was generated by the interaction
of light with the plasmonic modes of the thin film.

Finally, we report the applications as a saturable absorber and LMR fiber refractometer
of different fiber structures coated with thin films of titanium nitride compounds deposited
by DC/RF magnetron sputtering. The obtained results demonstrate the reliability of the
sputtering technique to equalize the deposition parameters in order to obtain specific
optical properties for the proposed applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ coatings13010095/s1, Figure S1: (a) Sputtering system for RF deposition
(b) Schematic detail of the deposition chamber; Figure S2: Sputtering system for DC deposition;
Figure S3: Tauc’s curve with the procedure used to obtain Eg; Figure S4: (a) Ti target (b) TiN target;
Figure S5: XPS spectra for the Ti2p and N1s high resolution windows for TiN target; Figure S6: XPS
spectra for the Ti2p and N1s high resolution windows for Ti target.
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Abstract: Improving the target erosion uniformity in a commercial direct current (DC) magnetron
sputtering system is a crucial issue in terms of process management as well as enhancing the
properties of the deposited film. Especially, nonuniform target erosion was reported when the
magnetic flux density gradient existed. A two-dimensional (2D) and a three-dimensional (3D)
parallelized particle-in-cell (PIC) simulation were performed to investigate relationships between
magnetic fields and the target erosion profile. The 2D PIC simulation presents the correlation
between the heating mechanism and the spatial density profiles under various magnet conditions.
In addition, the 3D PIC simulation shows the different plasma characteristics depending on the
azimuthal asymmetry of the magnets and the mechanism of the mutual competition of the E x B
drift and the grad-B drift for the change in the electron density uniformity.

Keywords: DC magnetron sputtering; particle-in-cell simulation

1. Introduction

Direct current magnetron sputtering (DCMS) is a standard physical vapor deposition
(PVD) technology for metal deposition in a semiconductor process. The DCMS system
applies DC electric power to a negatively biased metal target, whose atoms are sputtered
by the ion bombardment. The atoms move through the chamber before they are deposited
on a substrate on the opposite side. DCMS systems are usually operated at pressures
lower than a few mTorr to minimize disturbance to diffusion and deposition of sputtered
atoms. When the gas pressure is high, the sputtered atoms collide with neutrals, making
the deposition inefficient. On the contrary, it is difficult to discharge in a low-pressure con-
dition because the breakdown voltage rapidly increases on the left-hand side of Paschen’s
breakdown curve for a low-pressure regime. In order to keep a stable discharge under
low-pressure conditions, a static magnetic field is applied to reduce electron transport in
the perpendicular direction. In the parallel direction to the magnetic field, the magnetic
mirror effect enhances the electron confinement, and finally, the plasma density is high at a
particular location above the target. However, the magnetic field should not be too high to
reduce the ion bombardment on the target. That is to say, the magnetic flux density should
be in the range to magnetize not only electrons but also ions. Therefore, the design of the
magnetic field profile under a given gas pressure and device structure is a critical issue.
Many studies have been dedicated to revealing the physics of DCMS plasmas [1-6].

A standard DCMS system contains a cathode with a metal sputtering target and
permanent magnets. The magnetic fields of permanent magnets make charged particles
rotate and confine them to the circular motion commonly known as gyromotion. Magnetic
confinement is the reason why DCMS systems sustain high-density plasmas at such low
pressures. Plasmas consist of magnetically confined electrons, called magnetized electrons,
and unmagnetized ions. They are generated near the sputtering target in DCMS systems.
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Then, energetic ions accelerated in the sheath region of the plasmas, bombarding and
sputtering atoms of the target materials. The sputtered atoms are deposited on a substrate.
They can also be ionized while passing through plasma. The source of the deposited
particles in a DCMS system is the ion bombardment on the target, which is controlled by
the density profiles of the magnetized electrons. Therefore, it is crucial to understand the
mechanism of plasma formation in the DCMS system.

We primarily need to design or modify components related to DCMS plasmas, such as
the system length between a target and a substrate, target radius, magnetic configurations,
and so on. The magnetic configuration is one of the most critical parameters to control
the characteristics of the process results, including the target erosion uniformity. The
conventional balanced magnetrons confine plasmas near the target well. In contrast, the un-
balanced magnetrons can cause plasmas to escape toward the substrate since the magnetic
field lines from the stronger magnets are not fully closed with the weaker magnets [1,4,5].
However, the specific characteristics and spatial distributions of plasmas depending on the
magnet design are not so easy to anticipate, even though they are necessary for costly and
closed processes such as semiconductor processing.

The magnetic field intensity of a DCMS system is typically a few hundred Gauss. The
radius of the gyromotion, which is called the gyro-radius or Larmor radius, is mv, /|q|B,
where m is the mass of the charged particle, v is the velocity perpendicular to the direction
of the magnetic field, g is the electric charge of the charged particle, B is the intensity
of the magnetic field. In a typical DCMS system, the gyro-radius of an ion is tens of
centimeters, while the gyro-radius of an electron is an order of a micrometer. It means
that most of the ions in DCMS plasmas are not magnetized since the system length of
a standard DCMS system is between a few centimeters and tens of centimeters, while
electrons are magnetized and confined in the system. Therefore, the magnetized electrons
directly affect the ionization region and the spatial distribution of DCMS plasmas. DCMS
plasmas were simulated with fluid approaches [7-10], kinetic approaches [11-24], or hybrid
methods [6,7,25-29]. However, the validity of fluid models is limited by gas pressure, which
should be high enough to apply the fluid assumptions. That is why a kinetic approach is
necessary to simulate low-pressure DCMS plasmas. Some previous studies used only the
trajectories of electrons to reduce computational load without coupling the charged particle
dynamics with the self-consistent field solver [30-34].

Most of the previous research has chosen the particle-in-cell (PIC) Monte Carlo col-
lisions (MCC) method to simulate low-pressure DCMS plasmas. A PIC-MCC is a com-
putational methodology to simulate plasma discharges [35]. The interactions between
charged particles and the electromagnetic field are simulated by repeatedly calculating
the Newton-Lorentz equation for the charged particle motion and the Maxwell equation
for the electromagnetic field. The Poisson equation can be used instead of the Maxwell
equation to obtain the electric field in the electrostatic system. MCC is an efficient method to
calculate collisions with a preprocess of computing particles to collide in the PIC simulation,
proposed by Vahedi et al. [36]. A full PIC-MCC simulation includes no assumptions about
energy distributions in plasma dynamics and is thus considered the most accurate way of
running a plasma simulation to date. Highly accelerated PIC-MCC simulations by graphics
processing unit (GPU)-based parallelization have recently been reported [37-39].

As DCMS is a well-established technique, most fundamental physics are well un-
derstood, except for the effect of 3D magnetic field structure, which requires a three-
dimensional (3D) PIC simulation. However, a 3D PIC simulation is still challenging and
time-consuming because of the realistic size of the DCMS device. In this study, we investi-
gate the effect of the curvature variation in 3D magnetic fields. Using the PIC-MCC method,
this paper focuses on the fundamental relationship between the physics of DCMS plasmas
and the magnetic field configurations of permanent magnets in the DCMS system. First, the
influences of several actual magnetic field configurations, including asymmetric magnets
for DCMS plasmas, are investigated with a two-dimensional (2D) PIC-MCC simulation as
a preliminary study in Section 2. Then, the effects of azimuthal asymmetry and asymmetry
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of permanent magnets on DCMS plasmas are discussed in more detail with a 3D PIC-MCC
simulation in Section 3. Finally, the conclusion is followed in Section 4.

2. Two-Dimensional Simulation for the Variation of Magnet Configurations

This section elaborates on the effects of magnetic flux density with various config-
urations of permanent magnets using a 2D electrostatic PIC-MCC simulation (version
2023.02.01). The computational details are presented in Section 2.1. The effects of magnetic
field magnitude on DCMS plasmas are discussed as a fundamental study in Section 2.2.
The influence of the thickness of the magnetic yoke is discussed in Section 2.3. Finally, the
effects of asymmetric magnets are investigated in Section 2.4.

2.1. Computational Details

An in-house 2D electrostatic PIC-MCC simulation code is utilized here [37]. The code
is parallelized using CUDA and performed with an NVIDIA GeForce RTX 3090 (Gigabyte
Technology Co., Ltd., New Taipei, Taiwan). This code calculates the charged particle
motions for loops based on the cell number. It means that the simulation needs the dynamic
load balance to improve the calculation speed for spatially nonuniform DCMS plasmas.
However, the computation speed is fast enough to obtain each 2D result shown in this
study within 24 h. A schematic diagram of the simulation domain is depicted in Figure 1. It
represents a typical DCMS system with a copper sputtering target, which is also a cathode in
this system. The applied electric power of the cathode is set to 100 W. The other conductors
at the boundaries are all grounded and disconnected from the cathode, with a tiny gap
between them. The upper cathode in the domain is covered with the substrate. The gas
pressure is 1 mTorr of argon feed gas, which is considered uniform in the background of the
discharge region for simplicity. Only argon plasmas are simulated without consideration of
both sputtering processes and metal plasmas generated by sputtered atoms to focus on the
influence of magnetic field configurations on the plasma profile. The ion-induced secondary
electron emission coefficient of the copper target is assumed to be 0.2. The number of cells
is 512 x 180, and the time step At is 10~ s in the simulation. The applied magnetic field
is calculated using a freeware program called Finite Element Method Magnetics (FEMM)
(version 4.2, 2019).
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Figure 1. A schematic domain of the two-dimensional simulation with the plasma density and
magnetic field lines. The length scale is in mm.

2.2. Influences of Magnetic Field Intensity

At first, two cases were selected to investigate the role of the magnitude of the magnetic
flux density. Here, the configuration of the permanent magnets is the same, but only the
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magnitude is different. The profiles of magnetic fields are depicted in Figure 2, where the
maximum intensity of magnetic fields is 350 G in Figure 2a and 500 G in Figure 2b. They
have the same magnetic field profiles, but the color bar scales and maxima differ for both
figures. The height of the yoke is 10 mm, and the widths of the magnets are 30 mm for the
south pole and 15 mm for the north pole. The gap distance from the north pole to the south
pole is 33.5 mm and symmetric.
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Figure 2. Magnetic fields with the maximum magnetic flux density of (a) 350 G and (b) 500 G.

The results of the PIC-MCC simulation are shown in Figure 3 for the plasma density
and potential profiles. Only half of the domain is depicted here because the profiles are
symmetric. The plasma density of the 350 G case is higher than that of the 500 G case. It is
an unexpected result, as it is usually thought that stronger magnetic fields would confine
plasmas better. Comparing Figure 3c,d, the sheath thickness in the 500 G case is broader
than in the 350 G case since the plasma density is lower with the same target voltage of
—470 V.

Figure 4 shows the Ohmic electron heating, J-E, and the electron temperature T,
where ] is the electron current density, and E is the electric field intensity. Figure 4a shows
enhanced electron heating in a broader space for the 350 G case compared with Figure 4b
for the 500 G case. The electron temperature is higher near the substrate than the target, as
shown in Figure 4c,d. Most ionizations occur in the high electron temperature region near
the substrate. The source of the energetic electrons is the ion-induced secondary electron
emission (SEE) from the target. They are accelerated by the electric field inside the sheath in
front of the target to ionize the neutral gas or pass through the magnetized region until they
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meet the sheath in front of the substrate. These electrons make the high-temperature region
near the substrate. The ions generated there are accelerated directly toward the target to
induce SEE without collisions at very low pressure. That is why the plasma density of
the 500 G case is lower even though it has stronger magnetic fields and higher electron
temperatures near the target than that of the 350 G case. It indicates that more ionization
near the substrate is the key to enhancing the DCMS discharge at very low pressure.
Another noticeable difference is that heated electrons in the 350 G case are the primary
reason for the striation. The fundamentals of this phenomenon are not fully analyzed here,
but an additional electron heating mechanism exists in addition to the y-mode in typical
DC or DCMS plasmas, unlike the 500 G case. The striation of DCMS plasmas is barely
found at pressures higher than a few mTorr, as shown in the previous study with a similar
magnetic condition [20]. The striation phenomenon may have a sudden transition regime
depending on the magnetic field intensity, which will be investigated more in future work.
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Figure 3. (Left) Plasma densities with the maximum magnetic flux densities of (a) 350 G and (b) 500
G. (Right) Electric potentials with the maximum magnetic flux densities of (c) 350 G and (d) 500 G.
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Figure 4. Profiles of J-E with the maximum magnetic flux densities of (a) 350 G and (b) 500 G. Profiles
of electron temperature with the maximum magnetic flux densities of (c) 350 G and (d) 500 G.

39



Coatings 2023, 13, 749

2.3. Influences of the Yoke Thickness

Magnetic yokes commonly consist of ferromagnetic materials with high permeability
and focus magnetic fluxes in the desired direction or position. In a DCMS system, magnetic
yokes make magnetic fluxes from permanent magnets concentrate in the direction toward
plasmas. The concentrated magnetic fluxes enhance the magnetic fields and the density
of plasmas. The effects of various yoke configurations, including a wide yoke that moves
the region of target erosion, were previously reported [38]. It shows that it is possible to
control plasmas and target erosion profiles using the yoke magnets. In this section, the
effects of the yoke thickness are discussed. The magnetic field lines and the magnitude
of the magnetic flux density, with a thickness of the magnetic yoke of 15 cm, are depicted
in Figure 5. The thicker yoke pulls the magnetic field slightly more toward the target,
enhancing the magnetic field near the target.
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Figure 5. Magnetic field lines and the magnitude of the magnetic flux density of 350 G case with a
magnetic yoke with a thickness of 15 mm.

The effects of the yoke thickness on DCMS plasmas are presented in Figure 6 for the
plasma density and potential profiles and in Figure 7 for electron heating and the electron
temperature. Compared with the change in the magnitude of the magnetic flux density,
the plasma density near the target seems unaffected by the yoke thickness. However, the
density near the top substrate is higher with the thicker yoke, as shown in Figure 6b. On
the other hand, the electron temperature increases with the overall thickness of the yoke.
The enhanced discharge with the thicker yoke can be explained by the increasing electron
temperature observed in the middle region of the domain, as shown in Figure 7d. The
striation patterns are related to the spatial variations of electron temperature caused by
electron heating, as shown in Figure 7b. The stronger magnetic fields created by the thicker
yoke trap more electrons, even far from the target. As a result, more ionization occurs with
enhanced electron heating. Therefore, the yoke thickness can be one of the parameters
to control the electron temperature and the density in the region a little bit away from
the target. However, the strong magnetic field still limits the perpendicular transport of
electrons near the target, and thus the density does not change significantly near the target
for 0 <y <10 mm.
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Figure 6. Plasma densities with the yoke thickness of (a) 10 mm and (b) 15 mm. Electric potentials
with the yoke thickness of (¢) 10 mm and (d) 15 mm.
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Figure 7. Profiles of |-E with the yoke thickness of (a) 10 mm and (b) 15 mm. Profiles of electron
temperatures with the yoke thickness of (¢) 10 mm and (d) 15 mm.

2.4. Effects of Asymmetric Magnets

A case of asymmetric permanent magnets, where the magnet on the right side is more
intensified, is investigated in this section. The magnetic fields in this case are shown in
Figure 8. In this case, the magnetic field on the right side with a wide magnet and short
gap is stronger than the one on the left side with a narrow magnet and a long gap. The
maximum magnitude of the magnetic flux density is set to be 350 G in this case.
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Figure 8. Magnetic field lines and the magnitude of the magnetic flux density for asymmetric magnets
where the widths of the magnets are 15 mm on the left side and 30 mm on the right side.

The effects of asymmetric magnets on DCMS plasmas are presented in Figure 9 for the
plasma density and electric potential profiles and in Figure 10 for electron heating and the
electron temperature. The stronger magnetic fields on the right side confine plasmas in a
similar shape to the 500 G case, while the weaker magnetic fields on the left side confine
plasmas in a similar shape to the 350 G case. The lower density in the region where the
magnetic fields are stronger can be explained in the same way as discussed in Section 2.2,
although the striation is slightly less visible on the left side. Even though the electron
confinement is better on the right side, the plasma density is high on the left side because
the electron heating is enhanced there, as shown in Figure 10a.
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Figure 9. (a) Plasma density and (b) electric potential of the asymmetric magnetic flux density shown
in Figure 8.
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Figure 10. (Left) Profiles of J-E of the (a) left side and (b) right side of the domain for the asymmetric
case. (Right) Profiles of electron temperatures of (c) the left side and (d) the right side of the domain
in the asymmetric case.

The spatial distribution of plasma density on the right side seems more vertical to
the target than on the left side. It is because magnetic field lines cause the difference in
the spatial profiles of the plasma density. Plasmas are placed along the direction of —V B,
where B is the magnitude of the magnetic flux density. The profiles of electron heating
and electron temperatures shown in Figure 10 also show the same tendency toward less
electron heating (Figure 10b) with more intensified magnetic fields. This result indicates
that not only the magnitude of the magnetic flux density but also the magnetic field profile
determine the transition of the striation regime. In addition, this kind of asymmetric
configuration of magnets can be an option to control target erosion profiles since there will
be different sputtering characteristics depending on the sputtering region on the target.

3. Three-Dimensional Simulation for Azimuthal Symmetry of Magnets

In Section 2, the 2D simulation was performed without consideration of the drift
motion of electrons. As shown in Figure 11, the magnetic and electric fields normal to the
target surface in the z-direction are crossed and generate an azimuthal E x B drift in the 3D
space. In addition, —V B is also in the z-direction to cause a grad-B drift in the azimuthal
direction. Finally, the density gradient in the z-direction also induces diamagnetic drift.
These three types of drift motion play an essential role in transport in the azimuthal
direction. Therefore, it is mandatory to include the effect of the drift motion under the
variation of the curvature of the magnetic field lines.

The design of permanent magnets can vary depending on either the desired erosion
region of the target plate or the characteristics of deposited thin films. For example,
azimuthally asymmetric magnets make magnetic fields, and generated plasmas focus on
a specific region to be sputtered, which can be used to make even more uniform erosion
of the sputtering target [38,39]. This section discusses the effects of magnets” azimuthal
symmetry on DCMS plasmas with three-dimensional electrostatic PIC-MCC simulation
results. Detailed information, including the numerical method and the performance of the
simulation code, was reported in the previous study [22].
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Figure 11. Schematic domains and profiles of magnetic fields in the three-dimensional simulation
with (a) azimuthally symmetric magnets and (b) azimuthally asymmetric magnets.

Schematic diagrams of the 3D simulation domain with both azimuthally symmetric
and asymmetric magnetic fields are depicted in Figure 11a,b, respectively. The simu-
lation domains for both cases indicate simplified DCMS systems with boundaries that
consist of one cathode surface and five grounded conductors. A fixed electric current
is applied to the cathode in this 3D simulation instead of the constant electric power to
obtain simulation results more quickly. Note that the simulation conditions differ since
the results are obtained from different studies. For the symmetric case, the domain size is
5 mm x 5 mm x 2 mm, and the number of cells is 80 x 80 x 32. The applied current is 2 mA.
The time step At is 2 x 1071 5. The gas pressure is set to 150 mTorr. Argon gas is used and
assumed to be uniform in the discharge region. For the asymmetric case, the domain size is
50 mm x 50 mm x 20 mm, and the number of cells is 64 x 64 x 32. The applied current is
20 mA. The time step At is 1 x 1071 s. The gas pressure is set at 50 mTorr. It also considers
uniform argon feed gas in the discharge region. The data were extracted at » = 1.6 mm and
r = 1.6 cm, respectively, to investigate the change in the azimuth direction over time in the
symmetric magnet and asymmetric magnet cases. These radii were set to follow the line of
the maximum electron density when extracting data in the azimuth direction. The axial
positions of the symmetric and asymmetric magnets were set to 0.75 mm and 3.125 mm,
respectively, because the steady state results showed that the electron densities here had
peak points on the two-dimensional xy plane.
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Figure 12a presents the change in the simulated density of DCMS plasmas under
the symmetric magnetic field shown in Figure 11a. Initially, the plasma density profile
shows azimuthal symmetry at 0.75 ms. However, after 1 ms, it shows the evolution of the
m =1 mode. Finally, after 2.5 ms, the plasma density shows an m = 2 mode. Figure 12b
shows the time evolution of the plasma density in the azimuthal region at the center, which
clearly shows the growth of the m = 1 mode from 1 to 2 ms and the m = 2 mode after 2.5 ms.
The symmetric magnets cause rotating structures of plasmas, which are well known as
a phenomenon of rotating spoke instabilities [40—44]. In this case, the dominant mode is
m = 2 in the steady state. The direction of rotation is clockwise, and the rotation velocity is
79.4 km/s. At the steady state, the m = 2 mode has an oscillation frequency of 3.03 MHz.
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Figure 12. Time evolution of (a) spatial distributions of plasma density in xy plane with the symmetric
magnet and (b) azimuthal distributions of the plasma density.

On the other hand, Figure 13 shows the plasma density profiles for the asymmetric
magnetic fields shown in Figure 11b. The asymmetric magnetic field profile generates a
quasi-stationary density structure with an azimuthal m = 1 mode. In the beginning, there is
a transient time that shows a slight rotation of the density profile until t < 4 ms. However,
the density pattern is almost static after 4 ms, following the change in the magnitude of
the magnetic flux density. The high-density region is the same as where the azimuthal
direction’s drift velocity decreases.

Figure 14 shows the 3 types of azimuthal drift velocities measured at z = 3.125 mm and
r = 1.6 cm for the steady state of Figure 13. The grad-B drift is the most dominant, while
the E x B drift is relatively small and uniform. In addition, the direction of the grad-B drift
is counter-clockwise, but that of the E x B drift is clockwise. Therefore, the most dominant
factor triggering the instability is the gradient of the magnetic field profiles.
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Figure 13. Time evolution of (a) spatial distributions of plasma density in xy plane with the asym-
metric magnet and (b) azimuthal distributions of the plasma density.
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Figure 14. Azimuthal drift velocities were measured at z = 3.125 mm and r = 1.6 cm for E x B (red),
grad-B (green), and diamagnetic (blue) drift, respectively. The black line is for the diamagnetic drift
under the assumption of an isothermal plasma without a temperature gradient. Dashed lines indicate

the mean values of each drift velocity.

The different states of each case can be analyzed with field energy. The electrostatic
potential energy is given by g¢ where ¢ is the electric potential. Figure 15 shows the
time evolution of field energies for the two cases. The field energy of the symmetric
case on a small scale oscillates since there are constant interactions between waves and
charged particles, while that in the asymmetric case on a large scale saturates without
oscillation. The reasons for the difference can be various since the simulation conditions

46



Coatings 2023, 13, 749

are also different. However, the fundamental mechanism of the stationary structure with
asymmetric magnets is not fully understood yet.
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Figure 15. Saturation levels are shown in logarithmic scale for the normalized potential energy with
an asymmetric (black) and a symmetric (red) magnet.

4. Conclusions

The effects of various configurations of permanent magnets on DCMS plasmas have
been investigated with a 2D and a 3D PIC-MCC simulation. In the 2D PIC-MCC simulation,
higher plasma densities with striations were obtained with a magnetic flux density of 350 G
on the magnet surface than with 500 G. The increase in plasma density is caused by the
enhanced electron heating under the weak magnetic flux density, although the electron
confinement is much better under the strong magnetic flux density. The electron heating
mechanism is related to wave-like transports along the magnetic field lines.

With the increase in the yoke thickness, the magnetic flux density increases slightly
in the plasma region, and the geometry of the field lines changes. The plasma density
near the target surface does not change much with the yoke thickness change. However,
the density profile far from the target surface changes significantly. It indicates that more
heated electrons propagate following the far magnetic field line but not near the target
surface, where the strong magnetic field still limits the perpendicular transport of electrons.
It shows the importance of the structure of magnetic field lines. Another example to show
the importance of the magnetic field profile is the case with an asymmetric magnet structure.
Even though the electron confinement is better where the gap from the north to the south
pole is shorter, the plasma density is high in the weak-magnetic field region because the
electron heating is enhanced.

Another interesting phenomenon of a stationary structure with azimuthally asym-
metric magnets is investigated with a 3D PIC-MCC simulation. The difference between
cases with azimuthally symmetric and asymmetric magnets is whether the azimuthal drift
velocity is uniform. It was discussed along with the time evolution of the plasma density
and the field energy. With the symmetric magnet on a small scale, oscillation patterns in
the m = 2 mode are generated at an oscillation frequency of 3.03 MHz. However, with the
asymmetric magnet on a larger scale, a static m = 1 mode lasts long without oscillation.
We found that the grad-B drift is the most dominant from the measurement of the three
drift velocities. Therefore, the instability generating the spoke shown in Figure 12 could be
caused by the strong shear of the significant grad-B drift for a high curvature magnet. It is
a topic for future work.
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Although the number of specific simulation cases is limited in this paper, newly found
fundamental influences of magnetic configurations on DCMS plasmas were investigated
with kinetic approaches. However, the structures of magnets in a DCMS system can
be much more complex depending on the desired characteristics of target sputtering
or deposition. For example, additional permanent magnets or electromagnets can be
applied to modify plasma distribution or improve the uniformity of the deposition profile.
Therefore, more fundamental studies are necessary to determine the specific magnet design
and configuration.
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Abstract: Nonstoichiometric (Ti,Co)Ox coatings were prepared using gas-impulse magnetron sput-
tering (GIMS). The properties of coatings with 3 at.%, 19 at.%, 44 at.%, and 60 at.% Co content were
compared to those of TiOyx and CoOx films. Structural studies with the aid of GIXRD indicated the
amorphous nature of (Ti,Co)Ox. The fine-columnar, homogeneous microstructure was observed on
SEM images, where cracks were identified only for films with a high Co content. On the basis of XPS
measurements, TiO,, CoO, and Co304 forms were found on their surface. Optical studies showed
that these films were semi-transparent (T > 46%), and that the amount of cobalt in the film had a
significant impact on the decrease in the transparency level. A shift in the absorption edge position
(from 337 to 387 nm) and a decrease in their optical bandgap energy (from 3.02 eV to more than
2.60 eV) were observed. The hardness of the prepared films changed slightly (ca. 6.5 GPa), but only
the CoOx film showed a slightly lower hardness value than the rest of the coatings (4.8 GPa). The
described studies allowed partial classification of non-stoichiometric (Ti,Co)Ox thin-film materials
according to their functionality.

Keywords: oxide thin films; TiOy; (Ti,Co)Ox; CoOy; cobalt; gas impulse magnetron sputtering;
semitransparent; amorphous coatings

1. Introduction

Materials based on mixtures of Ti and Co oxides have recently gained attention because
of their wide range of applications in electronics. Today, there are only a few reports on
Co-doped TiO; [1-5], but mainly in the form of nanopowders, nanoparticles, or nanowires,
while thin-film work itself is in a minority. One of the possible reasons for this fact is
that the properties of such oxide mixtures are strongly related to the preparation method
and additional postprocessing, such as high-temperature annealing. Therefore, a direct
comparison of their properties is impossible. There exist only a few reports related to
complex modification of the structural, surface, optical, or electrical properties of titanium
dioxide as a matrix by doping with Co [6-9].

Our previous work is one of the few examples of such studies [10,11]. We have shown
how interesting properties and applications can be obtained by combining the advantages
of Ti and Co oxides. For example, the gradient coatings that we obtained were transparent
and had a high refractive index despite the high content of cobalt [11]. More interesting is
the fact that these coatings exhibited a fully recoverable resistive switching effect, which has
not been previously reported in the case of such materials (Figure 1a). Their great potential
can be used in innovative transparent electronic devices with a memory effect. Furthermore,
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we also prepared transparent (~80%) oxide films based on titanium with a homogeneous
distribution of cobalt [10]. In their case, a unipolar memristive effect was also observed, but
only for coatings with a low cobalt content (Figure 1b). To date, no similar results have been
reported. The aim of the present work was to manufacture nonstoichiometric (Ti,Co)Ox
materials (with reduced oxygen content) in order to obtain a lower resistivity as compared
to the mentioned coatings. A compromise between optical and electrical properties was
planned to be achieved. In addition, we decided to prepare films with a higher amount of
cobalt because of the small number of publications in this field.

gradient oxide coatings (p = 102 Q.cm) oxide coatings (p = 10° Qcm)
0.12 6x107
0.084 4x107
0.04+ | 300 nm 300 nm 21074
= <
< | <
- 0 100 - 9
80
~0.04+ = 60 -2x107 1
=40
—0.08 2 —4x107
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A (nm %
012 ' ' —6x107 ; r r . P L. T
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Figure 1. Current to voltage (I-V) of transparent (a) gradient [11] and (b) oxide [10] coatings (Ti,Co)Ox
that exhibit a memristive effect. In the insets, SEM images of surface and cross-section, as well as
transmission characteristics, are shown.

The influence of Co on the properties of Ti-based oxides is not yet well understood,
which limits the possibility of fully exploiting the potential that the combination of these
two materials can offer. Cobalt and its oxides exhibit high stability (especially in the form
of CoO and Co30y) [12], as well as high photocatalytic activity [13] and ferromagnetic
properties [14]. Co-based oxides and metallic materials can be applied in spintronics [15],
magneto-optical devices [16], in the construction of semiconducting sensors [17], elec-
trochromic coatings [18], and heterogeneous catalysts [19]. The properties of oxides based
on titanium and cobalt are significantly dependent on their preparation technology. These
materials are mostly manufactured in the form of nanotubes [1], nanowires [2], nanorods [3],
nanoparticles [4], or various types of thin-film coating (single films or multilayers) [5] (Figure 2).
Nanotubes, nanowires, and nanorods make up the largest part of the (Ti,Co)Ox forms
reported in publications (Figure 2). The hydrothermal [2] or anodisation [1,3] methods are
used mainly for their manufacture. The form of nanotubes is interesting for electrochemical
applications (e.g., fuel cells) due to their ability to transport electrons unidirectionally and
their large surface area [20,21]. These types of nanomaterials exhibit improved catalytic
properties [22,23]. In the case of nanowires, an application in efficient photoelectrochemical
(PEC) hydrolysis can be presented [2]. Nanorods, on the other hand, are useful in the
oxygen evolution reaction (OER), which is a key process in many technologies, including
the conversion of electrochemical energy or the production of zinc—air batteries [3]. Unlike
the mentioned forms, these oxides are often manufactured as nanoparticles [4,6,9], which
are useful in energy storage or solar energy conversion [4].
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thin-film coatings
23%
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nanowires,
nanorods and other
46%

nanoparticles
31%

Figure 2. Percentage number of publications on various Ti- and Co-based oxide materials (TiO,:Co,
TiO2+CoOx, TixCox.1Oy) [based on the ScienceDirect database from 1980 to 2022].

Nanoparticles are usually manufactured by sol-gel [9], hydrothermal [8], calcination [24],
pyrolysis [25], or plasma thermal treatment [26] methods (Figure 3a). It should be noted
that in the case of nanoparticles, typically only crystalline titanium dioxide is identified, and
the influence of Co content on their properties has not been well explored [4,26]. Crystallite
sizes depend not only on the amount of cobalt but are also determined by the preparation
method of given nanoparticles. Therefore, it is difficult to define the relationship between
Co content and crystallite size [4,6,8,9,26,27]. Oxide material-based Ti and Co are also
prepared as thin-film coatings. They can have the form of single films [5,10,28,29] and
multilayers [30-32] (Figure 3b). According to the literature, magnetron sputtering [10,33-35],
Metal Organic Chemical Vapor Deposition (MOCVD) [28], epitaxy [5], or sol-gel [7,36] are
primarily used for their manufacture. Their (material composition (Co-content) can also
vary significantly [29,34,37]. Modification of the sputtering conditions results in the receipt
of diversified thin-film materials, which is important in their application area [2,33]. As
mentioned above, in the case of oxide nanomaterials based on titanium and cobalt, their
material composition is a key factor.

> €

Methods used to produce TiO, nanoparticles with Co: Methods used to prepare titanium and cobalt based thin films:
I sol-gel I pyrolysis N cpitaxy MM magnetron sputtering
B hydrothermal M plasma thermal treatment B sol-gel M MOCVD
B calcination W other I other
(@) (b)

Figure 3. Methods used to prepare TiO, nanoparticles doped with Co (a); preparation methods of
thin films based on Ti and Co mixed oxides (b) based on the ScienceDirect database from 1980 to 2022.

The current state of the art indicates that in nanoparticles, as well as in thin-film
coatings, the amount of cobalt is usually below 15 at.% [5,27,38] (Figure 4), although there
are some reports that present results for materials with even 50 at.% or 76 at.% cobalt [26,29].
As can be seen, there is a research gap regarding materials with cobalt content comparable
to or greater than titanium. As an analysis of the literature shows, most of these materials
are crystalline [5,25,38], while approximately 14% of the total work has been devoted to
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amorphous materials [31,39]. Therefore, it can be seen that the main focus has been on
investigating the influence of cobalt on TiO, properties only within a narrow range of
this element, completely discounting what modifications in (Ti,Co)Ox films would be
introduced by a higher amount of cobalt. This fact itself makes conducting research for
(Ti,Co)Ox coatings with a higher content of cobalt a novelty in the field of the materials in
discussion.

18

=)
1

Relative number of publications (%)

Y111 O
10 20 30 40 50 60 70 80
Cobalt content in the (Ti,Co)Ox materials (at. %)

Figure 4. Relative number of publications describing cobalt content in (Ti,Co)Ox films based on the
ScienceDirect database from 1980 to 2022.

Among crystalline materials, (T;,Co)Ox can generally be distinguished by nanoparticles [6,9,37]
or also by thin films (but mainly annealed) [28,37,40]. In the case of nanoparticles (often
prepared with the sol-gel method), TiO, with anatase or rutile structure is dominant,
while the presence of cobalt as separate phases (oxide or metallic) or as a compound with
titanium or its oxides [8] occurs rarely with nanoparticles. However, there exist some
works in which crystal forms of their compounds (e.g., CoTiO; or Co,TiO;) have been
identified [26]. Accurate studies on titanium- and cobalt-based thin films are rare, especially
in non-stoichiometric (i.e., low oxygen amount) forms. In addition, there is a general strong
need to develop multifunctional coatings [10]. This paper investigates the influence of the
amount of cobalt on the optical and structural properties of non-stoichiometric thin films
based on titanium and cobalt.

2. Materials and Methods
2.1. Preparation of Thin Films

Nonstoichiometric (Ti,Co)Ox thin films with the desired material composition were
prepared using the gas impulse magnetron sputtering method (denoted as GIMS). Mag-
netrons were supplied by an MSS2 2 kW pulsed AC power supply unit (DORA Power
System, Wilczyce, Poland) [41-46]. The sputtering system was also equipped with vacuum
gauges (Pfeiffer Vacuum, Afllar, Germany) and a gas flow control system that involves
mass flow controllers (MKS Instruments, Andover, MA, USA). In the applied GIMS pro-
cesses, a gas mixture (Ar:O;) with a low O, content (10:1) was injected into the working
chamber directly on the surface of the metallic Ti, Co, and Ti-Co targets (diameter-30 mm,
thickness 3 mm, purity 99.95%) mounted on the magnetron. Ti-Co targets with 2 at.%,
12 at.%, and 50 at.% Co content were used for preparation. Targets were prepared with
spark plasma sintering (SPS) using a system provided by FCT GmbH (Rauenstein, Ger-
many) [47-49]. For sintering, Co and Ti nanopowders (99.95%, Kurt Lesker, Dresden,
Germany) in the Lukasiewicz Research Network-Institute of Non-Ferrous Metals [49] were
used. The targets were sintered at 1200 °C in a graphite matrix. The material composition
of the targets was determined using a JXA-8230 X-ray microanalyzer (JEOL) with wave and
energy-dispersive spectrometers (WDS and EDS). A detailed description of the Ti-Co target
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preparation method was described elsewhere [10]. Due to the possibility of sputtering in
multimagnetron configuration (Ti,Co)Ox thin films with various Co content (3, 19, 44, and
60 at.%) were obtained. In addition, TiOx and CoOy reference films were prepared. The
Ar:O, gas mixture was obtained due to the use of a gas mixer that includes two individual
MKS mass flow controllers. Ar and O, flow rates were set at 30 and 3 sccm, respectively.
Gas impulses, injected directly into the target, were synchronised with the magnetron
supply unit (MSS2 type, Dora Power System), and in each cycle lasted 100 ms. The locally
ignited plasma was obtained at <6 x 103 mbar, with a supply power of 500 W (500 V,
1 A). The plasma ignition time was 30 ms and the interval between pulses was 70 ms.
The sputtering system was equipped with diffusion and rotary pumps. Before the GIMS
processes, the vacuum chamber was evacuated to a base pressure of ca. 5 x 107¢ mbar.
Thin films were deposited on Si and SiO, substrates. The distance between the target and
the substrate was 16 cm. Figure 5 shows a schematic layout of thin film preparation.

| Thin film preparation procedure |

!

| substrates cleaning and mounting in the vacuum chamber |

!

substrates pre-cleaning in plasma at low vacuum contribudtion
(1.2x10"2 mbar)

|

sputtering of metallic Ti-Co targets in GIMS process
in Ar:0, (10:1) atmosphere at < 6x10°>mbar and P = 500 W (500 V, 1 A)

Figure 5. Schematic layout of (Ti,Co)Ox thin-film preparation.

2.2. Methods of Thin Film Characterisation

The surface morphology of the coatings and their chemical composition were investi-
gated using a high-quality SEM /Xe-FIBFEI Helios NanoLab 600i field-emission scanning
electron microscope (FEI, Hillsboro, OR, USA) equipped with an energy dispersive X-ray
spectrometer (EDS). In addition, high-resolution SEM images of the surface and cross-
sections were examined. Analysis of Ti and Co concentrations on the basis of EDS maps
of the elemental distribution was also carried out. The structural properties of the thin
films were determined based on the results of GIXRD in the incidence mode of grazing
(at 3°) mode. For the measurements, an Empyrean X-ray diffractometer (PANalytical,
Malvern, UK) with a PIXel3D detector and Cu K« radiation with a wavelength of 1.5406 A
(40 kV, 30 mA) using Bragg-Brentano reflecting geometry parafocusing optics was used. By
comparing the obtained pattern with PDFcards, a phase structure was determined. For data
analysis, MDI JADE 5.0 software (ICDD, Newtown Square, PA, USA) was used. For the
analysis of the surface state, X-ray photoelectron spectroscopy (XPS) was used. The Specs
Phoibos 100 MCD-5 (5 single-channel electron multiplier) hemispherical analyser (SPECS
Surface Nanoanalysis GmbH, Berlin, Germany) using a Specs XR-50 X-ray source with Mg
Ko (1253.6 V) beam was used. The XPS spectra were analysed using Casa XPS software.
The thicknesses of the manufactured films were verified with the aid of a contactless Taylor
Hobson Tally Surf CCI Lite optical profiler (Talysurf CCI Lite, Leicester, UK). The nanoin-
dentation technique was used to determine the hardness of the prepared thin films. The
hardness was obtained from experimental load—displacement curves for an indentation
experiment using the Oliver and Pharr method [50,51]. Measurements were made with a
CSM Instruments (CSM Instruments, Peseux, Switzerland) NHTT 01-03620 nanoindenter
model equipped with a Vickers diamond indenter. For optical characterisation, the light
transmission method was used. The measurement setup was equipped with an integrated

54



Coatings 2023, 13, 955

light source DH-2000-BAL (containing a halogen and deuterium lamp) and Ocean Op-
tics QE 65000 and NIR 256-2.1 spectrophotometers (Ocean Optics, Largo, FL, USA). The
transmission coefficient was determined from transmittance spectra measured in the wave-
length range of 250-2000 nm. The average transmission was evaluated by calculating the
integral in visible wavelength range of 300 to 900 nm. On the basis of the measurements,
parameters such as the light transmission coefficient (T} ), position of the optical absorption
edge (Acut-off), and the width of the optical band gap (Eg"Pt) were determined.

3. Results and Discussion
3.1. Material Composition of (Ti,Co)Ox Thin Films

In Figure 6b, SEM images of surface topography with EDS maps of elemental distribu-
tion of (Ti,Co)Ox thin films are shown. It was found that films with 3 at.%, 19 at.%, 44 at.%,
60 at.%, and 100 at.% of cobalt content in the TiOx matrix were prepared. EDS maps indicate
a homogeneous distribution of Ti, O, and Co, as well as a lack of agglomeration effects.
The absence of areas with a clearly higher concentration of cobalt should be emphasised
because it proves the high quality of sintered targets and the possibility of manufacturing
Ti-based oxide coatings with a homogeneous distribution of Co. Detailed results of the
EDS analysis are collected in Table 1.

Table 1. Material composition of thin-film coatings based on Ti and Co and targets used for their
deposition by magnetron sputtering.

Co-Content in the Film

Target (at.%)
Ti -
Tig.98C00.02 3
Tip.8sCo0.12 19
Tig.88C00.12 + Tig.50C00.50 44
Tip.50Co0.50 60
Co 100

3.2. Optical Characterisation of (Ti,Co)Ox Thin Films

The optical properties of the coatings were determined on the basis of transmission
characteristics (Figure 7a). In the case of undoped TiOy, the average transmission level of
value Ty, = 48% (average transmission related to the area under the characteristic) was the
highest compared to other films (Figure 7b). The addition of Co resulted in a decrease in the
transparency. The (Ti,Co)Ox films with 3 at.% and 19 at.% of cobalt were semitransparent
due to the 46% and 29% values of Ty,, respectively (Figure 7b). The increase in Co content
resulted in a significant decrease in the transparency level to <10% for (Tigp 56C0p.44)Ox and
(Tip.40Co00.60)Ox, respectively. In the case of CoOy, an opaque film was received (T, < 2%)
(Figure 7b). Except for analysis of transmission level, the position of the optical absorption
edge (Acut-off) was determined (Figure 7a). It was found that with the increase of cobalt
content, the Aqyt-off position shifts to longer wavelengths (‘red shift’). This effect has also
been reported in other works [9,27], but it should be noted that the position of the optical
absorption edge is also related to the preparation method. Therefore, the ‘blue shift’ of the
Acut-off can also be observed in oxide materials based on Ti and Co [7]. These results are
in agreement with other works, e.g., [5,7,36,52-55]. In general, the transmission level of
Ti oxides decreases with increasing Co content, but the preparation method and the form
of (Ti,Co)Ox material (thin film or nanoparticles) determine these changes [52-54], as can
be seen for the thin films, where the light transmission level decreases with increasing Co
content [7,36,52].
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Figure 6. Results of X-ray microanalysis investigations for as-deposited Ti, Co, and O for (Ti,Co)Ox

thin films: (a) EDS spectra and (b) maps of elemental distribution of mixed oxides.
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Transmission characteristics of TiOx (t = 410 nm), (Tip97Co0003)Ox (t = 335 nm),
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(t = 150 nm) thin films (a) with average transmission level (T),) as a function of the cobalt content

in the film (b). Designations: T)—transmission, T),—average transmission in the range of 300 to
900 nm, t—thickness of the films.

56



Coatings 2023, 13, 955

Tsso (%)

Films containing a low amount of cobalt are characterised by a level of transparency
similar to that of undoped TiO; or the mentioned nanoparticles (ca. 80%). Above 10 at.%
cobalt results in a significant reduction of transmission (Figure 8a). However, the literature
lacks comprehensive analyses of titanium oxide coatings with neither low nor high Co
content. A significantly different character can be seen for nanoparticles (Figure 8b) [9,21,25,27].
These nanomaterials have a similar value of the light transmission coefficient (from 60%
to 90%). It is difficult to determine the reason for the lack of changes with the increase in
Co content. This can be determined by the manufacturing method or may be related to
the fact that the core of the nanoparticles is TiO, and cobalt is located in its shell [9,25,27].
The solution to this shortcoming may be additional annealing, which will almost certainly
cause oxygenation of the film structure.
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Figure 8. Influence of cobalt content on the optical energy gap coefficient of oxide materials based on Ti:
(a) thin films with immobilised nanoparticles in the TiOy matrix [7,52-54]; (b) nanopowders [9,21,25,27].
On the basis of data from the publication, the cobalt content was converted from wt.% to at.%.

Based on transmission characteristics, the Tauc plots (for indirect transitions) were
obtained and the optical band gap was estimated (Figure 9). The EgOpt values for the TiOx
and (Tip.97Co0,03)Ox films were very similar and equal to 3.08 and 3.02 eV, respectively.
The increase in the Co content resulted in a decrease in the Egolgt value. In the case of the
film with 19 at.% of Co, 2.26 eV was noticed. For films with greater amounts of cobalt, a
transmission level that was too low did not allow us to determine the value of the optical
band gap. However, it should be noted that the results obtained are consistent with reports
in the literature [6,56]. The results available for thin films show the crucial role of their form
and method of preparation. There is a general tendency for the value of Eg to decrease with
the increase of Co content [7,21,25,27,52-54,57] (Figure 10).
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Figure 10. Influence of cobalt content on the light transmission coefficient of oxide materials based on
Ti [7,21,25,27,52-54,57]. On the basis of data from the publication, the cobalt content was converted
from wt.% to at.%.

3.3. Structural Characterisation of Thin Films of (Ti,Co)Ox

In Figure 11, SEM images of the surface and cross-sectional topography of the prepared
oxide films are shown. It can be stated that the microstructure of all coatings from the GIMS
processes was very homogeneous.

Cross-sectional images indicate that the TiOx and (Ti,Co)Ox films had a columnar
character. Their microstructure was densely packed and free of cracks or gaps between
columns. The increase in Co content resulted in a decrease in the width of the columns
from 30 to 15 nm. The lack of titanium in the film resulted in a microstructure of a different
nature, i.e., grainy. This means that the presence of titanium has a key influence on the
process of nucleation of (Ti,Co)Ox coatings in the GIMS process.
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Figure 11. SEM images of the surface and cross-sectional topography of TiOy, (Ti,Co)Ox, and CoOx
thin films.

The structure of the as-deposited (Ti,Co)Ox coatings was examined using X-ray diffrac-

tion (XRD) in the grazing incidence mode (GIXRD). In Figure 12, the GIXRD patterns of the
films are shown.

Intensity (a.u.)

20 30 40 50 60 70 80
26 (°)

Figure 12. GIXRD patterns of TiOy, (Ti,Co)Ox, and CoOy thin films prepared by gas impulse
magnetron sputtering.
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As can be seen, all coatings prepared by the GIMS technique were amorphous except
for CoOy, which was nanocrystalline. In this case, the crystalline form of CoO was identified,
but it should be emphasised that the intensity of the peaks in the pattern is very weak.

Furthermore, broad peaks were also exposed in patterns related to the SiO; substrate.
However, there is a lack of peaks that could testify about the crystal form of titanium,
cobalt, or their oxides. Similar results were also obtained for other oxide materials prepared
using the GIMS technique [44—46], which is a consequence of this innovative sputtering
method [42]. Detailed results of the XRD analysis are collected in Table 2.

Table 2. Structural properties of TiOy, (Ti,Co)Ox, and CoOy thin films, based on GIXRD measurements.

Thin Film Plla)se (1(1};1) (rl?n) (niln) ﬁf;ﬁ 5“:)
CoO (111) 41 0.24597 0.24807 4.26033
CoOy CoO (200) 4.0 0.21302 0.21687 4.33740
CoO (220) 4.1 0.15062 0.15125 4.26018
(Tig.40C00.60)Ox
(Tig56C0p.44)Ox
(Tig.81C00.19)Ox amorphous
(Tig.97C00,03)Ox
TiOx

D—average crystallite size; d—interplanar distance; dppr—standard interplanar distance, a—lattice parameters;
1 Similar results were obtained in publications [58-60].

The influence of the Co content on the hardness of nonstoichiometric Ti-based films
with the aid of nanoindentation was also investigated. Figure 13 shows the results of
hardness as a function of the relative intender displacement for all prepared TiOy, (Ti,Co)Ox,
and CoOy coatings. There was no significant change in the hardness value (H) with
increasing cobalt. The value of H was in the range of 6.3 GPa to 6.9 GPa. Only for the CoOx
film was a lower value (4.8 GPa) observed (Figure 14). These results may testify to the
influence of the type of microstructure on the hardness. Thus, the TiOy and (Ti,Co)Ox films
with columnar microstructure had a similar hardness, whereas the grainy microstructure of
the CoOy film resulted in ca. 25% lower hardness. However, there is a lack of data related
to the hardness of such mixed Ti-Co oxide materials, especially non-stoichiometric.

Because the GIXRD results did not reveal the forms in which cobalt of titanium occurred
in the (Ti,Co)Ox coatings, we decided to perform photoelectron spectroscopy (XPS). In
Figure 15, the XPS survey spectra recorded for composite bonding are shown [61-64].

In Figure 16 the XPS spectra recorded for Ti2p peaks recorded for (Ti,Co)Ox and TiOx
thin films are shown. For all films, the presence of a characteristic doublet of Ti2p peaks can
be observed. The positions of both Ti2p3,, and Ti2p;/, photoelectron peaks correspond to
the +4 oxidation state of titanium [61,62,65,66]. The differences in the positions of the Ti2p
doublet peaks are very small, i.e., below 0.1 eV (Figure 17). Therefore, the amount of Co
addition does not affect the position of the Ti2p doublet. This suggests that titanium only
forms its distinct oxide forms and not compounds with cobalt. It should also be noted that
the difference in the position of the peaks in the doublet (ABE) itself, which is in the range
of 5.6 to 5.7 eV, indicates the presence of the TiO, form (Figure 17).
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(e) (Tip.40C00.60)Ox and (f) CoOy oxide thin films.

8
7.54
- 6. Gpy.-89Pa
— e i 2
© 6.5 GPa st ¥
Tes| °°F2 eacea
) g
@ o] 63GPa
[0] \\
5 5] ™ TO
£ B (Tig g7C0g 03)Ox
5 MW (TiggCop 49)Ox
B (Tig55C00.44)OX -
459 W (Tig4C0p60)OX .
m CoO,
4 T T T T T T
0 20 40 60 80 100

Co-content in the (Ti,Co)Ox film (at. %)

Figure 14. The effect of cobalt on the hardness of TiOx films.
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Figure 15. XPS survey spectra of the as-deposited TiOy, (Ti,Co)Ox, and CoOx thin films.
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Figure 17. The influence of Co content on the position of Ti2p doublet peak.

Figure 18 presents the XPS spectra for the Ols peaks recorded for the prepared TiOx,
(Ti,Co)Ox, and CoOy thin films. Deconvolution of the multipeak (Figure 19a) showed that
it consisted of three peaks, centred on: (i) 530.3 eV, attributed to lattice oxygen [61,62,66,67];
(ii) 532.1 eV, related to the presence of hydroxyl groups (OH") on the surface [61,62,66,67]; and
(iii) 533.6 €V, related to the water molecules adsorbed on the surface (HyO,4s) [61,62,66]. The
differences in the positions of the Ols doublet peaks are very small, i.e., below 0.5 eV. Taking into
account the intensity of the multipeak Ols (Figure 19b), it could be concluded that the surfaces of
(Ti,Co)Ox with 44 at.% and 60 at.% cobalt, as well as CoOy thin films, are more likely to absorb
OH' from the surrounding environment than TiOy and (Ti,Co)Ox with 19 at.% or 3 at.% Co.
Furthermore, with increasing Co content, the level of HyO,4s also increased from 2% to 15%.
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Figure 18. XPS spectra for the O1 state of TiOy, (Ti,Co)Ox, and CoOy thin films.
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Figure 19. The influence of cobalt content on the position of O1 multipeak (a); the relative content of
OH groups and HyOads molecules adsorbed on the surface of prepared coatings to the O1 signal (b).

The most important part of the XPS research was the analysis of the spectra recorded
for the Co2p state. We aimed to reveal the degree of oxidation of cobalt ions and thus the
forms in which its oxides may occur in the coatings. In Figure 8a, the Co2p;,, spectra of
prepared (Ti,Co)Ox and CoOy thin films are shown. In each spectrum, a multipeak can be
observed (Figure 20). It was deconvoluted into a satellite (786.5 eV) and two main peaks.

64



Coatings 2023, 13, 955

sat. |
CoO
by ! 78787 eV,

(Tig.g1C0q.19)OX

sat. |
CoO
78654eV | 781891evt !
(Tip.56C00.44)OX

sat. ! -
. 00
786.33 eVl 781.98 ev! :

(Tig 49C0q o) OX

Intensity (a.u.)

sat. ' CoO 1

786.35 eV : 781.87eV1 |
1

X Co;0,
| 780.26 eV

1 N
| \
sat. | CoO '
786.78 eV | 781.99eV !
| B B B B R B |

— .
794 792 790 788 786 784 782 780 778 776
Binding Energy (eV)

Figure 20. XPS spectra for Co2pj,, state of (Ti,Co)Ox and CoOx thin films.

The first Co2p3,, peak centred at approximately 781.8 eV is related to Co?* ions; thus,
the presence of the CoO form can be confirmed [61,62,68-70]. The second Co2p3,, peak of
Co2p3,, located at approximately 780.6 eV corresponds to Co?* and Co’* ions and can be
related to the appearance of Co3Oy4 [61,62,68-71]. However, some authors argue that, based
on XPS measurements of Co,O3 and Co304, which contain both Co?* and Co3*, cannot
be distinguished by chemical shift or satellite [21]. This suggests that the surface films of
C0,03 and Co30; are similar. The binding energy values estimated for Co2p;3, core levels
are in agreement with those reported for Co oxides in the literature [61,62,68-70]. There are
no references to mixed oxides in the literature, while quite a few examples involve single
oxides. Due to the very low number of literature reports on such materials, it was relatively
difficult to compare the peaks to Co2ps,/, spectra. Comparison of the areas under the peaks
revealed that the percentage of Co ions in the +2 oxidation state is about 3—4 times that
of +3. Differences in the positions of the Co2p3,, doublet peaks are very small, i.e., below
0.5 eV (Figure 21a). Furthermore, with an increase in the Co content in the (Ti,Co)Ox films,
the percentage content of the CoO form increases at the expense of CozOy (Figure 21b).
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Figure 21. The influence of cobalt on the multipeak position of Co2p3/; (a); the content of adsorbed
hydroxy groups and water molecules on the surface of the examined coatings (b).

4. Conclusions

In this work, the influence of the Co content on the properties of non-stoichiometric
(Ti,Co)Ox thin films prepared by a GIMS process has been described. The aim of our
research was to obtain a broad change in the material composition for coatings prepared
under the same conditions. The application of gas impulse sputtering resulted in the
manufacture of amorphous (Ti,Co)Ox films with a homogeneous distribution of cobalt. The
change in Co content resulted in modification of the morphology and optical properties.
The most significant changes were observed for the optical parameters. A large drop in the
transparency level and the optical band gap was observed along with the increase in the
cutoff wavelength (‘red shift’). Structural studies revealed that, except for the nanocrys-
talline CoOx film (with crystallites of <5 nm in size) with fine-grained microstructure, the
morphology of all amorphous TiOx and (Ti,Co)Ox coatings had a columnar nature. The
hardness of TiOx and (Ti,Co)Ox films (6.5 GPa) was higher compared to CoOx (4.8 GPa).
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The following table shows all abbreviations used in this work.
a lattice parameters
d interplane distance
dppr standard interplane distance (according to PDF card)
D average crystallite size
E energy
Eg width of the energy gap
Eg°Pt. width of the optical energy gap
Hgubstart hardness of the substrate
Hihin film hardness of the thin film
h Planck’s constant
Ty light transmission coefficient
Tss0 average value of the light transmission coefficient for the wavelength A = 550 nm
Tha average transmission in the range of 300 to 900 nm
t thickness of the films
o absorption coefficient
A wavelength of electromagnetic radiation
Acut-off position of the edge of optical absorption
EDS energy-dispersive spectroscopy

(Tig.97C00,03)Ox  abbreviated notation of the thin film as a mixture of oxides in which the atomic
content is: 97% at. Ti to 3% at. Co

PDF powder diffraction files

SEM transmission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD grazing incidence X-ray diffraction
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Abstract: Copper indium oxide (CuyIn;Os) thin films were deposited by the RF magnetron sputtering
technique using a CuyO:Iny O3 target. The films were deposited on glass and quartz substrates at
room temperature. The films were subsequently annealed at temperatures ranging from 100 to 900 °C
in an O, atmosphere. The X-ray diffraction (XRD) analysis performed on the samples identified
the presence of CuyIny,Os phases along with CuInO; or InyOj3 for the films annealed above 500 °C.
An increase in grain size was identified with the increase in annealing temperatures from the XRD
analysis. The grain sizes were calculated to vary between 10 and 27 nm in films annealed between
500 and 900 °C. A morphological study performed using SEM further confirmed the crystallization
and the grain growth with increasing annealing temperatures. All films displayed high optical
transmission of more than 70% in the wavelength region of 500-800 nm. Optical studies carried out
on the films indicated a small bandgap change in the range of 3.4-3.6 eV during annealing.

Keywords: CuyIn;Os; RF sputtering; annealing studies; optical characteristics; XRD; morphology
studies; optical bandgap

1. Introduction

Transparent conducting oxides (TCOs) have a unique ability to allow visible light
to pass through, and to conduct electricity. TCOs find many applications in solar cells,
optical displays, reflective coatings, light emission devices, low-emissivity windows, elec-
trochromic mirrors, UV sensors and windows, defrosting windows, electromagnetic shield-
ing, and transparent electronics [1-6]. The bulk of research conducted on TCOs involves
n-type TCOs for creating devices [7-12]. Many transparent electronic applications require
the necessity of p-type TCOs. An early attempt to synthesize a p-type TCO from CuAlO,
by the laser ablation method was reported by Kawazoe et al. [13]. Recently, researchers
have been looking at the copper indium oxide- and copper gallium oxide-based thin film
materials for possible p-type TCO applications [14-27]. Nair et al. fabricated a transparent
thin-film p-n junction consisting of Ca and tin-doped CulnO, [28]. Further, Nair et al.
reported the potential use of CulnO; for thermoelectric applications [29]. CuyIn,Os is
another phase of Cu-In-based oxide. There has not been a lot of work conducted on
CuyInyOs. Synthesis of CuyInyOs has been reported only using either smeltering or chemi-
cal processes [20,21]. The chemical processes include synthesizing CuyIn,Os from aqueous
solutions of nitrates, chlorides, and sulfates of Cu, In, and Ga [20]. At this moment, there
have not been many attempts to investigate Cu,In,O5 deposited by RF magnetron sput-
tering. RF magnetron sputtering allows films to be deposited with high uniformity and
homogeneity as well as providing the capability to control the film thickness and deposition
rate [30]. It has an additional advantage of having a low cost as well as the ability to achieve
large-area deposition. In this work, the focus was on the deposition of CuyIn,Os by RF
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magnetron sputtering using a single target of CuyO:Iny O3 in the ratio of 1:1. The structural
and optical properties of CuyIn,Os thin films were investigated.

2. Experimental Details
2.1. Deposition of Copper Indium Oxide Thin Films

Copper indium oxide films were deposited by a radio frequency magnetron sputtering
system using a CTI 100 cryogenic high-vacuum pump. A 600 W, 13.56 MHz RF power
supply (Dressler Cesar 136 FST RF Generator, Denver, CO, USA) was used to power the
MAK 2 sputter gun (San Jose, CA, USA). The Advance Energy VarioMatch-1000 matching
network (Fort Collins, CO, USA) was used to match the source and the load impedance.
All the depositions were performed at a power of 50 W. The power was ramped up at
the rate of 1 W/s. Glass substrates were used to deposit the films for annealing studies
up to 400 °C, whereas quartz substrates were used for annealing studies above 500 °C.
The substrates were cleaned with acetone and methanol in an ultrasonic bath followed by
rinsing using DI water. The samples were dried with nitrogen gas before loading them
into the vacuum system. A 2"' powder pressed target of Cu;O/In; O3 (1/1 mol%, 99.9%
purity), ACI Alloy Inc. (San Jose, CA, USA), was used to deposit the films. A gap of 5 cm
between the target and the substrate was maintained to achieve a uniform film thickness.
A base pressure of 5 x 107° Torr was achieved before initiating the deposition. During
the deposition, the pressure was maintained at 10 mTorr with an argon flow of 10 sccm.
The deposition rate was found to be approximately 270 A per minute. This was measured
using a Veeco Dektak-150 profilometer (Plainview, NY, USA). All the depositions were
conducted for 7.5 min to achieve approximately 2000 A of film thickness. Post-deposition
annealing was conducted from 100 to 900 °C for 90 min in O; gas flow.

2.2. Characterization of Copper Indium Oxide Thin Films

The XRD measurements were performed using a PANalytical Empyrean XRD system
(Malvern Panalytical, Westborough, MA, USA), using radiation from a Cu source at 45 kV
and 40 mA. The diffraction patterns were recorded between 26 angles of 15° and 60°, and
the phase information was analyzed using HighScore Plus software (Malvern Panalytical,
Westborough, MA, USA). The surface morphology of the film was assessed using a field-
emission scanning electron microscope, Zeiss ULTRA-55 FEG SEM (Zeiss Microscopy,
White Plains, NY, USA). The optical transmission studies were performed using a Cary 100
UV-Vis spectrophotometer (Varian Analytical Instruments, Walnut Creek, CA, USA).

3. Results and Discussions
3.1. XRD Analysis

As-deposited films and films annealed up to 400 °C did not reveal any diffraction
peaks indicating an amorphous nature. Although the XRD measurement was conducted
between 15° and 60°, due to the presence of a broad amorphous peak related to the quartz
substrates, the 20 angle reported in Figure 1 is limited between 25° and 60°. Figure 1 shows
the X-ray diffractograms of the films annealed at 500-900 °C in an O, atmosphere. The film
annealed at 500 °C started showing low-intensity peaks related to the (210), (503), and (313)
planes that have been attributed to the CuyIn,O5 phase (JCPDSPDF# 30-0479). The films
annealed at 600 °C and above showed more peaks related to CuyInyOs. It was observed that
the peak intensity and peak sharpness increased with an increase in annealing temperature,
denoting an increase in crystallinity. These identified planes match very well with the
CupInyOs-synthesized nanoparticles reported by Su et al. [20]. In addition to the CuyInyOs
phase, a peak at 30.7° (006) was identified. This can be attributed to either the In,O3
or CulnO; phase [31]. As-deposited films (not shown in Figure 1) did not display any
diffraction peaks.
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Figure 1. X-ray diffraction of the films annealed at 500-900 °C in O, for 90 min.

The grain sizes of the films annealed at 500-900 °C were calculated using the Debye—

Scherrer equation [32].
0.9\

B cosO
where 0 is the Bragg angle, {3 is the full width at half maximum of the peak, A is the
wavelength of the X-ray, and D is the average grain size. The (313) peak was used for the
calculation of grain size. The average grain sizes of the Cu,In,Os films annealed at 500,
600, 700, 800, and 900 °C were calculated to be 10, 13, 17, 21, and 27 nm, respectively.

@

3.2. Morphology Studies

Figure 2 shows the SEM images of as-deposited Cu,In,;Os thin films as well as those
annealed at temperatures varying from 500 to 900 °C. Changes in the morphology were
identified for the film annealed at 500-900 °C. As-deposited films and the film annealed at
500 °C displayed the presence of very small grains, as shown in Figure 2a,b. However, the
films annealed at 600 °C and above showed an increase in grain size. This coincided with
the results from the XRD analysis where the diffraction peaks started to appear for films
annealed at 500 °C and above. Both the SEM and the XRD analysis studies indicated that
a minimum of 500 °C is required to initiate nanocrystalline growth. Continuous growth
in grain size was subsequently observed for the films annealed at 600-900 °C. It is worth
mentioning that a pinhole-like appearance was detected in films annealed at 800 and
900 °C. Elemental analysis of all the samples was performed using EDAX incorporated in
the FESEM. Nearly equal ratios of Cu:In were identified in all films.
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Figure 2. SEM images of CuyIn,Os films (a) as deposited and annealed at (b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, and
(£) 900 °C.

3.3. Optical Studies

A Cary 100 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA)
was used to perform the optical characterization of the annealed CuyInyOs thin films.
Figure 3 shows the percent of transmission for the films deposited on glass and quartz
substrates and subsequently annealed from 100 to 900 °C. Overall, the optical transmission
increased for the films annealed at different temperatures. The transmission values of the
annealed films were observed to vary between 70% and 90%. At a 450 nm wavelength,
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the films annealed at 900 °C displayed the highest transmission of 80%. However, the
films annealed at 900 °C subsequently showed a decreasing trend in transmission beyond
a 500 nm wavelength. This could possibly be attributed to an increase in grain size with
annealing, as reported in [33,34].

100

—  As-Sputtered
——100C_02
[——200C_02

Transmittance (%T)

B T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 3. Optical transmission spectra of the CuyInyOs thin films annealed at various temperatures.

3.4. Optical Bandgap

The optical transmission data were used to calculate the optical band gap of CuyIn,O5
thin films using the Tauc plot method [35-37]. Since the reflectance was identified to be
less than 5%, the absorption coefficient & was calculated directly from the transmission
data [36]. The absorption coefficient & was calculated using Equation (2), where d is the
thickness of the film, and T is the percent of transmission. The optical bandgap (Eg) was
estimated from Equation (3).

1 1
x= In (f) ()

(«hv)!/™ = B(hv — Eg) (3)

where hv is the photon energy, B is a constant, Eg is the optical bandgap, and n = 1/2 for
the direct bandgap transition. Figure 4a—j show the Tauc plot generated using the above
equations. The linear region of the curve was extrapolated to the x-axis to identify the
Eg value. The extrapolated values of the bandgap are listed in Table 1. The bandgap for
CuyInyOs thin films is reported for the first time in this work. The bandgap was in the
range of 3.4-3.6 eV. It is worth mentioning that an increase in the annealing temperature
did not have any major effect on the bandgap.
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Figure 4. (a—j): Tauc plots of the CuyInyOs thin films annealed at different temperatures.
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Table 1. Optical bandgap values obtained for Cu,In;Os thin films.

Annealing Temperature (°C) Bandgap (eV)
As deposited 3.59
100 3.45
200 3.6
300 3.54
400 3.48
500 3.53
600 3.66
700 3.66
800 3.66
900 3.64

4. Conclusions

CuyInyOs thin films were deposited by the RF magnetron sputtering technique. The
effects of structural, morphological, and optical properties due to post-deposition annealing
at 100-900 °C with a constant O, flow were studied. Both the XRD analysis and the FESEM
images concluded that a minimum annealing temperature of 500 °C was required to initiate
the crystallization and grain growth. A further increase in the annealing temperature
resulted in an increase in crystallization and grain size. The largest average grain size
was observed in films annealed at 900 °C. In addition to the Cu,InyOs phases, the XRD
results reveal the presence of an additional phase corresponding to either In,O3 or CulnO,.
Optical studies showed a bandgap of 3.4-3.6 eV for the films.
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Abstract: Thin films of copper oxide (CuyxO), titanium oxide (TiOy), and several mixtures of copper
and titanium oxides ((CuTi)Ox) were deposited using magnetron sputtering. X-ray diffraction
analysis of the as-deposited TiOy thin film revealed the presence of TiO crystallites, while in the
case of (CuTi)Ox with the lowest amount of copper, metallic Cu crystallites were found. In the
case of (Cug77Tip23)Ox and CuyO thin films, characteristic peaks for metallic copper and copper
oxides were observed in their diffractograms. It was found that post-process annealing at 473 K
considerably affects the microstructure of (CuTi)Ox thin films. After annealing, anatase phase was
observed in (Cug 23 Tig77)Ox and (Cug 41 Tig 50)Ox thin films. In turn, the (Cug 77Tig23)Ox and Cu,O
films were formed only in the copper oxide phase. The (Cug7;Tip23)Ox film annealed at 473 K
showed the best opto-electronic performance, as it had the highest transmission and the lowest
resistivity. However, the greatest advantage of this thin film was the p-type semiconducting behavior,
which was the strongest of all of the thin films in this work, as indicated by the measurement of the
Seebeck coefficient. All deposited thin films were sensitive to hydrogen exposure, while the best
sensor response of 10.9 was observed for the (Cug77Tip23) Ox thin film annealed at 473 K.

Keywords: thin film; transparent oxide semiconductor; copper-titanium mixed oxides; magnetron
sputtering; p-type semiconductors; optical and electrical properties; gas sensor

1. Introduction

Over the decades, there has been a steadily growing interest in metal oxides as ma-
terials for gas sensors, transparent electronics, lithium-ion batteries, solar cells, and self-
cleaning or electrochromic coatings [1-6]. The reasons for such a high interest include
the relatively low cost of metal oxides, the ability to create an extensive surface area with
respect to the volume of the material, and the catalytic efficiency. In addition, the deposition
technologies of such oxides in the form of thin films are compatible with production tech-
nology such as MOS [7], which makes it possible to easily integrate various oxide-based
active devices, such as sensors, with electronics circuits in a single device. Copper and
titanium oxides are nontoxic compounds commonly found in the Earth’s crust. They exhibit
many interesting optical, electrical, and chemical properties that can be customized due to
their different application areas, e.g., high optical transmittance, semiconducting properties,
and photocatalytic properties [8,9].

There are two stable forms of copper oxide: cuprous oxide (Cu,O) and cupric oxide
(CuO) [10]. The former has a cubic crystal structure and the latter crystallizes in the
monoclinic phase. The band gap of copper oxides (CuxO)—depending on the oxide
form—is in the range of 1.2-2.1 eV and 2.1-2.6 eV for CuO and Cu,O, respectively [10].
Such narrow band gaps make them promising materials for solar energy conversion [11].
Moreover, CuxO can be an interesting material for gas sensing applications [8,12] or for
transparent electronic devices [3,13] since both copper oxides are well-known p-type oxide
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semiconductors. Their hole-type conduction is due to the presence of negatively charged
Cu vacancies. The great advantage of Cu,O is one of the highest reported hole mobility
(exceeding 100 cm?/Vs), which is caused by its unique band structure. Unlike other metal
oxides, the valence band of the cupric oxide is formed of hybridized Cu 3d and O 2p
orbitals that leads to the creation of a less localized hole transport pathway [14-16].

One of the simplest methods to obtain CuyO thin films is thermal oxidation of metallic
copper foil. Annealing at 473 K initiates partial oxidation of CuyO, a further increase in
temperature to 573 K results in the formation of a mixed phase of Cu,O and CuO, and
finally above 623 K, a single cupric oxide is formed [8].

On the other hand, titanium dioxide (TiO;,) is a well-known photocatalyst [4,17]. It
may crystallize in two stable tetragonal forms, anatase and rutile. A moderately wide
band gap of 3.0-3.4 eV contributes to excellent transparency in the visible wavelength
range. However, in the case of optoelectronic applications, an improvement of electrical
parameters is necessary [3] as stoichiometric titanium dioxide at room temperature is an
insulator [18]. The deposition of non-stoichiometric oxide with oxygen vacancies that cause
intrinsic n-type semiconducting behavior could be one of the methods for modification of
electronic properties. Therefore, the combination of good optical properties of titanium
oxide with p-type conduction of copper oxides could result in formation of an attractive
material for optoelectronic application.

For the production of technologically advanced transparent electronic devices or for
the practical realization of such a sensor device as an electronic nose, it is necessary to com-
bine p-type and n-type oxides. Recently, n-type metal oxides such as SnO, or In,O3 have
been successfully applied in commercial electronic devices, but their p-type counterparts
still lack performance. Therefore, the development of p-type semiconducting metal oxides
is still a strategic issue. The (CuTi)Ox thin films appear to be one of the most attractive
systems. For example, Mor et al. [15] successfully manufactured the (CuTi)Ox(p)-TiO;(n)
junction and showed that (CuTi)Ox, depending on the copper concentration, it can possess
n-type properties for the lowest copper concentration [15] and p-type properties when the
amount of copper increases [3,19]. Likewise, the optical properties of mixed copper and
titanium oxide depend on the concentration of copper oxides [20]. However, it is possible
to produce transparent [3] or semitransparent [13,20] semiconducting (CuTi)Ox thin films
called transparent oxide semiconductors (TOS). Furthermore, the aforementioned p-type
composite system exhibits gas sensing properties to NO,, O3, Cl,, Hy, CH3COH, and Cl, at
moderate working temperatures [21-23] and the interactions between the sensor surface
and the gas can be advantageously altered by doping with Li [22] or Au [23]. Barreca
et al. [23] reported that the addition of titanium oxide can improve the performance of
copper oxide as an electrode for lithium-ion batteries. Incorporation of Cu,O into the TiO;
matrix improved photocatalytic activity in the case of pollution decomposition [24-27]
including CO, reduction [28] and hydrogen generation in the photoinduced water splitting
process [15,29-32]. Antimicrobacterial studies show that copper addition to TiO; has a
positive effect in reducing bacterial (e.g., E. coli) viability [2,33]. In turn, the fabrication of
coatings with gradient elemental distribution resulted in the formation of copper-reach
regions of (CuTi)Ox, which acted as a semiconducting material, and copper-poor regions,
which acted as an insulating material. This structure exhibited memristive properties
without the necessity of depositing multilayer structures [19,34,35].

Mixed copper and titanium oxides have recently been prepared by microwave-assisted
synthesis [24], ion beam sputtering [21,36], anodization of Cu-Ti films deposited by mag-
netron sputtering [15], low pressure CVD [23,37], or sol-gel [30,38]. In our previous
works [3,19,34,35], preparation of (CuTi)Ox thin films using magnetron sputtering has also
been described. In this paper, we propose a two-step preparation route: (1) deposition
of not fully oxidized thin films using magnetron sputtering method and (2) additional
post-process annealing at 473 K for tailoring of the thin film properties. To our knowledge,
the composite material of mixed copper and titanium oxides with such a variety of copper
concentrations (23-77 at.%) has never been thoroughly analyzed. The aim of the work
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was to obtain material with good optoelectronic properties, which is not an obvious task,
since enhancing the electrical properties usually results in deterioration of the material’s
transparency. The idea was to obtain a composite material in which one component pos-
sesses excellent transparency and the other is a desirable p-type oxide semiconductor, in
order to enhance the dominance of the hole conduction type in the material, lowering its
resistivity, while obtaining moderate transparency. Furthermore, results of investigations
of the prepared sensor response to hydrogen have been demonstrated at a low operating
temperature of 473 K.

2. Materials and Methods

The copper and titanium (CuTi)Ox mixed oxides thin films were deposited by the
magnetron co-sputtering method using two circular titanium targets (99.999%) and one
copper target (99.999%), each with a diameter of 28.5 mm and a thickness of 3 mm. A con-
stant flow of argon and oxygen was provided during the deposition process, acting as the
working and reactive gases, respectively. The amount of oxygen in the Ar — O, gas mixture
was equal to 15%. The base pressure was on the order of 1072 mbar, while the pressure in
the vacuum chamber during the sputtering was kept at approximately 1.25 x 1072 mbar.
The magnetrons were powered using an MSS2 2 kW pulsed DC power supply unit (DORA
Power System, Wilczyce, Poland). The power applied to each magnetron was a decisive
factor in obtaining thin films with various material compositions, i.e., the copper-titanium
ratio. The most crucial deposition parameters are summarized in Table 1.

Table 1. Summary of the main process parameters for magnetron co-sputtering deposition of copper
oxide (CuyO), titanium oxide (TiOx), and mixed copper and titanium oxides (CuTi)Ox.

. Deposition Rate Power Applied to Targets (W) Distance between Magnetrons Pressure of Ar + O, in Thick £ th
Thin Film P (AJs) - " and Substrate Holder the Vacuum Chamber Tl:icnxllseiels;o(nm)e
n Cu T (cm) (10-2 mbar)

TiOy 45 590 - 465 540
(Cug23Tig77)Ox 57 560 70 520 620
(Cug41Tig50)Ox 6.3 525 140 580 570

10 1.25 N —
(Cug 56 Tip.44)Ox 8.1 505 140 550 580
(Cug77Tig23)Ox 4.8 250 250 260 430
Cu,O 29 - 255 - 430

No additional heating or electrical biasing of the substrate was used during the
deposition. However, after the deposition process, (CuTi)Ox samples were additionally
annealed in an air ambient at 473 K for 4 h. Thin films deposited on fused silica (5iO,) were
used for structural and optical investigations, while scanning electron microscopy and
energy-dispersive X-ray spectroscopy were performed for thin films deposited on n-type
silicon substrates. For electrical measurements, ceramic substrates with interdigitated
platinum-gold electrodes were used. The thickness of the thin films was measured using
the Taylor Hobson optical profilometer (Talysurf CCI Lite, Leicester, UK) and was in the
range of 430 to 620 nm.

The structure of the thin films was investigated by X-ray diffraction in the grazing
incidence mode (GIXRD) using an Empyrean X-ray diffractometer (PANalytical, Malvern,
UK) with a PIXel3D detector. The diffraction pattern was collected in the 26 range of 20 to
80° using Cu Ko radiation (A = 1.5406 A). By comparing the obtained pattern with PDF
cards (Cu #04-0836 [39], CupO #65-3288 [40], CuO #65-2309 [41], TiO #65-2900 [42], anatase
#21-1272 [43]) a phase structure was determined. With the aid of MDI JADE 5.0 software,
the average crystallite size was calculated using Scherrer’s equation [44].

The morphology and elemental composition were investigated using the SEM/Ga-FIB
FEI Helios NanoLab 600i scanning electron microscope (FEI, Hillsboro, OR, USA) equipped
with the energy dispersive X-ray spectrometer (EDS). Surface SEM imaging was expanded
to cross-sectional profile studies.
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The optical measurement workstation consisted of Ocean Optics QE 65000 and NIR
256-2.1 spectrophotometers (Ocean Optics, Largo, FL, USA) and a coupled deuterium-—
halogen light source. The transmission coefficient was determined from transmittance
spectra measured in the wavelength range of 250 <+ 2000 nm. The average transmission
was evaluated by calculating the integral in visible wavelength range of 380 to 760 nm
and in near infrared wavelength range of 760 to 2000 nm, while the position of the funda-
mental absorption edge was designated by fitting the descending to zero linear part of the
transmission characteristic.

For electrical characterization, a M100 Cascade Microtech probe station (Cascade
Microtech, Beaverton, OR, USA) and a Keithley SCS4200 system were used. Current—
voltage characteristics were measured in a shielded Faraday cage at room temperature.
Measurements were performed for temperature changing from 303 K to 353 K that allowed
us to determine the activation energy. Thermoelectric characteristics were obtained using
the FLUKE 8846A voltmeter (Fluke, Everett, WA, USA) and the Instek mK1000 temperature
controller (GW Instek, Taipei, Taiwan). For the determination of the Seebeck coefficient [45]
a temperature gradient (AT) between ‘hot” and ‘cold” electrical contacts was applied in
the range from 0 to 50 K, as the ‘cold’ contact was kept at room temperature. The Seebeck
coefficient (Sc) was calculated according to Equation (1) and the conduction type was
evaluated based on the sign of the obtained values:

. AU
lim

S = JMm 2T

N @
where S, is the Seebeck coefficient, AU is the difference in thermoelectric voltage, and AT is
the temperature gradient.

Furthermore, the gas sensing properties of annealed (CuTi)Ox thin films were inves-
tigated for 3.5% of H, diluted in Ar. Measurements were performed in a self-assembled
system equipped with an Agilent 34,901A data acquisition system; Instec mK1000 tem-
perature controller; and a mass flow controller. Before injection of Hj, the thin films were
heated on a heating table to an operating temperature equal to 473 K and stabilized in an
air environment for an hour.

3. Results
3.1. Microstructure and Morphology

Figure 1 presents results of X-ray microanalysis investigations for as-deposited thin
oxide films of copper (CuyO), titanium (TiOx) and of four oxide mixtures with various
concentrations of copper and titanium ((CuTi)Ox). As one can see, in the energy range of 4
to 10 keV only TiK, TiKp peaks were recognized in the spectrum attributed to the TiOx
thin film and only CuKy and CuKg peaks were found in the CuyO spectrum. Furthermore,
as the copper concentration increased, the ratio of CuKy to TiK increased simultaneously.
The atomic content of copper in the thin films of oxide mixtures was estimated to be
23 at.%, 41 at.%, 56 at.%, and 77 at.%. The distribution maps of Cu, Ti, and O presented in
Figure 1b show a homogeneous dispersion of each element in the thin films. A decisive
factor in obtaining various elemental compositions in the deposited thin films was a proper
regulation of the sputtering power supplying of each magnetron. Figure 2 presents the
copper concentration in the thin film as a function of the ratio of the sputtering power at the
Cu target (Pcy) to the total power at the three targets (Pcy, + P1i). As expected, the increase
in the Pcy /(Pcy + Ppy) ratio resulted in a higher amount of copper in the thin film.

The morphology of the deposited thin films was investigated using scanning electron
microscopy. The elemental composition strongly affects the morphology of the thin films,
as can be deduced from the SEM images presented in Figure 3. The surface of the as-
deposited TiOy thin film was relatively smooth with some visible voids. The cross-sectional
image revealed that it was composed of densely packed columnar grains. In contrast, the
morphology of oxide mixtures with the 23, 41, and 56 at.% of copper differs significantly
from TiOy, as the columnar character changed to elongated and coarse grains. The surfaces
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(@)

were relatively flat and crack-free. Furthermore, single nanowires were formed at the top of
(Cug23Tig 77)Ox. It is worth mentioning that when the copper content increased to 77 at.%,
the morphology of oxides changed considerably. The grains were bulb-shaped, smaller
at the bottom, and widen upward. Each bulb-shaped grain had a granular surface that
resembles cauliflower. Such a grain shape resulted in the largest active surface of all of the
as-deposited thin films, which is highly desirable in the case of photocatalytic activity or
gas-sensing properties [23]. Compared to other thin films, (Cug 77 Tip23)Ox had the largest
grains of ca. 250-300 nm and intergrain spaces (voids). The surface of copper oxide thin
film was more homogeneous, the grains were still clearly visible, but the voids between
them were smaller. Furthermore, the shape of the grains was also different—that is, they
were elongated, granular, and more densely packed as compared to the oxide mixture with
77 at.% Cu.

(b)

—Cu,0
— (CUp 77Tig 23)0x
— (Cug 56 Tio 44)OX
— (CUg 4 Tio 50)Ox
—(Cug 53Tio 77)0x
—TiO,
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Figure 1. Results of X-ray microanalysis investigations for as-deposited copper and titanium oxide
thin films: (a) EDS spectra and (b) maps of elemental distribution of mixed oxides.
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Figure 2. Dependence of copper content in as-deposited thin films on the power ratio Py, /(Pcy + Pri)
applied to magnetrons with Cu and Ti targets.

83



Coatings 2023, 13, 220

TiOyx _ (Cmsﬂu.ﬁ)oa _ (':HOAITIG.SD)

w4 (L T

A nn

Lum 1 prrh

(C 5cTia.e)O.

=0

Figure 3. Scanning electron microscopy images of the surface and cross-section of as-deposited and
annealed at 473 K TiOy, (CuTi)Ox, and CuxO thin films.

After annealing at 473 K, no significant changes occurred on the surface of the TiOy thin
film, but thermal oxidation considerably influenced the morphology of the oxide mixtures.
It can be clearly seen from the cross-sectional images of the annealed thin films containing
23,41, and 56 at.%, that at the bottom the elongated grains grow perpendicularly to the
substrate surface, while close to the surface, they became grainy and rough. In addition,
the grainy, sponge-shaped structure was thicker as the amount of copper in the thin film
increased. The thin films were made up of grains smaller than 100 nm. The (Cug 77 Tig 23)Ox
was spongy in nature throughout its thickness. There were apparent interlayer voids of
various shapes and sizes. For annealed Cu,O thin films, the structure remains porous.
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Intensity (arb. u.)

However, the vertical orientation of the grains was favorable. Furthermore, the voids were
smaller and uniformly distributed.

XRD analysis was performed to determine the structural properties of the prepared
thin films (Figure 4a). In the diffraction pattern of the TiOy thin film, three characteristic
peaks attributed to the (111), (200), and (220) planes of the TiO phase were observed, while
no characteristic peaks of TiO, anatase or rutile were found. The size of the crystallites of
the TiO phase was in the range from 4.9 to 11.8 nm, as calculated according to Scherrer’s
formula (Equation (2)):

kA
b= B cosf @

where k = 0.89 is the shape factor, A is the CuK o X-ray radiation wavelength (1.5406 A), B is
the full width at half maximum intensity of the peak (FWHM), and 0 is a diffraction angle.
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Figure 4. X-ray diffraction patterns of (a) as-deposited and (b) annealed at 473 K (CuTi)Ox thin films.

In each diffractogram of the copper and titanium oxide mixtures, a peak occurring
at 20 = 42.7° is associated with the metallic copper (111) lattice plane. As the amount of
copper in the thin film increased, the character of this peak changed significantly from
very wide and poorly defined to sharp and intense. The crystallite size of the Cu (111)
phase varied from ca. 3.0 to 13.4 nm. For (Cug 77 Tig 23)Ox thin film, in addition to the most
dominant Cu (111) peak, reflections from Cu (200), (220), Cu,O (111), and CuO (111) were
detected. The CuyO-cubic phase was characterized by the smallest crystallite size, which
was equal to 5.1 nm, since the peak was broad, while metallic copper crystallites were equal
to 13.4 nm. The copper oxide thin film consisted of the same metallic Cu peaks, but they
are less intense, and the crystallite size was considerably smaller. In addition to the most
intense peak of CupO (111), there are also weaker reflections of Cu,O (110) and Cu,O (220)
observed at 20 = 29.88° and 61.86°, respectively. Furthermore, a peak centered at 33.1° was
attributed to the crystalline phase of CuO (110). However, as the titanium concentration in
the thin films of oxide mixtures was decreasing, the copper was more oxidized.

Post-process annealing at 473 K did not significantly affect the TiOx thin film mi-
crostructure. The sample was still mostly amorphous in nature, but a TiO crystalline phase
was observed. The most intense peak was attributed to the (200) crystal plane. Moreover,
the crystallite size remained similar (ca. 5 nm) to that before annealing. Thermal oxidation
of the thin films of oxide mixtures with a Ti content greater than 50% resulted in crys-
tallization of the anatase. A strong peak of the anatase crystal plane (101) was found at
26 = 25.2°, but when the amount of copper exceeded that of titanium, no anatase phase was
observed. Similarly to the as-deposited thin films, the metallic copper reflections from the
(111) plane was found in the diffractogram of the annealed thin films containing 23 at.%,
41 at.%, and 56 at.% of Cu; however, the intensity of the peaks decreased. Furthermore,
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characteristic Cu,O peaks were found in addition to metallic copper, suggesting that an-
nealing at 473 K causes oxidation of the metallic Cu to Cu,O. It should be emphasised that
in the (Cug 77Tip 23)Ox thin film, the phase transition was completed, as no Cu peaks were
observed. The (111) crystal plane was the most preferable orientation for Cu,O and was
observed at 20 = 29.63° and its intensity increased with increasing amount of copper in the
thin film. The diffraction pattern of the thin films with the highest copper concentration
additionally consisted of CuyO peaks corresponding to the (110), (200), (220), (311), and
(222) planes. All cuprous oxide crystallites were smaller than 13 nm. Moreover, a minor
phase of CuO was also detected. The results of the X-ray investigations are summarized in
Table 2.

Table 2. Summary x-ray diffraction structure analysis of as-deposited and annealed (CuTi)Ox
thin films.

As-Deposited Annealed at 473 K
Thin Film

Phase hkl D (nm) Phase hkl D (nm)

. 1o 1t 18 TiO 200 54

TiOx TiO 200 53 TiO 220 45

TiO 220 49 ’

TiO,—anatase 101 19.1

(Cu0‘23Tio‘77)OX Cu 111 3.1 CuZO 111 5.4

Cu 111 4.8

TiO,—anatase 101 26.5

(Cqul TiQA59)OX Cu 111 29 Cuzo 111 8.4

Cu 111 5.8

Cu,O 111 10.7

(Cu0'56Tio'44)OX Cu 111 3.1 CuzO 200 9.5

Cu 111 21.4

Cu,O 111 5.1 Cu,O 110 12.2

CuO 111 20.0 Cu,O 111 8.2

. Cu 111 134 CuO 111 17.3

(Cug77Tio23)Ox Cu 200 12.8 Cu,0 200 72

Cu 220 13.6 Cu,O 220 7.7

Cu,O 311 6.3

Cu,O 110 8.5 Cu,O 110 12.1

CuO 110 9.0 Cu,O 111 111

Cu,O 111 6.1 CuO 111 13.4

Cu,O Cu 111 4.6 Cu,O 200 8.8

Cu 200 53 Cu,O 220 8.8

Cu,O 220 47 Cu,O 311 8.5

Cu 220 5.0 Cu,0 222 10.8

Both copper and titanium strongly affect the crystal structure and the oxidation state
in the oxide mixtures, as in as-deposited and annealed thin films. With decreasing amount
of titanium, the phase transformation process from Cu to Cu,0 and finally to CuO is more
advanced. This can be explained by the fact that Ti exhibits high affinity to oxygen and,
consequently, a high Ti concentration limits the oxidation of copper [46—48]. In turn, after
post-process treatment, the peaks from the anatase phase were observed only in the oxide
mixtures with the lowest copper concentration (23 at.% and 41 at.%), confirming that the
high concentration of copper hinders the crystallization of anatase or rutile [13,20,33,49].

3.2. Electrical and Optical Properties

The type of electrical conduction was determined by observation of the sign of the
Seebeck coefficient (Sc) calculated from the thermoelectrical power measurements (Figure 5).
A positive sign of the S. indicates the hole type of conduction, while the negative value
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(a)

Useebeck (MV)

0.4

0.2

-0.24

04

-0.6

-0.84

testifies about electron type of electrical conduction. The TiOy thin film exhibited the
strongest n-type properties of all as-deposited thin films and the Seebeck coefficient was
equal to —25 uV/K. The S. value gradually increased as the amount of copper in the
thin film increased and the change in the type of conduction was observed when the
copper concentration exceeded 56 at.%. The thin films with the highest copper content
were characterized by weak p-type conduction. For the CuO thin film, the Seebeck
coefficient was equal to +6.1 uV /K. Post-process annealing significantly influenced the
conduction type of thin films consisting of crystalline copper and copper oxides, as samples
were characterized by a hole type of electrical conduction (Figure 5¢). Furthermore, it
should be noted that the studies of copper and titanium oxide mixtures annealed at 473 K
have shown that the Seebeck coefficient of the (Cug 56Tig44)Ox and (Cug 77 Tig3)Ox thin
films was significantly higher compared to Cu,O thin film for which the S. coefficient
was +245.1 uV /K. Copper oxides are well-known semiconductors with strong p-type
properties [10], while TiO; is reported to be an n-type semiconductor [18]. When it comes
to mixed copper-titanium oxides phase, Mor [15] et al. showed for Cu-Ti-O nanotubes
fabricated by anodization of Cu-Ti films that the conduction type depends on the copper
concentration. The sample with a Cu:Ti ratio equal to 24:76 was characterized by n-type
conduction, while for ratios of 60:40 and 74:26, the samples were p-type semiconductors.

(b)
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Figure 5. Thermoelectric characteristics of: (a) as-deposited, (b) annealed at 473 K (CuTi)Ox thin
films, and (c) Seebeck coefficient changes depending on the elemental composition and annealing of
the thin films.

Investigations of electrical properties were extended with measurements of the current—

voltage characteristics, performed at room temperature and at elevated temperature (from
303 to 353 K). For all samples, the characteristics were linear and high repeatability was
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observed. Based on the Arrhenius formula (Equation (3)) and the slope of the fit of
log (p) = £(1000/T) plot, the activation energy was calculated from

p:poexp<f—,;> 3)

where k is the Boltzmann constant and T is the temperature.

The obtained electrical parameters are presented in Table 3. With the increase in the
copper concentration in the thin film, the resistivity of the (CuTi)Ox gradually decreased
and for thin films with 56 and 77 at.% of Cu was equal to 2.5:1072 and 3.0-1073 Q cm,
respectively (Figure 6). Annealing at 473 K caused an increase in the resistivity by ca.
three orders of magnitude for all thin films except (Cug 77Tip 23)Ox for which the resistivity
increased almost four orders of magnitude. The resistivity of the TiOyx sample after thermal
treatment was 3.8 x 10> Q) cm. Titanium monoxide is generally perceived as an excellent
conductor with a resistivity value in the range of 107#-10~3 Q cm [50-53]. However, there
are also reports showing that the resistivity value of nanocrystalline TiO can be as high as
10% Q) cm [54]. Therefore, the resistivity value obtained in this work falls within the wide
range reported in the literature, while its quite high value may be explained by a large
amount of the amorphous phase present in the thin film, as evidenced by the low intensity
of the peaks visible in the XRD (Figure 4). The CuxO and (Cug23Ti 77)Ox thin films after
annealing had a resistivity equal to ca. 7 x 10> Q) cm. The addition of 41 at.% of Cu caused
a decrease in p by an order of magnitude compared to the TiOy sample. A further increase
in the Cu content resulted in a gradual decrease in resistivity, which was equal to 41.5 ()
cm and 28.1 O em for (Cug56Tip 44)Ox and (Cug 77 Tig23)Ox.

Table 3. Electrical parameters of as-deposited and annealed at 473 K (CuTi)Ox thin films.

Seebeck Coefficient (uV/K) Resistivity (Qcm) E, (eV/K)
Thin Films As-Deposited Am;;;l:(d at As-Deposited Anz;glle(d at As-Deposited Anz;;lle(d at
TiOx —24.8 - 43 3.8.10° 0.12 0.26
(Cug»3Tig77)Ox -19.1 +3.3 311071 7.4-10% 0.10 0.32
(Cug 41 Tig 50)Ox —86 +146.9 1.1-1071 3.5-102 0.04 0.26
(Cug 56 Tig 44)Ox -1.6 +262.3 251072 42.10! 0.00 0.26
(Cug77Tig23)Ox +2.4 +282.9 3.0-1073 2.8-10! 0.00 0.29
CuO +6.1 +249.1 6.0-1071 7.1-10% 0.01 0.35
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Figure 6. Resistivity changes depending on elemental composition and annealing temperature.
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(a)

Figure 7 presents the dependence of the resistivity vs. the temperature in the range
from 303 K to 353 K. For the thin films with the lowest copper concentration, the resistivity
gradually decreased with increasing temperature, while remaining constant when the Cu
concentration in the film exceeded 50%. Almost no change in resistivity as a function of
temperature indicated the very low activation energy of electrical conduction processes
that might be connected with the presence of metallic Cu species in those thin films.

(b)
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Figure 7. Temperature dependent resistivity of (a) as-deposited and (b) annealed at 473 K thin films.

In each case of annealed thin films, the resistivity was found to decrease with increasing
temperature. The activation energy was in the range from 0.26 to 0.35 eV /K indicating the
semiconducting nature of the (CuTi)Ox thin films after thermal oxidation.

The optical properties of the (CuTi)Ox thin films were determined on the basis of the
transmission measurements of light in the wavelength range from 250 nm to 2000 nm. All
as-deposited thin films were opaque, which could be the consequence of the low oxygen
concentration during the sputtering process [55], resulting in the presence of metallic
copper crystallites in the Cu,O and in (CuTi)Ox thin films. In the visible wavelength range,
the transmission of the as-deposited thin films was less than 2%. As can be seen in Figure 8,
the post-process thermal treatment strongly influenced the optical properties of the TiOx,
(Cug77Tip 23)Ox and CuyO thin films as they oxidized and became transparent, mainly in
the infrared region. Moreover, interference fringes began to appear. However, the samples
with 23, 41, and 56 at.% of Cu remained opaque. The absorption edge of the TiOy thin film
was positioned at the cut-off wavelength (A.toff) equal to 339 nm, while a redshift to ca.
490 nm was observed for the (Cug 77Tip 23)Ox and pure copper oxide films. This observation
is consistent with the data reported for Ao for non-stoichiometric TiOx and CuxO thin
films [56,57]. The average transmittance of TiOy in the visible wavelength range was equal
to 11%, while for the (Cug 77 Tip23)Ox and Cu,O thin films it was equal to 22% and 27%,
respectively. In turn, in the near infrared wavelength range the average transmittance
increased slightly for the TiOx and was equal to 21%, but for the (Cug 77Tig23)Ox and Cu,O
thin films it was even ca. 70%.

3.3. Hydrogen Gas Sensing

Figure 9 presents the dynamic sensor response of the annealed titanium oxide, oxide
mixtures, and copper oxide thin films exposed to 3.5% hydrogen diluted in argon at an
operating temperature of 473 K. Titanium oxide showed the electron conduction type as
its resistance decreased in the presence of the reducing gas (Hj). The opposite effect was
observed for the (CuTi)Ox and CuO, indicating that holes were the dominant electrical
charge carriers. Therefore, the conduction type designated on the basis of the gas sensing
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characteristics was consistent with the thermoelectric measurements. The sensing mech-
anism in metal oxide semiconductors is a complex issue as it depends not only on the
material composition and conduction type, but also on their morphology, grain size, gas
concentration, operating temperature, and humidity condition [58]. In general, in the case
of metal oxide structures, the dominant role is in adsorption and desorption processes on
the surface of the thin film. In air, oxygen molecules are adsorbed at the surface of sensing
material in the form of O, =, O™, or O>~ depending on working temperature. Temperatures
above 423 K dominate the adsorption of O~ or 0%~ species [59]. The oxygen adsorption
might follow as in Equations (4) and (5):

O, (gas) +e” <+ Oy~ 4)

Oy (gas) +2e~ «» 20~ 5)

100

TiOx
(Cug 25Tip 77)0%
(Cug 41Tig 59)Ox
(Cug 56Tio 44)OX
(Cug77Tip 23)0X
Cu,0

80+

4 o0o0<% 0D

60

T, (%)

404

204

800 1000 1200

A (nm)

1400 1600 1800 2000

Figure 8. Transmission characteristic of thin films annealed at 473 K.
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Figure 9. Resistance changes of: (a) TiOy, (b—e) (CuTi)Ox, and (f) CuxO thin films annealed at 473 K
upon exposure to 3.5% H.
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Chemisorbed oxygen extracts electrons from the surface, forming an electron depletion
layer. For n-type semiconductors, the resistance of the depleted layer is higher than that
of the bulk material, causing the current to follow through the bulk grain. However, for
p-type materials, the opposite phenomenon is observed: the hole accumulation area is
less resistive [6]. The introduction of hydrogen (a reducing gas) causes a reaction with
chemisorbed oxygen according to the equation [60]

Hy (gas) + O™ <+ HyO(gas) + e~ (6)

As a result of the interaction of hydrogen with metal oxide, electrons are donated back
to the conduction band, which occurs as an increase in the resistance for p-type materials
and a decrease in the resistance for n-type materials.

The sensor response (SR) was calculated as the ratio of the resistance of the thin film in
the air (Ry;r) to the resistance in the presence of hydrogen (Rpp) for the TiOy thin film [61]
and as the ratio of Ry to R,y for the other thin films. Furthermore, the response and
recovery times defined as the time required to reach 90% of the difference between R, and
Ry were determined and summarised in Table 4.

Table 4. Summary of sensing parameters of TiOyx, CuxO, and (CuTi)Ox thin films annealed at 473 K.

Tk S Gl w me e
TiOy 22401 36 +1 322 4 31
(Cug23Tig.77)Ox 13+0.1 56+ 1 -

" (Cuga1 Tig.59)Ox . —— 38+1.1 56 + 2 187 + 146
(Cug 56 Tig.44)Ox 21+04 - -
(Cug.77Tig 23)0x 109 +1.5 56 + 1 67 + 14

. CwO 24402 55+ 1 1444 £ 79

The SR value for TiOx and CuyO was similar and equal to 2.2 and 2.4, respectively.
As shown in Figure 9a, the titanium oxide response began to saturate after ca. 30 min
of hydrogen flow and after ca. 5 min of air flow. The consequence of this was the short
response and recovery time compared to those of Cu,O, whose signal was far from satura-
tion. Metal oxides that exhibit the p-type of electrical conduction typically respond worse
than their n-type counterparts [6,62], however, the slightly better Cu,O response may be
caused by a considerable difference in the morphology and structure of the two thin films.
As shown in the SEM images, titanium oxide annealed at 473 K had a dense and flat surface
morphology, while copper oxide after the same thermal treatment was porous, resulting in
a larger active surface area. In addition, the copper oxide crystallites were well-defined,
whereas the titanium oxide thin film was mostly amorphous.

As can be concluded, the preparation of a composite of metal oxides can noticeably
improve sensing capabilities—e.g., sensitivity and selectivity [58]—compared to a sensing
material consisting of one of the components. In the case of heterostructures, the sensing
response is determined by changes in the width of the charge depletion layer that is formed
when the Fermi levels of the two metal oxides equilibrate and charge transfer occurs [63].
The undoubted advantage of oxide mixture thin films over double-layer structures is the
better interaction of the reducing/oxidizing gas with p—n areas, since both the p-type
and the n-type oxides are present at the surface simultaneously. This leads to a stronger
manipulation of the p-n junction performance. It should be noted that in mixed composite
structures not only the elemental composition of the thin film but also the dispersion state
of the component are important [58].

In this work, a significant improvement in the gas detection response was observed
for the (Cug 77Tig23)Ox and (Cug 41 Tip 50)Ox thin films compared to TiOx and Cu,O. Sensor
response of the thin film containing 77 at.% of Cu was more than 4.5 times higher than
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that of CuyO. The thin film with 23 at.% of Cu showed the worst H, detection abilities,
while in the case of (Cugs6Tip44)Ox, the unique behavior was observed. As shown in
Figure 9d under exposure to 3.5% Hp, the resistance of the (Cug 56 Ti44)Ox thin film initially
increased, but after a specific time decreased. Kosc et al. [64] reported a similar inversion
of the response type in TiO, modified with NiO structures in the presence of hydrogen.
Inversion was observed when the hydrogen concentration exceeded a specific critical point.
This unique behavior was explained by the fact that, when the amount of electrons from
broken bonds of adsorbed oxygen exceeds the amount of holes in the Debaye length, the
conduction type of heterostructure changes. In the ambient air atmosphere, the oxygen is
re-adsorbed on the film surface causing the resistance to increase and reach the initial base
value [58,64].

The resistance of the (CuTi)Ox thin films was constantly increasing throughout the hy-
drogen flow, and no signal plateau was observed, resulting in the response time exceeding
55 min. However, recovery times were relatively short. The best sensing performance to
3.5% Hj showed a thin film with 77 at.% of Cu as the sensor response was equal to 10.9
and the recovery time was the shortest of all measured thin films.

Comparing the sensing parameters of the (Cug 77Tip 23)Ox thin films to hydrogen with
previously published works presented in Table 5, it can be seen that the sensor response
is the highest among all the works reported so far. Similarly to this work, Park et al. [48]
reported that the response time was shortened when TiO, was added to the CuO nanorods.
Furthermore, the recovery time increased after titanium dioxide modification and was in
the range from 300 to 400 s. In turn, Alev et al. [63] reported that the response of TiO;
nanotubes covered with a CuO layer to 1000 ppm of H; saturates in 15 min and the recovery
time was equal to 10 min. The operating temperature applied in all the measurements of the
response of copper and titanium oxide composites to hydrogen was in the range of 473 K
to 673 K. Park et al. [48] and Alev [63] et al. presented findings that the optimal working
temperature for their structures was 473 K, while for other structures higher temperatures
were more desirable. In all articles summarized in Table 5, cupric oxide was the dominant
phase of copper oxides. Our aim was to show that oxide mixtures of Cu,O and TiO; can
exhibit a good response to Hy while higher working temperature could cause oxidation to
CuO, thereby hindering the SR value.

Table 5. Gas sensing performance of copper oxide and titanium oxide composites toward hydrogen.

Structure Preparation Method H, Concentration Working SR Ref.
(ppm) Temperature (K)
CuO-TiO, nanocomposites Chemical vapor deposition 1000 473-673 2-0.4 [23]
TiO, decorated CuO nanorods Thermal oxidation and 0.1-5 573 1.94-8.57 [48]
solvothermal method
CuO/TiO,-y heterostructure MF magnetron sputtering 10-320 573-673 1.0-1.5 [61]
CuO thin film/TiO, nanotubes  1ectrochemical anodization, 100-1000 373473 20 163]
thermal evaporation, oxidation
TiO,/CuyO Spray pyrolysis, magnetron 100 523-623 0.2-0.6 [65]
sputtering, annealing
Li-doped CuO-TiO, . .
heterostructure Ion beam sputtering, annealing 1000 573 1.16 [22]
TiO,-CuO (50%-50% and . .
(25%-75%) Ion beam sputtering, annealing 100 573 0.98 [21]
mixed (CuTi)Ox Magnetron sputtering 35,000 473 1.3-10.9 This work

4. Summary

The purpose of this study was to investigate the selected properties of thin films of
copper and titanium oxide mixtures. In this regard, the (CuTi)Ox thin films with various
Cu concentrations were prepared using magnetron co-sputtering. In addition, post-process
annealing at 473 K was applied to additionally oxidize deposited thin films. The as-
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deposited thin films had dense and well-packed structures. The copper concentration was
equal to 23, 41, 56, and 77 at.%. XRD studies showed that the as-deposited oxide mixtures
consisted of metallic copper and copper oxides crystallites. Post-process annealing resulted
in a change in morphology to partially porous structures and caused crystallization of
anatase and partial oxidation of copper to CuyO or CuO. All annealed (CuTi)Ox thin
films exhibited strong p-type semiconducting properties. Moreover, stronger hole-type
conductivity was obtained in the (CuTi)Ox composite material than in the Cu,O thin
film. The (Cug77Tip23)Ox annealed at 473 K exhibited the best optoelectronic properties,
as it was semitransparent in the visible radiation range, exhibited the strongest p-type
conductivity and had the lowest resistivity of all deposited samples. Moreover, all the thin
films responded to 3.5% hydrogen. These responses were characterized by long response
times and very short recovery times. Again, the (Cug77Tig23)Ox sample exhibited the
highest response (10.9 times).

As has been shown in this work, the hydrogen sensing properties of (CuTi)Ox thin
films are promising, nevertheless, there is much to be done in the future works, e.g.,
further investigation of gas sensing properties to hydrogen of concentrations smaller than
1000 ppm and determination of chemical state of the surface are planned. The authors’ aim
is to establish the mechanism responsible for the change in resistance under the influence
of hydrogen. For that purpose, in-situ XPS measurements without and under the influence
of hydrogen are scheduled to determine changes in oxidation states on the surface.
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Abstract: Fe;Si films are deposited onto the Si(111) wafer using sputtering with parallel facing targets.
Surface modification of the deposited Fe3Si film is conducted by using a microwave plasma treatment
under an Ar atmosphere at different powers of 50, 100 and, 150 W. After the Ar plasma treatment,
the crystallinity of the coated Fe3Si films is enhanced, in which the orientation peaks, including (220),
(222), (400), and (422) of the Fe3Si are sharpened. The extinction rule suggests that the By—Fe3Si
crystallites are the film’s dominant composition. The stoichiometry of the Fe3Si surfaces is marginally
changed after the treatment. An increase in microwave power damages the surface of the Fe3Si films,
resulting in the generation of small pinholes. The roughness of the Fe3Si films after being treated at
150 W is insignificantly increased compared to the untreated films. The untreated Fe3Si films have
a hydrophobic surface with an average contact angle of 101.70°. After treatment at 150 W, it turns
into a hydrophilic surface with an average contact angle of 67.05° because of the reduction in the
hydrophobic carbon group and the increase in the hydrophilic oxide group. The hardness of the
untreated Fe3Si is ~9.39 GPa, which is kept at a similar level throughout each treatment power.

Keywords: Fe3Si film; facing targets sputtering; wettability; mechanical property; plasma treatment

1. Introduction

There are a variety of materials that could pair with silicon (Si) to form a silicide
composite such as nickel, titanium, chromium, and iron (Fe) to name a few [1]. Among those
elements, Fe is an excellent element to merge with Si because both are abundant within
the earth [2,3]. Iron silicide (FeSi) possesses various phases, ranging from the nonmagnetic
metallic FeSi to the ferromagnetic iron silicide (Fe3Si), all with unique properties and
potential applications of their own [2-8]. Fe3Si is an outstanding specimen among the
phases of FeSi because Fe3Si owns the following striking features: an almost identical lattice
constant to those of gallium arsenide (GaAs) [9], a slight lattice parameter misfit of —2.5%
with FeSi; owning the 3 phase and 4.2% with Si [4,5,9,10], an impressive set of magnetic
properties of a slight coercive field of 7.5 Oe and a comparatively high spin polarization of
45%, and an impressive thermal stability of over 800 K Curie temperature [5,9,11,12]. These
features make Fe3Si attractive for the use in spin transistor application [2-8]. Aside from
its magnetic properties, Fe3Si also has good physical properties such as high hardness and
respectable corrosion resistance [13]. Additionally, Fe3Si films possess a smooth surface
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that can be epitaxially produced on the (111) orientation Si wafer [5,9,10]. Hence, it also
generates attention as a hard coating material.

Previously, our research group epitaxially created Fe3Si films onto Si wafers owning
a (111) orientation at ambient temperature, relying on sputtering with a facing targets
system [5,14-16]. This system provides several merits such as a high plasma density,
high-energy particle, stable substrate temperature, low stoichiometry discrepancy, and low
plasma damage [5,14-16]. The produced Fe3Si films also appear to be of a dominant B,
structure for all existing basic structures (DOs, A, and By) of Fe3Si [5]. We also created the
Fe;Si films at different substrate temperatures, which uncovered that 300 °C is the most
suitable substrate temperature for an epitaxial deposition of Fe3Si films [4]. Employing a
300 °C substrate temperature, Fe3Si structures are enhanced while they remained at the
same phase and kept their electromagnetic traits [4]. Our prior studies on Fe3Si mainly fo-
cused on the structural and magnetic properties of the films [4,5,9-12]. Despite those, there
has been little research that involves the wetting angle and the mechanical characteristics,
including the hardness and reduced elastic modulus for the Fe3Si film surfaces.

Many researchers have reported that the physical characteristics of films can be altered
via the usage of plasma treatment procedures [17-23]. Plasma treatment is a procedure that
changes the material’s surface, leading to a change in roughness [17-22]. Plasma ions can
chemically react with the film’s surface and can also physically bombard some particles
or contaminant from the surface, both resulting in the modification of the surface and
wetting properties, including an improvement of film surface quality [17-23]. Among the
conventional plasma, argon (Ar) plasma possesses a set of intriguing characteristics [19-23].
Ar plasma treatment roughens the surface of the material and can also control surface
oxidation, due to the fact that the plasma can either break the oxygen bond with the
metal surface or generate an active hydroxyl group on the surface [20,21]. It has been
reported that Ar plasma can shift the wetting state of materials from hydrophobic to
hydrophilic [21-23]. According to literature, variation of the generating power influences
the plasma properties and their interaction above the sample’s surface [20,23]. C.C. Surdu-
Bob et al. [20] discovered that low power plasma can induce oxidation on films, while
high power plasma can sputter etch a GaAs film’s surface. L. Ru and C. Jie-Rong [23]
studied the effect of plasma power on the wettability of poly-vinyl chloride (PVC). The
PVC samples were originally hydrophobic, but the wetting state shifted to hydrophilic after
Ar plasma treatment. The hydrophilicity of the treated PVC increased correspondingly to
the raising of plasma power. Hence, Ar plasma treatment with power variations should
have a potential for the surface modification of Fe;Si films.

For these reasons, this research work focuses on the modifications of the roughness
and chemical composition over the Fe3Si film’s surface through Ar plasma treatment under
various powers, to change the wettability and the mechanical properties of the Fe3Si films.
The wetting and mechanical properties for Fe3Si films are provided, including the effect of
microwave (MW) plasma treatment on such properties. Fe3Si films were formed on Si wafer
substrates via facing targets sputtering at 300 °C of substrate temperature, then, separated
for Ar plasma treatment at 50 to 150 W. The effect of power on the characteristics of all
Fe3Si samples, untreated and treated, was to be examined through several characterization
techniques. It was expected that the roughness and chemical composition of the Fe3Si
surface could be changed by a variation of the plasma power under an Ar ambient, which
may lead to the modifications of the wetting angle and hardness. The samples in this
research were investigated from a single Fe3Si sample, while there may be a minor deviation
from the results of the other Fe3Si samples under the same experimental condition.
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2. Materials and Methods
2.1. Epitaxial Creation of Fe3Si Films

The substrate of n-type Si wafers (SUMCO Corp., Tokyo, Japan) (orientation: (111),
resistivity: 1000-4000 ohm-cm) was used to produce the Fe3Si films. The Si wafer cleaning
was performed by the usage of acetone and methanol (FUJIFILM Wako Pure Chemical
Corp., Osaka, Japan) inside an ultrasonic cleaner (As One, Osaka, Japan; model US-1)
to remove surface contamination. After that, the Si substrates were dipped into diluted
hydrofluoric acid (1%) to remove the native oxide layer. The acid was then rinsed from
the substrate surface by using deionized water. Later, the cleansed Si wafers were dried
by using nitrogen gas (Iwatani Corp., Osaka, Japan; 99.999% purity) and transferred to a
substrate holder in the vacuum chamber.

For the sputtering systems, a couple of Fe3Si alloy targets (TOSHIMA Manufacturing
Co., Ltd., Saitama, Japan; 99.9% purity) with an atomic ratio of Fe:Si equal to 3:1 was
provided as the sputtering source. The sputtering chamber was connected to a rotary pump
(Alcatel Japan, Kanagawa, Japan; model CIT-Alcatel 2030C) and a turbo molecular pump
(Osaka Vacuum, Osaka, Japan; model TG1003) to vacuumize the sputtering chamber. The
base pressure was evacuated to below 3 x 107> Pa. Then, the chamber was filled with
Ar gas (Iwatani Corp., Osaka, Japan; 99.9999% purity) at a constant flow rate of 15 sccm
via a mass flow controller (KOFLOC, Kyoto, Japan; model 3660), where the pressure was
maintained at 1.33 x 10~! Pa. The temperature controller (OMRON, Kyoto, Japan; model
E5CN) heated the Si substrate from the backside at the set temperature of 300 °C. The gas
discharge was generated at a voltage of 1 kV and a current of 1.2 mA through a direct
current power supply (Micro Denshi, Saitama, Japan; model HD1K-30N). The Fe3Si films
were produced at the deposition rate of 1.07 nm/min for 24 h.

Figure 1 illustrates the 2D diagram of facing targets sputtering system for the sput-
tering of Fe3Si films. The circular Fes3Si targets were provided on both facing cathodes,
where the positioning of the substrate located perpendicularly to the targets and outside
the ion bombardment confined to over the targets [24]. Permanent magnets were mounted
beneath each cathode to control and speed up the charged particles [24]. The inert gas
was introduced through the gas feed system, where the gas ions collided with the target
planar at the cathode with the same negative voltage [24]. The emitted electrons from the
collision were sped up by the electric and magnetic fields [24]. The electrons, which are
dominated by Lorentz force, moved toward the opposite target [24]. Consequently, the
ionization efficiency for facing targets sputtering could be improved, including deposition
rate [24]. The sputtered atoms moved onto the heated substrate surface and condensed
into the Fe3Si films [24].
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Figure 1. Schematic of facing targets sputtering apparatus used in creating Fe3Si films.
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2.2. Surface Modification of Fe3Si Films

After the production, the Fe3Si films were divided for surface treatment with Ar
plasma using a commercial plasma system (Diener Electronic, Ebhausen, Germany; model
PICO) equipped with a 2.45 GHz MW generator (Diener Electronic, Ebhausen, Germany;
model MWG 1200), as can be seen in Figure 2. Before the treatment process, a rotary
pump (ULVAC KIKO Inc., Miyazaki, Japan; model DIS-251) was employed to purge the
air inside the chamber of the MW plasma system until the pressure became lower than
2 Pa, which was the base pressure of this arrangement. After that, Ar gas was introduced
into the chamber at a 5 sccm flow rate, where the operating pressure for surface treatment
was kept at 50 Pa throughout the treatment process. The magnetron head, on the top
of the vacuum chamber, generated MW radiation with a consistent power, which was
transferred to the chamber through a dielectric quartz window [25]. The channel MW
radiation induced Ar gas ionization within the vacuum chamber, causing the generation of
Ar plasma that bombarded the film’s surface [25]. For the treatment condition, the Fe3Si
films were treated for 10 min under the various generating powers of 50, 100, and 150 W.
After the process ended, the gas feed was stopped followed by a ventilation process until
there was no processing gas remaining and the pressure within vacuum chamber returned
to atmospheric pressure. Afterward, the treated samples were safe to be retrieved from
the chamber.

Magnetron, 2.45 GHz

Venting Valve

Ar gas — i
[ , [
QuartzﬁWindow
Ar Plasma
Fe;Si film
I

7 T

Rotary Pump . -

1

Figure 2. Arrangement of the MW plasma system.

2.3. Investigation of the Properties of Fe3Si Films

Several properties of the untreated and treated Fe3Si films were inspected with instru-
ments such as X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS), field
emission scanning electron microscope (FESEM), atomic force microscope (AFM), contact
angle meter, and nanoindenter. A structural investigation of the untreated and treated
Fe3Si films, such as crystal orientation and crystallite size, was performed through XRD
(Rigaku, Tokyo, Japan; model TTRAX III) under the conventional 26-6 scanning mode in the
range 20°-90°. The size of the crystallite was simulated by using JADE software (Materials
Data, Inc., Livermore, CA, USA; version 9.7.0). The atomic concentration of untreated and
Ar-treated Fe3Si films was measured by using an XPS (Kratos Analytical, Manchester, UK;
model Axis Ultra DLD) and quantified through CasaXPS software (Casa Software Ltd.,
Devon, UK; version 2.3.24). The morphology of the Fe3Si film'’s surface, before and after
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plasma treatment, was studied through FESEM (Hitachi, Tokyo, Japan; model SU 8230) at
300 kx magnification, under a 10 kV load. The cross-sectional properties for all Fe3Si films
were captured at 30 kx magnification, under a 10 kV load. The surface roughness of the
untreated and Ar-treated Fe3Si was scanned through AFM (Park Systems, Suwon, Korea;
model XE-120) in the non-contact scanning mode at 5 x 5 pm? of scanning area, while the
root-mean-square roughness (Ryms) was evaluated through Gwyddion software (General
Public License). The wetting properties for all the Fe3Si film’s surfaces were exposed by a
contact angle meter (DataPhysics, San Jose, CA, USA; model OCA20) applying deionized
(D.I) water as the test liquid. The mechanical characteristics of hardness and reduced
elastic modulus for the untreated and treated Fe;Si films were assessed by a nanoindenter
(Bruker’s Hysitron, Minneapolis, MN, USA; model Ti premier).

3. Results and Discussion
3.1. Structural Properties of Fe3Si Films

Figure 3 presents the XRD patterns for the Fe3Si films, created at 300 °C substrate
temperature, with before and after Ar plasma treatment at different powers. The sharp
diffraction pattern of the untreated Fe;Si films exhibited the preferential orientations of
Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422) at the positions of 44.42°, 56.26°, 64.70°,
and 81.88°, respectively. The plasma-treated Fe3Si films were also observed for the peaks
of Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422). The untreated Fe;Si films showed
the sharp peaks of Fe3Si(220) and Fe3Si(222), including the weak peaks of Fe3Si(400) and
Fe3Si(422). These obtained peaks are well-known as successful coatings for Fe3Si films
onto Si substrate. The preferential orientations of Fe35i(220), Fe;Si(222), Fe3Si(400), and
Fe3Si(422) were also reported and confirmed by the literature of S.I. Hirakawa et al. [14]
and C.B. Tang et al. [26,27]. For the details, the orientation of Fe35i(222) denoted that the
films hold a B; structure with a superlattice reflection of By—Fe3Si crystallites [5]. The
preferred orientations of Fe3Si(220), Fe3Si(400), and Fe3Si(422) showed a fundamental
reflection of Fe;Si films [5]. From the XRD peak profiling, the untreated Fe3Si exhibited
the full width at half maximum (FWHM) of the sharpest diffraction peak with a value of
0.379. After treating with 50, 100, and 150 W, the change in the FWHM was observed with
the values of 0.322, 0.342, and 0.361, respectively. Based on the appraisement by Scherrer’s
equation through the JADE software, the crystallite size for the untreated films was around
30.925 nm. The crystallite size became 35.200, 33.175, and 31.225 nm after treating with
Ar plasma at 50, 100, and 150 W, respectively. This behavior shows a rise in the crystallite
size of the Fe3Si films after the 50 W plasma treatment, which may originate from the
enhancement in crystallinity of the Fe3Si films [28-30]. The crystallinity improvement may
be due to the defect annihilation progression [28]. The crystallite sizes for the Fe3Si films
treated at 100 and 150 W were both relatively smaller than that of the 50 W treated films
due to orientational disarrangement caused by the more energetic ions that bombarded
the surface [30,31]. In contrast, the change of grain size scarcely occurred when using
Ar plasma treatment due to the nature of the noble gas, which does not cause epitaxial
growth [32].
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Figure 3. XRD patterns of the untreated Fe3Si film and treated Fe3Si films under the different powers.

3.2. Chemical Properties of Fe3Si Films

Figure 4 demonstrates the XPS results for the surface composition of the untreated
Fes3Si films and Fe3Si films treated at different powers. From the XPS results, the peaks
of Fe 2p, O 1s, N 1s, C 1s, and Si 2p were observed. These peaks were translated into an
atomic concentration of the film’s surface, as represented in Table 1. The results showed
an opposite behavior between the content of O 1s and C 1s concentrations for all Fe3Si
films. In response to the plasma exposure, the C 1s concentration decreased, while O 1s
concentration increased as the MW power was raised. The XPS analysis revealed that, aside
from Fe and Si, the surface of the Fe3Si films also features abundant carbon and oxygen.
Carbon and oxygen are common contaminants found in any material, especially on the
metal-contained ones after exposing to the environmental air [33,34]. Fe3Si is an oxidation-
prone material that allows the layer of the oxide group to form on its surface easily [33]. The
C 1s peak mainly originated from the layer of adventitious carbon, which forms easily on
atmospherically exposed metal [34]. For N 1s, the nitrogen content may have come as a part
of organic residues on the exposed surface, which is consistent with the copious amounts
of C found on the surface [34]. These adventitious carbons are commonly attributed to
be the reason behind hydrophobicity [22]. Under the low-pressure MW plasma treatment
of Ar, high-energy ions collide with the sample surface, dissociate the organic carbon
contaminants, and cause them to volatilize [22]. There is also the contribution from the
oxide group, which evidently was the major contributor to hydrophilicity of the treated
surface [21,22]. Hydrophilic oxide groups may come from the MW plasma chamber as the
Ar gas may contain a tiny amount of oxygen, as well as the highly active groups remaining
on the surface after plasma bombardment, which subsequently react with oxygen when
exposed to air or plasma impurity [20,21].

102



Coatings 2021, 11,923

150 W treated

100 W treated

50 W treated

Untreated

Intensity (arb. units)

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 4. XPS patterns of the untreated Fe3Si film and treated Fe3Si films under the different powers.

Table 1. Atomic concentration of Fe3Si films at different MW plasma treatment conditions.

Surface Atomic Concentration (at.%)

Sample -
Fe 2p O1s N1s Cils Si2p
Untreated 10.30 47.19 3.28 35.68 3.55
Ar treated (50 W; 10 min) 12.78 53.07 2.87 2647 481
Ar treated (100 W; 10 min) 13.61 56.15 2.00 23.48 4.76
Ar treated (150 W; 10 min) 15.49 56.23 2.02 20.35 592

3.3. Surface Morphologies of Fe3Si Films
3.3.1. FESEM Images

Figure 5 shows typical FESEM micrographs from a top view of the untreated and
treated Fe3Si film surfaces by Ar plasma treatment under the various biased powers. These
micrographs were captured at the magnification of 300 kx. Figure 5a exposes that the
untreated Fe3Si films presented an abundance of small crystallites over the entire surface
area with a uniform surface structure; pinholes with a destructive surface area were not
observed. This should be because of the advantages of sputtering with a pair of facing
targets. Namely, this coating technique has the benefits from a low increment of substrate
temperature, low-different stoichiometry films compared to the sputtering target, and
high plasma density [35-37]. Additionally, the plasma’s particles were detained within the
generated magnetic field from the permanent magnet beneath the sputtering targets [35-37].
For a sputtering technique with facing targets, the surface of the Si wafer substrate was
in parallel and situated away from the originated plasma zone during a film’s coating,
which led to less plasma damage over the film surface [35-37]. The surface structure of the
50 W treated Fe3Si films was slightly changed from that of the untreated Fe3Si films. At
the higher treating powers of 100 and 150 W, the influence of the plasma treatment on the
morphology of the treated Fe3Si film’s surface became more noticeable with the formation
of slight bumps, including a non-smooth surface pattern and pinholes. The change of the
treated Fe3Si film's surface increased as the power was increased. This may have originated
through the rise in the etching rate because of the Ar ions kinetic energy elevation [20].
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Figure 5. Planar FESEM micrographs of the coated Fe3Si films (a) without and with treatment using Ar plasma at the
different applied powers of (b) 50 W, (c) 100 W, and (d) 150 W.
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Figure 6 demonstrates the representative cross-sectional FESEM micrographs of the
untreated Fe3Si films and the Fe3Si films treated by plasma at various powers. All cross-
sectional FESEM images were captured with a magnification of 30 kx. Figure 6 uncovers
the linear interface between the film layer and the substrate layer. All untreated and treated
Fe3Si films were absent from deformity and discontinuity of interface between the layers.
Figure 6a discloses that the constructed Fe3Si film layer under the untreated condition
owned an average thickness of 1.11 um. The average thickness for the Fe3Si films treated at
the 50 W power was calculated to be around 1.09 um. By raising the plasma powers to 100
and 150 W, the average thickness values of the treated Fe3Si films slightly diminished to
1.08 and 1.05 um, in order. The diminution of the film thickness as the power was increased
may be attributable to the rise in high energetic ion bombardment, engendering a higher
etching rate [20].
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Figure 6. Cont.
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Figure 6. Cross-sectional FESEM micrographs of the Fe3Si films on Si wafers treated at different powers: (a) untreated and
(b) 50 W, (c) 100 W, and (d) 150 W treated.
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3.3.2. AFM Images

Figure 7 represents the AFM scanned images of the untreated and treated Fe3Si films
through Ar plasma at the different applied powers. Using AFM analysis, the determination
of Ryms for the untreated and treated Fe3Si film’s surface could be conducted. According to
the AFM topography, it was visible that the untreated Fe3Si films exhibited a rather smooth
surface with an appraised Rims of 10.63 A. This outcome was consistent with that of the
FESEM result, where the smoothness of the untreated Fe3Si films should be due to the
advantages of facing targets sputtering. As a result, the damage from the plasma should
have been low and generated less surface roughness over the film’s surface plane [35-37].
After the treatment with Ar plasma, the Ryms value for the Fe3Si films treated with 50 W
power was evaluated to be 10.71 A, where the Ryys value was slightly higher than that
of the Fe3Si films without plasma treatment. The treated Fe3Si films at 100 and 150 W
manifested the assessed Ryms values of 11.07 and 13.06 A, respectively. Based on the surface
topography, the roughness for the Fe3Si films was not drastically changed by the Ar plasma
treatment compared to similar materials such as GaAs [20]. In the process of MW plasma
treatment, the Fe3Si film surface was bombarded by highly energetic species ejecting some
Fe and Si atoms from the Fe3Si surface out, resulting in a physical change in the surface
roughness [20]. There was also an occurrence of a dangling bond on the film’s surface, which
was not permanent as it could either diffuse from the surface or induce oxidization when
aging [20,38]. It is acknowledged that elements such as Fe and Si are easily oxidized [33].
As mentioned above, there is a possibility that the Fe3Si surface can be oxidized. Hence, its
physical properties, such as the surface roughness, may have changed after the treatment.
Oxidation has been proven to hardly affect the roughness of alloy surfaces, where the effect
of roughness would not wear off for a considerable amount of time [39,40].
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Figure 7. AFM images of the Fe3Si film surfaces (a) before and after plasma treatment at (b) 50 W, (c) 100 W, and (d) 150 W.

3.4. Wetting Properties of Fe3Si Films

Figure 8 displays the captured images for the contact angle measurement of the
untreated and treated Fe3Si films under the varied powers. For the surfaces of the untreated
and treated Fe3Si films, the wetting angles were determined by using D.I. water droplets.
For the wetting property, it can be verified, based on the average contact angle (8..), into
super-hydrophilic (6, < 10°), hydrophilic (10° < 8¢ < 90°), hydrophobic (90° < 6., <150°),
and super-hydrophobic (150° < 0., < 180°) [41]. Figure 8a represents the wetting angle
between the droplet and the surface of the untreated Fe3Si films, where the evaluated 6,
was determined to be 101.7°. The result shows that the Fe3Si films exhibited a wetting
state of hydrophobic. Figure 8b—d presents the captured images between the droplet and
the treated Fe3Si films at the increased powers of 50, 100, and 150 W, respectively. After
treating with Ar plasma, 6., was slightly reduced to 87.75° for the Fe3Si films after treated
at 50 W, in which the surface was determined as a hydrophilic state. At increasing powers,
the 6., values for the FesSi films gradually decreased to 79.20° and 67.05° at 100 W and
150 W, respectively.

It was observed that the surface of the untreated Fe3Si films exhibited their hydropho-
bicity, while the surfaces of all plasma-treated Fe3Si films turned into the hydrophilic state.
The gained results of XPS revealed that more than a third of the untreated Fe3Si film’s
surface was covered by the carbon functional group following by the oxide group and
Fe3Si compositional elements; the hydrophobicity for the surface should be predominantly
controlled due to this reason [22]. After the plasma treatment, the XPS results for the treated
films revealed a decrease of the hydrophobic carbon chemical composition by selective
etching through energetic Ar ions impact [22]. Concurrently, the oxygen concentration
also increased due to the highly polarized group left behind after sputter etching at low-
pressure MW plasma under an Ar atmosphere [20]. These changes in surface composition
resulted in the change in the wetting state from hydrophobic to hydrophilic. The trend
continued as the power was increased. Based on the FESEM and AFM results, the surfaces
of all the Fe3Si films comprised nano-rough morphology. In physical terms, the surface
wetting of the Fe3Si films can be commonly attributed to the wetting models of Wenzel and
Cassie-Baxter [42—45]. Wenzel and Cassie-Baxter incorporated the roughness as one of the
important parameters in their models, where the former is based on surface alignment and
the latter relies on the air groove [42-45]. However, our result shows a significant alteration
of the wetting behavior of Fe;Si despite the insignificant change in surface morphology.
Hence, the wettability of the Fe3Si films was predominantly dictated by their chemical
composition on the surface of the untreated and plasma-treated films.
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Figure 8. Images for the contact angle measurement on the surface of the Fe3Si films (a) before and after treated at (b) 50 W,

(c) 100 W, and (d) 150 W.

3.5. Mechanical Properties of Fe3Si Films

For the mechanical properties, the nanoindentation technique using a Berkovich
indenter was used to investigate the hardness and reduced elastic characteristics of the
untreated and treated Fe3Si film surfaces. The indentation test was carried on by applying
an indentation load of 3 mN to all the Fe3Si films, before and after Ar plasma treatment
at 50 W-150 W. The maximum depth for the test was controlled at 10% of the thickness
of all films (100 nm), where the effect of the substrate could be suppressed [46,47]. The
nanoindentation test for the untreated and Ar plasma-treated Fe3Si films was performed
repeatedly, five times. Figure 9 presents the plot set of the applied indentation load versus
the depth of penetration (load-depth curve) for the Fe3Si films under the conditions of
untreated, 50 W treated, 100 W treated, and 150 W treated, respectively.

The average hardness value (H) and reduced elastic modulus value (E;) of the un-
treated and Ar plasma-treated Fe3Si films were calculated from the unloading portions
of their load-depth curve [48,49]. The H and E; for all Fe3Si samples are summarized
in Table 2. Figure 10 (red line) presents the relative plot between the H for the Fe3Si
samples regarding their treatment power, with a standard deviation. The H-power plot
shows the decreasing trend of the hardness characteristic of Fe3Si films with increasing Ar
plasma treatment power. In the same vein, the E; decreases, as shown in Figure 10 (blue
line), where a plot between the E; versus power for Fe3Si films is depicted. Based on the
nanoindentation result, the H of the untreated Fe3Si films was close to the Fe3Si reported by
various sources [25,50]. The H and E; were almost the same, albeit slightly declined after
the Ar plasma treatment. They agreed with the morphology results of the films, where
the inconsistency of the film’s surface was observed as the standard deviation [51]. As the
plasma power increased, the deviation increasingly swayed by the accumulated plasma
damage [51]. Considering the fact that the nanoindentation only penetrated 10% of the
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film’s thickness, these changes as a response to surface modification are insignificant when

taken together.
3.01 Untreated 3.01 50 W treated
2.51 2.5
~ —
Z 2.0 Z 2.0
£ £
- A
= 1.5 = 1.54
3 =3
=} =
=~ 1.0 =~ 1.0
0.5 0.5
0.0 . . . r . 0.0 . . . r r
0 20 40 60 80 100 0 20 40 60 80 100
Depth (nm) Depth (nm)
(@ (b)
3.01 100 W treated 3.01 150 W treated
2.5 2.5
Z 2.0 Z 2.0
E E
= 1.5 = 1.5
< ]
e 5
=~ 1.0 =~ 1.0
0.5 0.5
0.0 r . . . . 0.0 . . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Depth (nm) Depth (nm)
(0 (d)

Figure 9. Load versus depth plots of the Fe3Si films (a) before and after treated at (b) 50 W, () 100 W, and (d) 150 W.

Table 2. H and E; for untreated Fe3Si and Ar plasma-treated Fe3Si.

Sample H (GPa) E; (GPa)
Untreated 9.392 + 0.070 204.862 4+ 1.226
Ar treated (50 W; 10 min) 8.991 + 0.069 205.943 £ 4.633
Ar treated (100 W; 10 min) 8.881 + 0.080 208.085 £ 3.113
Ar treated (150 W; 10 min) 8.857 £ 0.094 212.693 £+ 3.211
10.5 220
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Figure 10. Plots of the (red) H and (blue) E; with standard deviation versus plasma-treated power of
the surface of the Fe3Si films treated by Ar plasma under different powers.
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4. Conclusions

The present study clarified the cause of hydrophobicity of Fe3Si films epitaxially
created through facing targets sputtering at 300 °C heated substrate and the effect of Ar
plasma treatment power on the film’s properties. The XRD patterns for all Fe3Si films
presented a combination of a B, and DOj3 Fe3Si crystal structure. The orientational peaks
of the XRD pattern became much higher at 50 W due to the suppression of surface contam-
ination, resulting in preferable orientations. Meanwhile, the peak intensities went down
as the power was increased, due to the sputter etching caused by the higher energy ions.
The atomic concentration extracted from the XPS spectrum revealed that the surface of the
untreated Fe3Si was laden with carbon and oxygen, which was the general contamination.
The Ar plasma treatment reduced the carbon concentration by the volatilization of the
carbon atoms through ion collision. The plasma also left behind a radical reactive site which
formed into an oxide layer on the Fe;Si surface. As the power increased, the atomic concen-
tration of oxygen also increased, while carbon decreased. The morphological outcomes, as
gained from both the FESEM and AFM, showed a seamless surface with an Ry of 10.63 A
for the untreated Fe3Si films. After plasma treatment, the surface was bombarded by high
energy ions, causing the appearance of pinholes which roughened the surface to 13.06 A at
150 W of power. The film’s thickness of the constructed Fe3Si was only slightly decreased
by the Ar plasma at different powers. From the contact angle results, the untreated Fe3Si
films possessed 6, of 101.7°, which changed to 67.05° after Ar plasma treatment at 150 W.
The shift in hydrophobicity was likely due to the change in the chemical composition of the
surface, namely, the reduction in hydrophobic organic carbon and the augmentation of the
hydrophilic oxide group. The H and E; of the untreated Fe3Si films were not significantly
influenced by the Ar plasma at different powers. For the next settlement, the effect of
other plasma treatment parameters on Fe3Si’s properties such as time, pressure, and gas
type can be explored. The study will mainly focus on how these parameters can affect
the wettability and mechanical properties of Fe;Si to properly determine the optimized
condition for the modification of wettability and mechanical properties.
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Abstract: In this work, an improved methodology of cross-sectional scanning electron microscopy
(SEM) analysis of thin-film Ti/V/Ti multilayers was described. Multilayers with various thicknesses
of the vanadium middle layer were prepared by magnetron sputtering. The differences in cross
sections made by standard fracture, focused ion beam (FIB)/Ga, and plasma focused ion beam
(PFIB)/Xe have been compared. For microscopic characterization, the Helios NanoLab 600i micro-
scope and the Helios G4 CXe with the Quanta XFlash 630 energy dispersive spectroscopy detector
from Bruker were used. The innovative multi-threaded approach to the SEM preparation itself, which
allows us to retain information about the actual microstructure and ensure high material contrast
even for elements with similar atomic numbers was proposed. The fracture technique was the most
noninvasive for microstructure, whereas FIB/PFIB results in better material contrast (even than EDS).
There were only subtle differences in cross sections made by FIB-Ga and PFIB-Xe, but the decrease in
local amorphization or slightly better contrast was in favor of Xe plasma. It was found that reliable
information about the properties of modern nanomaterials, especially multilayers, can be obtained
by analyzing a two-part SEM image, where the first one is a fracture, while the second is a PFIB cross
section.

Keywords: cross section; preparation techniques; SEM; FIB/Ga; PFIB/ Xe; thin-film materials; multilayer;
magnetron sputtering

1. Introduction

Scanning electron microscopy (SEM) allows for the study of a broad range of spec-
imens for scientific and industrial purposes. In addition to metal alloys [1], biological
and geological samples [2-8] and polymers [9-11] can also be investigated, as well as elec-
tronic devices [12,13] and mechanical components incorporated into larger structures [14].
Advanced imaging techniques require the use of an appropriate method for sample prepa-
ration. Nevertheless, preparation for SEM is still not a trivial task, especially when the
characteristic dimensions of the objects are at the nanometric level. The choice of the
appropriate technique depends on the nature of the sample, including its conductivity,
state of aggregation (liquid, solid), and form (powder, bulk material, thin film, etc.). The
preparation is closely related to the type of information that should be obtained from the
sample with the aid of SEM. The smaller the area of interest, the more demanding sample
preparation is, not to mention the need to reduce artifacts and unwanted modification of
the sample itself. Selection of the appropriate preparation technique, even from among the
already recognized methods, requires knowledge of how each of them changes the actual
properties of the sample. Making such a seemingly simple choice is not easy due to the very
small number of studies that compare the results of different methods of preparation of the
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same samples [15,16]. In the case of modern nanomaterials, this is also difficult because
the parameters that describe them are often statistical in nature, such as the average size
of the crystallites [17]. For this reason, a good research material for a reliable comparison
of several methods is multilayer coating, where a well-defined single layer of the desired
thickness can be buried at a specific and known depth [18-23]. It should be noted that a
series of multilayers with a gradually modified thickness of selected layers allows for better
visibility of quite subtle differences and artifacts that could have arisen, especially in the in-
terface area [24-26]. Another issue that makes it difficult to choose the optimal preparation
is related to the fact that most publications refer to the advantages and disadvantages of
one single method, and unfortunately often without any explanation of the reasons for its
choice [27-33]. The third issue to be mentioned is the use of quite contrasting materials (for
SEM), which will have a rather poor application for materials consisting of elements with a
similar atomic number, such as the titanium and vanadium selected for our research [34,35].
Their use results in a very low electron density contrast at the interface and is an additional
difficulty in SEM imaging, but will allow for the elimination of much more subtle artifacts.

An important issue of SEM preparation, especially in the context of imaging advanced
nanostructures, is the manufacturing of cross sections. The selection of an appropriate
technique, especially in the case of multilayer coatings, is key to the correct visualization of
their properties and to limiting the possibility of introducing artifacts. Imaging of advanced
electronic components, where characteristic dimensions are at the nanometer level, requires
working with cross sections devoid of as many artifacts as possible. Modern electronic or
optoelectronic systems usually have a multilayer structure, which results in the need to
characterize them at the level of single, nanometric films. For this reason, thin-film materials
(in the form of single films or multilayers) are an important group where advanced prepa-
ration techniques for SEM analysis are needed. They should include not only unchanged
microstructure, surface roughness, or thickness, but should also give true information about
the material composition. Nowadays, it is possible to characterize a single film included
in the multilayer structure with thicknesses of at least tens of nanometers [36]. Multilayer
coatings (used as optical filters), which are a stack of high and low refractive index layers,
have thicknesses of individual layers often <10 nm. Similarly, the characteristic dimensions
have transistors, which are now produced with the so-called 7 nm technology. Therefore,
these factors have led to the development of electron microscopy. Currently, the newest
apparatus provides a resolution of ca. 1.4 nm. Therefore, it seems sufficient to visualize
various types of advanced electronic, photonic, or optical systems based on nanostructures.
However, there are still many problems with the proper preparation of the samples for
SEM. It should be noted that while there is no ideal method that would be suitable for
every sample, an improved methodology based on the hybrid preparation technique as a
multistep approach can be applied as a modern solution.

Improvement of the SEM results requires the use of such cross section preparation
techniques that will maintain the real properties of individual layers and interfaces [16,37].
There are a number of methods for manufacturing cross sections of thin films. Among
these are the break method [37-39], the pre-cut technique [40], ultramicrotomy [37,41,42],
grinding and polishing preceded by resin encapsulation [37], as well as ionic techniques:
ion polishing [43-45] and a focused ion beam [46,47]. In each method, there are artifacts
that affect the visualization of the properties of the samples, which one needs to be able to
dissect. In the literature on thin films, the field of preparation is usually ignored; only SEM
images of cross sections are presented. Many works, e.g., [48,49] show results obtained
by only one technique, which usually is a standard fracture. There is a lack of summaries
comparing different preparation methods with each other, and this paper is an attempt to
address this niche. In our opinion, the improved methodology for the manufacturing of
thin-film preparations for the purposes of SEM research can be successfully implemented
using three methods, which are fracture and focused ion beams with gallium ion source
and xenon plasma.
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Standard fracture is a very common method. It does not affect the microstructure
of the samples, enhances their morphology, and is cheap and fast. However, its main
disadvantage is low repetition and high susceptibility to accidental damage. Delicate
samples, e.g., coatings deposited on polymer substrates, may require preceding fracture by
freezing a sample in liquid nitrogen in order to obtain brittle fracture of the polymer [47].

An ion technique used for the cross section of coatings is the focused ion beam
(FIB) [46,47]. The structure and chemical composition of multilayer structures can be best
visualized when imaging occurs perpendicularly across the interface [16], hence the ability
to perform cross sections without artifacts becomes crucial. FIB enables microstructural
characterization of coatings by cross-sectioning and preparation of specimens for scanning
purposes, as well as for transmission electron microscopy [48-50]. The most important FIB
advantage is the fabrication of the specimen in a selected area of interest. Compared to
mechanical polishing, it avoids deformation, streaking of polished layers, and filling of
existing cracks [48]. The duration of such a FIB preparation is usually not longer than 15 min.
The cross section is formed by multiple passes of a high-energy ion beam (with a current
value of ca. 2.7 nA). The penetration depth gradually increases, and at the deepest point of
the section, its surface is perpendicular to the surface of the sample. The coarse-picking
stage is followed by polishing the cross section with the ion beam obtained at a lower
current (about 0.15 nA), after which the sample is ready for imaging. Iterative polishing
and imaging of the cross-sectional surface enable a three-dimensional reconstruction of the
microstructure [48].

It should be noted that in many works (e.g., [36]) dedicated to SEM studies of thin
film materials, especially those prepared by PVD or CVD methods, the methodology for
preparation techniques for accurate microscopic visualization is not given or has a residual
description. This causes difficulties in the proper interpretation and characterization. Hence,
there arises the need to develop a complex methodology. The aim of our work was to
develop an improved methodology for the study of thin-film coatings on the basis of known
and existing methods, including the aforementioned FIB. This innovative approach does
not concern the improvement of standard methods, but it is devoted to a multithreaded
approach to the SEM preparation itself, which will allow us to retain information about the
actual microstructure and ensure the best possible material contrast (even for elements with
similar atomic numbers). The research performed on the example of Ti/V/Ti multilayers,
in order to present the sense of using such an improved methodology, showed that the true
information about the tested sample can be obtained by assessing its microstructure based
on SEM images made using the fracture technique, while the material composition can be
well visualized using FIB methods (better than by EDS). The literature review also indicates
the lack of data that describe the application of such a methodology to the analysis of
multilayer coatings and, in particular, its effect on their structure. Comprehensive studies
comparing the use of different techniques for cross section preparation, especially using two
different sources of focused ion beam (including focused xenon plasma) are also omitted.
Therefore, this work fills that niche.

2. Materials and Methods
2.1. Multilayer Project

Ti/V/Ti multilayer structures were designed for the purpose of the present study.
Their construction and elemental composition were chosen for the development of a com-
prehensive SEM characterization methodology, including both preparation and imaging
challenges. The samples were designed as multilayers based on Ti and V, consisting of
three single-component metallic layers arranged alternately. Elements with similar atomic
numbers (ZTi = 22 and ZV = 23) were chosen in order to make a deliberate complication of
the analysis, as contrast in SEM microscopy is closely related to atomic number. The top
and bottom Ti layers had the same thickness (200 nm), while the thickness of the V middle
layer was 100 nm, 50 nm, 30 nm, 20 nm, 10 nm, and 5 nm, respectively. Various thicknesses

114



Coatings 2023, 13, 316

of the middle layer were supposed to allow the determination of the resolution limit of the
microscope as well as the disadvantages of the preparation technique.

2.2. Manufacturing of Multilayer Coatings

Thin-film materials were prepared by pulsed DC magnetron sputtering. We de-
scribed a detailed description of the applied sputtering method elsewhere [51-59]. Ti/V/Ti
multilayers with the desired thickness were obtained by alternately sputtering (with the
appropriate power) of targets made of Ti and V. For all prepared multilayers, the deposition
processes were catried out in argon plasma at a pressure of 1.2 x 102 mbar, which was
obtained with an argon flow of approximately 26 mL/min. The sputtered materials had the
form of metallic titanium and vanadium targets (diameter: 30 mm, thickness: 3 mm, purity:
99.995%). They were alternately sputtered using two individual magnetrons that were
powered with adequate power. The supply parameters were selected to take into account
differences in the deposition rate of titanium as compared to vanadium. The distance
between the target and the substrates (SiO, and Si) on the rotary drum was 90 mm. The
deposition time of the bottom and top Ti films was 20 min., while the deposition time of the
V middle layer was related to the desired thickness, which was 30 s up to 7 min. for 5 nm
and 100 nm, respectively. Detailed data on the technological parameters of the sputtering
processes are collected in Table 1. The thickness of individual films was estimated on
SEM images with the use of the tools available in the software. The test samples from
the deposition of single Ti and V layers allowed us to estimate the sputtering rate of both
materials. Therefore, it was possible to accurately determine the time needed to obtain the
desired thickness of the individual layers. These results were verified with the aid of an
optical profiler (Talysurf CCI from Taylor Hobson).

Table 1. Deposition parameters of Ti/V/Ti multilayers by pulsed DC magnetron sputtering with
their thickness.

Deposition Parameters of Ti/V/Ti Multilayers

Bottom Ti Layer Middle V Layer Top Ti Layer
-Target Ti -Target V -Target Ti
Pa, [mbar]
Power Time t Power Time t Power Time t [nm]
[W] [min.] [nm] [W] [min.] [nm] [W] [min.]
7 100
35 50
5 2 30
1.2 x 10 400 20 200 420 15 20 400 20 200
1 10
0.5 5

Designations: t—thickness, Pa,—pressure of argon during sputtering.

2.3. Preparation Techniques and Details of SEM Measurements

For microscopic visualization of multilayers, three different cross section preparation
techniques were used: (1) standard layer fracture, (2) FIB with a gallium ion beam, and (3)
PFIB (plasma focused ion beam) with xenon plasma. A diagram of the following stages of
the preparation techniques used and their analysis by SEM is shown in Figure 1. In addition
to microscopic visualization, the analysis of elemental composition was also performed
using EDS. Both the cross sections and their imaging were realized using a dualbeam
microscope equipped with an electron column for imaging slides and an ion column for
micromachining, respectively. All examined samples were glued to the SEM table using
copper tape: (i) double-sided from their bottom and (ii) single-sided along the edge of the
sample in order to ensure proper charge dissipation and stable mechanical connection.
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Figure 1. Cross-sectional preparation and SEM imaging procedure of thin-film multilayers.

Fracture of the sample: in this procedure, the line of the breakthrough was marked on
the sample (from a side of the silicon substrate) with a diamond stylus. Then, one end of the
specimen was held, while the other was pressed with a laboratory spatula (perpendicular to
the surface), causing a break along the plotted line. The breakthroughs prepared in this way
were placed in an SEM holder in the form of a vise, allowing imaging perpendicular to the
plane of the breakthrough, and ensuring proper charge dissipation and mechanical stability.
For their microscopic visualization, a Helios NanoLab 600i SEM microscope was used
equipped with a Schottky gun, with a claimed resolution of 1.4 nm @ 1 kV. The imaging
was carried out in immersion mode, using a TLD detector, at an acceleration voltage of
2kV and a current of 0.17 nA.

Preparation of cross sections by focused beam techniques:

- The preparation of FIB/Ga was carried out with the aid of a Helios NanoLab 600i
microscope. Its ion column is equipped in a gallium ion source Ga/LIMS (liquid metal
ion source) with the following parameters: (i) current range 0.1-65 nA, (ii) accelerating
voltage: 500 V-30 kV. For their microscopic visualization, Helios NanoLab 600i SEM
microscope, equipped with a Schottky gun, with a claimed resolution of 1.4 nm @
1 kV. The imaging was carried out in immersion mode, using a TLD detector, at an
acceleration voltage of 2 kV and a current of 0.17 nA.

- The preparation of PFIB/Xe was carried out with the aid of the Helios G4 PFIB CXe
microscope. The second source is inductively coupled Xe+ plasma with the following
parameters: (i) current range: 1 pA-2.5 uA, (ii) accelerating voltage: 2-30 kV. Its
electron column contains a Schottky gun with a claimed resolution of 0.6 nm @ 2—
15 kV. Imaging was carried out in immersion mode, using a TLD detector, at an
accelerating voltage of 2 kV and a current of 0.1 nA.

The first step in both techniques was selection of the area of interest (AOI), which must
be protected from the destructive effects of the ion beam. For this purpose, a protective layer
of platinum was applied by focused electron beam-induced deposition (FEBID) and focused
ion beam-induced deposition (FIBID). In the FIBID process, ion beam bombardment of the
surface results in damage to the surface and thus loss of information from the first layers
of an examined sample. The use of the FEBID process, as a primary deposition of the Pt
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layer, offsets this problem. Electrons, compared to ions, have negligible mass, so the Pt
application was nondestructive. The dimensions of the Pt layers were (i) 10 x 1 x 0.3 pm
(FEBID) and (ii) 10 x 1 x 1 um (FIBID). In the case of FIB/Ga, the beam parameters were as
follows: (i) 2 kV and 1.6 nA, (ii) 30 kV and 0.24 nA, respectively. After the deposition of the
protective layers, the next step was to remove the pre-AOI material using FIB. The width of
the trench is usually equal to the width of the platinum layer, and the depth depends on the
expected thickness of the layers, while the length is chosen so that the deepest layers can be
observed. In the case of the tested samples, the trench dimensions were 10 x 3 x 1.5 um,
while the parameters of the FIB/Ga beam were 30 kV, 2.5 nA. The final step in preparing
the cross section was polishing its face to obtain a smooth section surface. This step requires
several iterations, each with a smaller beam current. In this case, it was 0.77 nA, 0.4 nA,
and 0.23 nA, with an acceleration voltage of 30 kV. An analogous procedure was used for a
xenon plasma microscope. The differences are in the beam parameters. FEBID platinum
was applied with beam parameters at 2 kV and 1.6 nA, while FIBID was deposited at 12 kV
and 0.33 nA. The grinding was carried out with a beam-accelerating voltage of 30 kV and
a current of 4 nA. Double cross-sectional polishing was performed with 30 kV, while the
current was set at 1 nA and 0.3 nA, respectively.

It should also be noted that an important additional step in the developed visualization
procedure was additional polishing. We have noticed that for samples with low material
contrast, it is necessary to polish after the acquisition of each individual SEM image. It
is related to the formation of impurities on the surface of the sample as a result of its
interaction with the electron beam. Therefore, each passage of the beam on the cross-
sectional surface causes a decrease in contrast. For materials with a similar (especially low)
atomic number such as titanium and vanadium, where the material contrast is initially
low, the additional reduction in the contrast significantly hinders the differentiation of
the layers. Even if only a section of the sample was imaged, the contrast will be reduced
over the entire cross section. In the case of examined thin-film multilayers, even a small
decrease in contrast significantly affects the ability to distinguish layers. Moreover, changes
in contrast mean that individual SEM images cannot be truly compared with each other,
especially in the context of distinguishing elements based on their atomic number.

3. Results

In Figure 2, a comparison of the SEM and EDS measurements of the Ti/V /Ti multilayer
cross sections prepared by the fracture technique, FIB/Ga and PFIB/Xe, can be seen. The
thickness of the middle V layer was 100 nm, 30 nm, and 10 nm, respectively. As can
be seen, depending on the preparation method, the visualization of the sample changes
significantly. Only in the case of a fracturing procedure has the microstructure of thin
films been preserved, and their columnar character can be seen. However, it is difficult to
determine the position in which the base and top of the columns are located. Therefore, it
is often impossible to determine even the position of the middle vanadium layer. Similar
results can be seen in such works as [15,19,28]. In our studies, the columns were sometimes
randomly broken off at different heights, regardless of the layered structure of the coating.
In the case of the thinnest sample, the individual columns end up where the vanadium
layer was located. This effect is similar to the renucleation of a layer after an interrupted
deposition process. The column widths for all Ti/V/Ti multilayers are comparable. It is
possible to precisely determine their widths of 39 < 50 nm for the sample with 100 nm of
the middle V layer, as well as 44 + 56 nm for the 30 nm of the V layer, and 23 + 62 nm for
the coating with 10 nm of V layer (Figure 3). The most important limitation of the fracture
method is that the cross section does not show the material contrast, and it is impossible to
distinguish all individual layers.
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fracture cross-section

Thin-films cross-section preparation technique

EDS of FIB/Xe

FIB/Ga cross-section PFIB/Xe cross-section cross-section EDS

Figure 2. Cross sections of Ti/V/Ti multilayers with various thicknesses of middle V layer (100, 30,
and 10 nm) based on SEM and EDS measurements, prepared by fracture technique, FIB/Ga, and
PFIB/Xe. Note: The SEM images were recorded at high resolution and their original version can be
found in the Supplementary Materials.

The results obtained with a focused ion beam have a different appearance. Both
techniques, PFIB/Xe and FIB/Ga, provide high material contrast, and it is possible to
distinguish Ti and V layers. However, in both cases, the thickness of the central V layer
of 30 nm can be assumed as the limit. For the 10 nm V layer, a slight change in material
contrast is apparent, but it is difficult to delineate it precisely. This layer could easily be
overlooked, especially when the structure of the multilayer under examination is unknown.
It is difficult to relate these results to the literature, as no work has been encountered on
FIB cross sections through thin films with similar atomic numbers. In the case of FIB
preparation, the main problem is that information about the microstructure of the analyzed
coating is mostly lost. Only the outlines of individual columns and the spaces between
columns can be identified. Comparison of the structure of the PFIB/Xe and FIB/Ga cross
sections indicates a better distinction of the columns based on the PFIB/Xe method. This
may be related to the formation of a thinner amorphous layer due to the use of Xe ions
compared to Ga ions [1,60-62]. Determining the width of the columns is also possible in
the case of both FIB preparation techniques, but it is significantly more difficult than the
fracturing technique. For PFIB/Xe, the measured widths were 44 + 46 nm, 35 + 45 nm,
and 46 <+ 45 nm for multilayers with a middle V layer of 100 nm, 30 nm, and 10 nm,
respectively (Figure 3). However, for FIB/Ga, these widths were 41 = 49 nm, 46 + 52 nm,
and 34 -+ 44 nm, respectively (Figure 3). These results are in good agreement with those
obtained by the fracture method. However, a wider range of measured column widths
can be observed in samples prepared by FIB/Ga. Thus, it can be concluded that both
cross sections made with a focused ion beam have similar characteristics. The apparent
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differences related to the preservation of the original microstructure of the sample are
relatively insignificant. However, it can be assumed that the best preparation method,
burdened with fewer artifacts, is PFIB/Xe.

fracture cross-section FIB/Ga cross-section PFIB/Xe cross-section

Figure 3. Determination of column width based on cross sections of Ti/V/Ti multilayers (with
various thicknesses of the middle V layer: (a) 100 nm, (b) 30 nm, and (c) 10 nm) prepared by fracture
technique, FIB/Ga, and PFIB/Xe. Note: The SEM images were recorded at high resolution and their
original version can be found in the Supplementary Materials.

It should also be mentioned that the undeniable advantage of the FIB/Ga and PFIB/Xe
preparation is the possibility of obtaining a high material contrast, and thus the ability to
distinguish the material composition of multilayers with slightly different atomic numbers,
i.e., Z1i =22 and Zy = 23. As can be seen in Figure 2, the EDS method does not provide
such capabilities. It is impossible to clearly determine the interface between individual
layers; thus, the method does not allow one to accurately determine their thickness. Even
in the case of a Ti/V/Ti multilayer with the 100 nm middle V layer, where the location of all
layers corresponds to their actual arrangement, the exact determination of the vanadium
thickness is difficult. The problem worsens as the thickness of the middle layer decreases.
For a V thickness of 30 nm, it is possible to speculate with an assumed approximation about
the position of the middle layer, but neither its position nor its width corresponds to the
SEM images of the cross section. For a V thickness of 10 nm, the signal from both elements
is evenly distributed over the cross-sectional area, so it is not possible to observe individual
layers. It should be noted that for layers of 10 nm or less, despite the preservation of
material contrast, SEM images alone may not be sufficient to define the multilayer structure
of the sample. Most of the available literature only reports percentage results of EDS
analysis, e.g., [63,64], or elemental maps of the surface, e.g., [65], so it is not possible to
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confront obtained results with them. In such a case, EDS analysis is used to determine the
elements comprising the sample and complements the FIB section imaging.

The next step of the study was to determine the resolution afforded by the preparation
of FIB/Ga and PFIB/Xe methods as compared to the fracturing technique. Therefore,
cross sections of multilayers with V layer thicknesses of 100, 50, 30, and 5 nm are included
(Figure 4). As can be seen, it is difficult to discern where the V layer is on the cross section
resulting from conventional fracturing. The growth of both the titanium and vanadium
layers during deposition was similar, so their columnar morphology can be distinguished.
In some cases, it is even possible to specify only by random breakage of the layers where
columns begin with the next layer, but it is not repetitive and is often ambiguous. This is
due to the fact that with a small thickness of the films included in the multilayer coating,
the effect of reproducing the growth of the previous lower layer occurs (Figure 4a). The
situation is completely different in the case of a breakthrough obtained with both FIB
techniques, where the 10 nm thick multilayer is the last distinguishable one (Figure 4b,c).
Identification of a 5 nm thick layer with an unknown sample structure is impossible. It
can be possible only for well-defined and specially designed multilayers, most often as a
comparison of SEM images of several samples. The difference in contrast between such
thin films is imperceptible. As can be seen in Figure 4, the resolution limit has been
reached. Moreover, it can be noticed that the material contrast for cross sections obtained
by the PFIB/Xe and FIB/Ga methods is similar. The disclosed microstructures of these
two cross sections are convergent. However, the columnar nature of the multilayer was
better revealed in the case of PFIB/Xe. Most probably, it is related to the implantation of
gallium ions in the structure of the Ti/V/Ti cross sections [1,40,41]. This effect is known [42]
and while its influence on tested materials can sometimes be neglected, in the case of the
multilayers analyzed, the result of fewer artifacts results from the PFIB/Xe preparation
technique.

Figure 4. Comparison of the resolution afforded by the preparation of Ti/V/Ti multilayer cross
sections by: (a) fracturing, (b) FIB/Ga, (c) PFIB/Xe, where the thickness of the middle V layer was
reduced from 100 nm to 5 nm. Note: SEM images were recorded in high resolution, and their original
version can be found in Supplementary Materials.
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4. Conclusions

An improved methodology for the SEM study of thin-film coatings as an innovative
multithreaded approach to the preparation itself was described. It allows information to
be retained about the actual microstructure and ensures high material contrast even for
elements with similar atomic numbers. It was found that determining the microstructure
application of the standard fracture technique is necessary (as with most of the noninva-
sive methods). However, while the microstructure was preserved, the material contrast
remained invisible, making it impossible to distinguish each layer in the construction
of a multilayer. EDS analysis was also not sufficient to present their construction and
the interfaces were not clearly defined. Even when the thickness of individual V films
was around 100 nm, it was difficult to determine by EDS the position of the interfaces
between individual layers in a Ti/V/Ti multilayer. Material contrast enhancement occurs
only for FIB techniques. Cross-sectional studies showed that the 10 nm mid-V layer was
the resolution limit. Moreover, a comparison of the PFIB/Xe and FIB/Ga cross sections
revealed that fewer artifacts give the PFIB method, and hence this technique seems to be
better for the analysis of multilayer nanostructures. In our opinion, reliable information
about the properties of modern nanomaterials, especially multilayers used in electronics,
can be obtained by analyzing a two-part SEM image, where the first is a fracture, while the
second is a FIB/PFIB cross section. It is worth noting that there were only subtle differences
between SEM images of cross sections made by FIB-Ga and PFIB-Xe, but the decrease in
local amorphization, the lack of Ga-ions incorporation into the sample, and slightly better
contrast are in favor of Xe plasma.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ coatings13020316/s1, Figure S1: Cross-sectional preparation and
SEM imaging procedure of thin-film multilayers.; Figure S2: Cross sections of Ti/V/Ti multilayers
with various thicknesses of middle V layer (100, 30, and 10 nm) based on SEM and EDS measurements,
prepared by fracture technique, FIB/Ga, and PFIB/Xe. Figure S3: Determination of column width
based on cross sections of Ti/V/Ti multilayers (with various thicknesses of the middle V layer: (a)
100 nm, (b) 30 nm, and (c) 10 nm) prepared by fracture technique, FIB/Ga, and PFIB/Xe. Figure S4:
Comparison of the resolution afforded by the preparation of Ti/V/Ti multilayer cross sections by: (a)
fracturing, (b) FIB/Ga, (c) PFIB/Xe, where the thickness of the middle V layer was reduced from
100 nm to 5 nm.
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Abstract: Several key sputtering parameters for the deposition of ScxAl; _«N such as target design,
sputtering atmosphere, sputtering power, and substrate temperature are reviewed in detail. These
parameters serve a crucial role in the ability to deposit satisfactory films, achieve the desired stoi-
chiometry, and meet the required film thickness. Additionally, these qualities directly impact the
degree of c-axis orientation, grain size, and surface roughness of the deposited films. It is systemati-
cally shown that the electric properties of ScxAl; 4N are dependent on the crystal quality of the film.
Although it is not possible to conclusively say what the ideal target design, sputtering atmosphere,
sputtering power, and substrate temperature should be for all sputtering processes, the goal of this
paper is to analyze the impacts of the various sputtering parameters in detail and provide some
overarching themes that arise to assist future researchers in the field in quickly tuning their sputtering
processes to achieve optimum results.

Keywords: sputtering; thin film; ScAIN; ferroelectrics

1. Introduction

The use of piezoelectric thin films has seen a surge in recent years due to its various
applications such as in microelectromechanical systems (MEMS), bulk acoustic wave (BAW)
resonators, and surface acoustic wave (SAW) resonators to name a few [1]. Traditionally,
Aluminum Nitride (AIN) was among one of the most used piezoelectric materials for such
applications because it is completely semiconductor compatible and has satisfactory piezo-
electric properties [2—4]. However, the demand for materials with superior piezoelectric
coefficients resulted in the investigation of Sc-doped AIN thin films. In 2009, it was discov-
ered that the partial substitution of aluminum with scandium to form ScxAl;_«N resulted in
a substantial increase in the piezoelectric response [5]. The approximately 500% increase in
piezoelectric modulus, d33, of ScxAl; N when x = 0.43 was ascribed to the phase transition
from wurtzite to layered hexagonal with increasing scandium content [5]. Furthermore, it
was found that the electromechanical coupling factor, k¢2, could be improved from 7% to
10% when x < 0.2 [6]. Due to these excellent piezoelectric characteristics, ScxAl;_xN has
garnered substantial interest in the piezoelectric community and is expected to be an ideal
candidate for piezoelectric thin-film layers.

More recently in 2019, Fitchner et al., demonstrated the first official instance of ferro-
electric switching in ScxAl; _yN [7]. This paramount discovery has generated a resurgence
in research related to ScxAl; _xN. High-performance thin-film ferroelectrics exhibiting good
technological compatibility with generic semiconductor technology are in urgent demand
due to emerging applications based on controlling electrical polarization, multitude of
memories, and micro/nano-actuators [7]. Similar to the piezoelectric response observed in
ScxAl; N, the ferroelectric nature of the material arises as a result of the anisotropic crystal
structure that originates from the layered-hexagonal structure when Sc-doping occurs [8].
For this reason, ScxAl; N is considered to be a possible candidate for the development of
practical two-terminal ferroelectric nonvolatile memory devices (FE-NVMs) [9].
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To date, there have been two primary deposition routes used when creating ScxAl; _ N
thin films. These include both molecular beam epitaxy (MBE) and RF or magnetron sput-
tering. Although there are benefits to MBE deposition such as better control over thickness,
crystallinity, and stoichiometry, sputtering represents a more viable deposition process
because of its relatively low cost, reproducibility, good adhesion with the substrate, ability
to deposit stoichiometry of target material, and potential for large-scale manufacturing.
However, a systematic review of the sputtering parameters for thin film ScyAl;_4N is
absent from the literature.

In this review, the evolution and optimization of the various sputtering parameters
for ScxAl;_«N is reported. There are several key parameters during sputtering that have a
critical outcome on film properties. For instance, in this review target design, sputtering
atmosphere, sputtering power, and substrate temperature will be examined in detail.
Deposition parameters such as these will directly affect the deposited film quality, including
the thickness and morphology. Many reports have analyzed the effects of one or more
of these deposition parameters on such quality indicators as film thickness, crystallinity,
or final composition. Moreover, various reports have then connected those film quality
indicators to the eventual electric properties of the resulting film. The type of substrate
can also play a role in controlling the final crystal quality of the ScxAl; N films. Liet al.,
compared ScAIN films prepared on both silicon and C276 alloy substrates and found that
the films prepared on C276 alloy substrates resulted in non-ideal, a-axis oriented ScAIN
films. However, films prepared on Si resulted in all c-axis oriented crystals. The non-ideal
behavior was attributed to the superior lattice mismatch of the Si substrate [10]. For this
reason, most literature reports depositing SCAIN on c-axis oriented substrates such as
silicon or sapphire. Thus, since the literature comparing the impacts of different substrates
(i.e., amorphous silicon) are scarce this review chooses not to focus on this topic. Specifically,
in this review, the goal is to interconnect the findings of all existing reports and generate a
better understanding of the sputtering process for ScyAl; _N.

2. Structure and Properties of ScxAl;_xN
2.1. Structure of ScxAl;_xN

It has long been known that the IlI-nitride materials, such as AIN, GaN, and InN,
possess a wurtzite-type crystal structure (space group P63mc) [11]. Moreover, there is a
spontaneous polarization along the c-axis of these III-V semiconductors, which leads to the
separation of group-III and nitrogen atoms in individual planes [7]. This phenomenon leads
to the piezoelectric response in this class of materials. Moreover, it was discovered that
the piezoelectric response of AIN can be significantly increased by forming solid solutions
with ScN [5]. While pure ScN has a stable cubic rock salt crystal structure, it also maintains
a highly metastable, nearly fivefold coordinated layered-hexagonal phase (space group
P63/mmc) [12]. Therefore, the belief in the research community is that there is a transition
from pure wurtzite to a more layered-hexagonal crystal structure with increasing scandium
content as shown in Figure 1.

Waurtzite Layered - Hexagonal

Figure 1. Crystal structure transition of AIN from wurtzite to layered-hexagonal with Sc doping to
form ScxAly_«N.
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Moreover, the metastable hexagonal phase works to flatten the ionic potential land-
scape, which causes the wurtzite basal plane and the length of metal-nitrogen bonds parallel
to the c-axis relative to the lattice parameter, ¢, to increase [13,14]. In other words, the
distance between the (0001) planes that hold both the nitrogen atoms and the metal atoms
increases with increasing Sc-content. On account of this, the energy barrier is set to decrease
with increasing Sc content, leading to an overall reduction of the energy barrier between
the two polarization states of the wurtzite structure and creating an avenue for ferroelectric
switching. Furthermore, the wurtzite to layered-hexagonal transition is responsible for
both the reciprocal increase in piezoelectric response with increasing Sc content and the
ability of ScyAly_«N films to exhibit ferroelectric switching [7].

2.2. Properties of ScxAl;_xN

A summary of some of the structural, optical, electrical, thermal, piezoelectric, and
ferroelectric properties of ScxAl;_«N are reported in Table 1. Since ScxAl;_N is a ternary
alloy with properties that are highly dependent on the Sc content, most of the reported
values are presented as a range. Additionally, the equations used to generate the values
with respect to Sc content are provided as well.

Table 1. ScyAl;_yN properties.

Property Reported Value [Ref]
Density (g/cm?) 3.255-3.456; p(x) = 3.806x + 3.255(1 — x) — 0.298x(1 — X) [15]
Elastic Modulus (GPa) 535-269 (for x = 0-0.41) [16]
Elastic constant C1; (GPa) 396.00-280.96; Cq1(x) = 285.12x + 396(1 — x) — 238.39x(1 — x) [15]
Elastic constant Cy, (GPa) 137.00-161.59; Cy2(x) = 180.57x + 137(1 — x) + 11.23x(1 — x) [15]
Structural Properties Elastic constant Cy3 (GPa) 108.00-137.84; Cy3 = 141.70x + 108(1 — x) + 51.95x(1 — x) [15]
Poisson’s ratio Vo1 = 0.343 (when x = 0.5) [15]
Crystal structure wurtzite/layered-hexagonal [15]
Lattice constant (A) a=3.0997; ¢ = 4.59569 (171
. . Effective electron mass 0.46 my (for x = 0.18) [18]
Optical Properties Refractive index (visible to TR) 2.05 [19]
Breakdown field (MV/cm) 12.44 (for x = 0.18) [18]
Moblhty(féfrle%_r;ns/ holes 147-205 (for x = 0.18) [18]
Electrical Properties Dielectric constant 10.31-34.52; £33 = 89.93x + 10.31(1 — x) — 62.48x(1 — x) [15]
Energy band gap (eV) 4.29-6.15; Eg(x) = 6.15 — 9.32x (for x < 0.2) [20]
Resistivity (10> Q-cm) 1.0-3.5 [10]
Thermal conductivity (W/m-K) 3.0-8.0 (for x = 0-0.20) [21]
Thermal Properties Coeff1c1ent(oxf1t(})1§gr/n;; expansion 4.29-4.65 (for x = 0-0.41) [16]
Debye temperature (K) 933 (for x = 0.18) /737 (for x = 0.25) [18,19]
Piezoelectric coeff. ej5 (C/m?) —0.313-—0.135; e15 = 0.308x — 0.313(1 — x) — 0.528x(1 — x) [15]
Piezoelectric Properties P?ezoelectr?c coeff. e31 (C/ mz) —0.593-—0.829; e3; = —1.353x — 0.593(1 — x) + 0.576x(1 — x) [15]
Piezoelectric coeff. e33 (C/m?) 1.471-3.642; e33 = 9.125x + 1.471(1 — x) — 6.625x(1 — X) [15]
Relative permittivity coeff. ¢33 9.37-13.06 (for x = 0-0.26) [22]
. . Ferroelectric switching (1C/cm?) ~80-153 [7,8,23]
Ferroelectric Properties Coercive field (MV/cm) 25 (for x = 0.27-0.43) 7]

It is clear from the excellent piezoelectric and ferroelectric properties of ScyAl; 4N that
it has tremendous potential for use in various power electronics. Moreover, the excellent
piezoelectric properties of ScyAl;_ N and low processing temperature make it a suitable
choice for power devices such as surface and bulk acoustic wave resonators [24]. Addi-
tionally, the recent discovery of ferroelectricity in low-temperature processed ScxAl; N
provides substantial opportunities for direct memory integration with logic transistors,
providing the possibility for the back-end of the line (BEOL) integration on silicon logic.
Thus, taking advantage of high ferroelectric switching and coercive fields, ferroelectric
field-effect transistors (FE-FET) can be fabricated [25]. However, in order to maximize the
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Sc-Al Alloy Pure Sc

(@)

piezoelectric and ferroelectric properties in SCAIN thin films, high-quality thin films must
be deposited, which is only possible by utilizing optimum sputtering conditions.

3. Sputtering Process for Scandium Aluminum Nitride
3.1. Deposition Parameters

Reactive sputtering is a physical vapor deposition (PVD) process that utilizes charged
ions from a mixture of argon and reactive gases to bombard a target causing the ejection
of surface atoms from that target and the eventual deposition of those target atoms onto a
substrate following the reaction with the reactive gas. In the case of ScxyAl;_«N, the reactive
gas is nitrogen (N7). Many different parameters can be altered during the reactive sputtering
process to achieve desired deposition outcomes. These include parameters such as target
design, sputtering atmosphere, sputtering power/power density, substrate temperature,
sputtering time, and target-to-substrate distance. However, the primary parameters that
have been focused on and investigated thus far in the literature are target design, sputtering
atmosphere, sputtering power/power density, and substrate temperature [6,24,26,27].
Table 2 lists the published articles that deposited c-axis ScAIN films on top of several
substrates using a variety of sputtering equipment and processes.

3.2. Target Design

Target design is a crucial step in the sputtering process because it will directly impact
both the final film’s stoichiometry and uniformity. Three types of target designs have
been widely used for the sputtering of ScxAlj_«N thin films. including alloy sputtering
targets, pure metal sputtering targets (used in conjunction with dual co-sputtering), and
segmented targets [24]. A schematic representation of the three different target types is
illustrated in Figure 2. The final thickness and composition of the ScxAl;_«N film deposited
can be controlled in different ways depending on the target chosen. For example, for a dual
co-sputtering target the final film composition can be varied by selectively adjusting the
power applied to the Sc and Al sources, respectively. Correspondingly, for a Sc-Al alloy
target the final film composition can be varied by carefully tuning the alloy composition
of the target. Lastly, for Sc-Al segmented targets the distribution, size, and quantity of
various Al and Sc segments allows for facile and precise tuning of film composition and
homogeneity [24].

(b)

Figure 2. Schematic representation of different target designs with (a) Sc-Al Alloy target, (b) pure Sc
and pure Al targets for dual co-sputtering, and (c) ring-shaped segmented target with alternating Sc
and Al tiles.
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Early in the research days of sputtering ScxAl;_«N, the primary sputtering technique
was dual co-sputtering [5,27,42—-44]. However, there was a clear transition from dual co-
sputtering, using two pure targets, to the use of Sc-Al alloy targets for sputtering. In fact,
approximately 67% of the literature cited the use of alloy targets during the period of 2010
to 2018 [6,7,10,17,24,32-35,39,45]. The primary reason for this transition was that during
this period dual co-sputtering was thought to make it difficult to maintain a consistent
scandium concentration in ScxAl; N films over large substrates due to the difference in
scandium and aluminum sputtering yields [45]. Additionally, single-target sputtering is
more attractive for industrial high-volume production because it has a higher deposition
rate [35].

Although single-alloy target sputtering has several advantages, it is confined by its
lack of tunability of the Sc concentration. Thus, as interest grew to develop ScxAl;_«N films
with ever increasing Sc content, the preferred deposition mode again pivoted towards dual
co-sputtering. Dual co-sputtering is unique in that the Sc concentration can be set directly
by tuning the two powers of the sputtering targets [35]. In Table 3, the transition between
different sputtering targets is made especially clear, as is the correlation with the desired
ScxAlj_xN composition. In general, it can be stated that single-alloy-target sputtering is
best suited for the deposition of ScxAl;_«N films with x < 0.3 and dual co-sputtering is
better suited for handling deposition of compositions where x > 0.3 and precise control
over chemistry is required.

Table 3. ScxyAlj_«N films produced using various target designs.

ScxAl;_ N Composition Target Composition Ref
Single-Alloy-Target

x =0.38 Sc:Al = 42:58 [45]

NA Sc:Al=0.1:0.9 [39]

x=043 Sc: Al=0.1:0.9 [10]

NA Sc:Al=1:9 [6]

x =0.23-0.26 Sc:Al = 0.4:0.6 [36]

x=0.15 Sc:Al = 0.15:0.85 [26]

x=0.12 Sc:Al = 12.5:87.5 [33]

x=0.26 Sc:Al =0.4:0.6 [34]

x=0.1,0.31 Sc:Al = 6:9.5,15:28 [35]

x=0.3 Sc:Al = 8:92 [24]

x =0.36 Sc:Al = 43:57 [7]

x=04 Sc:Al = 43:57 [32]

x=0.29 Sc:Al =0.3:0.7 [17]

Dual Co-Sputtering Target

x=0,0.1,0.27,0.49,0.71, 0.86, 1 Al (pure) and Sc (pure) [42]

x=0.36 Al (pure) and Sc (pure) [5]

NA Al (pure) and Sc (pure) [44]

x=0.4,0.32,0.26,0.22 Al (pure) and Sc (pure) [43]

x=0,01,02,03 Al (pure) and Sc (pure) [41]

x =041 Al (pure) and Sc (pure) [40]

x=0.27,0.29 Al (pure) and Sc (pure) [38]

x =042 Al (pure) and Sc (pure) [35]

x=0.175 Al (pure) and Sc (pure) [31]

x=0.32,0.36 Al (pure) and Sc (pure) [30]

x=0.29 Al (pure) and Sc (pure) [9]

x=0.36 Al(pure) and Sc (pure) [25]

x=0.3 Al(pure) and Sc (pure) [29]

x =043 Al(pure) and Sc (pure) [28]
Segmented Target

x=0.3 Segmented Al-Sc [24]

x =0.22,0.25, 0.30 Segmented Al-Sc [8]

NA (Not Available) is used to indicate when specific parameters were not provided in the given literature.
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In recent years, there has also been the introduction of a third class of sputtering targets
known as a segmented targeted. The primary advantages and disadvantages of Sc-Al alloy
targets and dual co-sputtering targets are compared in table IV. Sc-Al alloy targets allow
for higher deposition rates, which make them well suited for use in industrial applications.
Additionally, the alloy target provides consistent Sc content across large substrate areas.
However, this target design is very expensive to produce due to the complicated metallurgy
required to produce it. Moreover, the alloy design makes quick tuning of the final films Sc
content very difficult. On the other hand, using two pure Al and Sc targets in a dual co-
sputtering setup allows for facile tuning of Sc content by tuning the power on the respective
targets. Additionally, this setup significantly reduces the cost of the targets due to its simple
nature. Yet, the dual co-sputtering target design only allows for residual stress tailoring by
altering the reactive gas flow, which ultimately degrades film uniformity and crystallinity.
Additionally, this design makes it difficult to obtain final films with tensile stress. Thus,
Sc-Al segmented targets were developed to overcome the disadvantages of the two prior
methods while maintaining as many of the advantages of them as possible. A comparison
of the various target designs is presented in Table 4. By combining alternating segments
of Sc and Al as shown in Figure 2, it was possible to get a more uniform distribution of
Sc in the ScxAl; N films [24]. Additionally, the segmented target design allowed for a
significant reduction in film thickness while maintaining excellent control over Sc content
and residual film stress [8]. Furthermore, achieving thin films of such thicknesses was
especially beneficial for use in ferroelectrics.

Table 4. Comparison of various target designs.

Sc-Al Alloy Target

Dual Co-Sputtering Target Sc-Al Segmented Target

e  Higher deposition rate
e Applicable for
industrial applications

e  Constant Sc content across e Reduced cost of target

large substrates

Enables thickness reduction
Large tunability of Sc content

e  Large tailorability of residual film
stress (independent of gas flows)

e  Easy Sc content tuning by adjusting
target power

e  Expensive targets due to
complicated metallurgy

e  Residual stress tailoring only
through altering reactive gas flow, e  Lower deposition rate
which degrades film uniformity e  Less applicable for

e  Difficult tuning of Sc content and crystallinity industrial applications

° Difficult to achieve tensile stress

Although few papers have been published that explicitly compare ScyAl;_xN depo-
sition with different targets, the target design remains one of the most crucial sputtering
parameters [24,35]. In fact, there remains more opportunities to investigate novel modi-
fications to target design and setup. For instance, Posadowski et al., explored the critical
role that the placement of substrates versus the target axis, i.e., the so called on- or off-axis
mode, had on the properties of deposited films of AlyZnyO when using a two element
segmented target [46]. During the engineering of the electric properties of piezoelectric and
ferroelectric materials such as ScyAly_«N, it is vital to achieving desired material stoichiom-
etry [40]. Furthermore, choosing the correct target to achieve the desired chemistry and
electric properties is of paramount importance and must not be understated.

3.3. Sputtering Atmosphere

A second critical reactive sputtering parameter that must be taken into consideration
is the sputtering atmosphere. Sputtering atmosphere consists of both the chamber pressure
and the proportion of argon to nitrogen gas [6]. There have been several studies conducted
that examine how the variation in sputtering atmosphere affects parameters such as crystal
quality, sputtering rate, residual stress, and the electric properties of the film [6,28,34,36,39].
Because sputtering atmosphere is one of the parameters that directly impacts the energy
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for adatoms to bombard the surface of the substrate, it is especially pertinent to optimize
the sputtering atmosphere to achieve desired film quality and the subsequent electric
properties [47].

3.3.1. Sputtering Pressure

(a) Effect on Crystal Quality: Sputtering working pressure is well known to have a sig-
nificant impact on the crystal quality of deposited ScxAl;_N films. Numerous researchers
have demonstrated that the highest level of c-axis orientation of ScyAl;_yxN corresponds
to the lowest full width half maximum (FWHM) of the (0002) peak [36]. Furthermore,
when comparing the FWHM values of the rocking curve vs. pressure from several sources,
as shown in Figure 3, there appears to be a relative congruence in the ideal pressure for
ScxAl_xN sputtering. Most of the papers reported the lowest FWHM value at an ap-
proximate pressure between 0.4 Pa and 0.6 Pa. Additionally, these studies also highlight
that the preferred c-axis texture deteriorates at both extremely high and low pressures. In
2022, Tominaga et al., proposed a possible explanation for the deterioration of crystallinity
and even electric properties at low-pressure depositions. In short, the report claims that
negative-ion bombardment will increase both in quantity and energy at lower pressures,
which will negatively impact ScxAl; 4N crystal growth and cause substantial film quality
reduction [29].

8
L]
/ —=Perez 2017
7 } . -4 Lozano 2018
/ + Tang 2016
- ~s=Zhang 2015
6 J a1 -Tominaga 2022

[&)]

FWHM (deg)
w S~

0 0.2 0.4 0.6 08 1 12
Pressure (Pa)

Figure 3. Rocking curve FWHM of the (0002) reflections of ScAIN thin films under various working
pressure conditions.

(b) Effect on Sputter Deposition Rate: The impact of sputtering pressure on the sputter
deposition rate is partially obfuscated when comparing reports from existing literature
related to the reactive sputtering of ScxAl;_«N. For instance, Tang et al., reported that there
was a decrease in the sputtering rate with an increase in pressure from 0.4 Pa to 0.8 Pa which
was attributed to more scattering between the ejected atoms and the gas atoms, which
reduced the mean free path of the ejected atoms [6]. On the other hand, Perez and Lozano
reported, respectively, that during deposition at low pressures the rate decreases due to the
lower quantity of ions available in the plasma to eject the target material [34,36]. Regardless
of these competing theories, the actual deviation of the sputtering rate reported due to the
change in pressure is rather minor when compared to the deviation of the sputtering rate
due to other parameters such as the sputtering power or N, proportion. For this reason,
more focus should be placed on tuning parameters such as those when seeking control
over the sputtering rate of ScxAl; _N.

(c) Effect on Electric Properties: Resistivity is an important benchmark when com-
paring piezoelectric thin films. It stands as a crucial indicator of a piezoelectric thin-films
ability to achieve both reduced dielectric losses and lower insertion losses when used in
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electronic devices such as SAW resonators [6,39]. It is well known that a film’s crystallinity
directly impacts its dielectric properties. Thus, the pressure that provides the optimum
c-axis orientation in the case of ScyAlj_«N should also be the pressure that generates the
greatest resistivity. In reality, this theory stands true as is supported by the literature.
Tang et al., claim that this occurs because non-ideal sputtering pressure leads to incom-
plete crystallization, which will ultimately lead to a reduction in resistivity of ScyAl; N
thin-films [6].

Similar to the resistivity of piezoelectric thin films, the piezoelectric response, ds3, is
directly impacted by the film’s crystal quality. The trends for rocking curve FWHM values
for different sputtering pressures coincide with the trends for the piezoelectric constant
(dsa) at different sputtering pressures [34]. For this reason, there is a consensus in the
literature that the ideal piezoelectric response is achieved when the greatest degree of c-axis
texturing occurs [6,28,34,36,39]. Furthermore, by optimizing the sputtering pressure to
reach the maximum c-axis orientation, the greatest piezoelectric response can be achieved,
paving the way for the creation of piezoelectric sensors and SAW devices [39].

Currently, limited published investigations regarding the effect of sputtering pressure
on the ferroelectric response of Sc Al _«N. However, it can be assumed that the ferroelectric
properties of ScxAl;_xN would be tied to the film crystallinity just as the piezoelectric
properties were. Since most ferroelectric ScxAl;_«N films are significantly thinner than
their piezoelectric counterparts, there is a potential for differences to exist in the ideal
sputtering pressure in each case. Regardless, this knowledge gap provides an opportunity
for additional research and discovery and warrants further investigation in the future.

3.3.2. Gas Flow Ratio

The gas flow ratio is the ratio of inert gas (Ar) to reactive gas (Ny) that is in the
sputtering atmosphere during reactive sputtering. The gas flow ratio plays a crucial role
during the reactive sputtering process because it controls the amount of reactive gas that is
involved during thin film deposition. As shown in Figure 4, deposition parameters such
as sputtering rate, structural properties such as crystallinity and surface morphology, and
electronic properties such as the resistivity, the dielectric constant, and the piezoelectric
response are all greatly impacted and controlled according to the ratio of gas flows [6].
In other words, tuning the concentration of N, gas present during sputtering is a crucial
parameter that must be considered during the reactive sputtering of ScyAl; _«N.

(a) Effect on Sputtering Rate: The effects of gas flow ratio on the sputtering rate of
ScxAlj_«N have been shown to exhibit similar trends to those of the AIN system, where
sputtering rate decreases with an increasing proportion of N, gas [48]. The deleterious effect
of the N proportion on the sputtering rate is clearly demonstrated in Figure 4a. Moreover,
Tang et al., explained that there are two possible explanations for this phenomenon. The
first explanation is that pure Ar" ions in the working gas have a higher sputtering yield
than N* or N, ions due to their higher mass. The second explanation is related to target
poisoning, which occurs with an increasing proportion of N; [6]. For these reasons, it is
very important to be aware of the impacts of the gas flow ratio on the sputtering rate of
SCXA11 _XN.

(b) Effect on Crystal Quality: It has been established that excellent c-axis orientation is
a prerequisite for achieving maximum piezoelectric or ferroelectric properties in ScxAl; N
thin-films [38]. Thus, when developing the reactive sputtering procedures for ScyAl;_ N
thin-films, it was vital to screen the gas flow ratios to determine the ideal percentage of
N, gas necessary to achieve maximum c-axis orientation. Moreover, it was determined
from the literature that the XRD intensity and FWHM of the rocking curves for the (0002)
plane are both closely tied to the concentration of N [6,39]. At approximately 32%—-35%
Ny, both the XRD intensity for the (0002) plane and the FWHM were found to be optimized
as shown in Figure 4b. There is a clear consensus that an atmosphere oversaturated with
N, will lead to “target poisoning” due to excessive Nj reacting on top of the target [39]. On
the other hand, an atmosphere undersaturated with N, will develop poor crystallinity and
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film quality due to the formation of N-vacancies and Al-interstitials [6]. For this reason,
there must be strict control and optimization of the gas flow ratios to ensure proper film
quality and crystallographic orientation during the reactive sputtering Scx Al; _«N.
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Figure 4. Effect of sputtering atmosphere on (a) sputtering rate, (b) crystal quality, (c) resistivity, and
(d) piezoelectric response. Reproduced with permission from Ref. [6].

(c) Effect on Surface Roughness: Surface roughness becomes especially important
when considering the applications of ScxAl;_«N thin-films such as in SAW devices. Surface
acoustic waves are propagated only on the surface, and all the energy is approximately
contained in a wavelength from surface to inside [49,50]. Furthermore, SAWs will be
critically hindered when the surface roughness of the film is greater than the wavelength.
Therefore, it is beneficial to minimize the RMS of ScyAl;_N films to achieve reduced
insertion losses for SAW devices [51]. It has been discovered that the gas flow ratio also
has an important impact on the surface roughness of ScxAl;_(N [39]. By optimizing the
gas flow ratio to achieve the desired c-axis orientation, it has been shown to minimize the
surface roughness [6,39].

(d) Effect on Electric Properties: As mentioned in the previous sections regarding the
resistivity and piezoelectric response of ScyAl;_«N films with respect to the sputtering
pressure, both parameters are directly dictated by the degree of c-axis orientation of the
film. Thus, by optimizing the gas flow ratio to achieve the maximum c-axis orientation,
both the highest resistivity and largest piezoelectric response can be achieved. As is shown
in Figure 4c,d, the resistivity, piezoelectric response, and dielectric constant are all shown
to improve initially with the increasing N, concentration. However, they show significant
degradation after reaching a saturation point [6]. Thus, a harmonious proportion of Nj is
required to achieve films with uniform size and minimized defects, which will ultimately
lead to the greatest improvement of electric properties.

3.4. Sputtering Power Density

The sputtering power/power density is an additional parameter that is critical to the
thin-film deposition of ScxAl;_«N. At the beginning, it was established that the sputtering
power significantly influences the deposition of AIN films, affecting both its crystallinity
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and its electric properties [52]. Similarly, it was discovered that sputtering power plays an
analogous role in the thin-film deposition of ScxAl;_N as is shown in Figure 5 [26].
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Figure 5. Effect of sputtering power on (a) XRD intensity, (b) FWHM, (c) RMS, and (d) piezoelectric
response. Reproduced with permission from Ref. [26].

(a) Effect on Sputtering Rate and Thickness: Sputtering power density becomes espe-
cially important during the process of reactive dual co-sputtering of ScxAl;_yN because
the variation in power density between the Sc and Al targets allows for the precise control
over the concentration of Sc in the alloy [42]. By maintaining a constant power density on
the Al target, the Sc concentration can be increased linearly by gradually increasing power
density applied to the Sc target [31]. On account of this, most papers employing a dual
co-sputtering setup for ScxAl;_«N tend to modulate the power density only as a means to
dictate the final stoichiometry of the film. The mechanism governing the linear increase in
Sc content with increasing power density is closely related to the mechanism governing the
effect of the power density on both the sputtering rate and the film thickness.

Moreover, increased power density generally results in an increase in the sputtering
rate of ScyAl;_«N. This can be mainly attributed to the increase in the kinetic energy of the
adatoms arriving at the substrate [36]. However, there have been reports of exceedingly
high power densities leading to a reduction in sputtering rate due to the occurrence of
re-sputtering [10]. Furthermore, since the thickness is a rate-dependent property, it follows
the same trend as the sputtering rate for a constant sputtering time. This means that the
thickness of sputtered ScAl;_«N can be systematically tailored by increasing or decreasing
the sputtering power for a given sputtering time. Thickness tuning via power density
modulation is primarily reserved for cases in which Sc-Al alloys are utilized as the target.

(b) Effect on Crystal Quality: As previously discussed, ScxAl; 4N has a wurtzite
structure. As a result of this crystal structure, the (0002) plane has the lowest surface energy
because it is the closest packed plane [10]. Additionally, it has been established that with
increasing power density, there is an increase in the kinetic energy of Sc adatoms. This
helps to promote the rearrangement of atoms to align according to (0002) crystal orienta-
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tion on the substrate surface, which will contribute to a reduction in surface energy [26].
However, at exceedingly high discharge powers/power densities, the adatoms can harbor
an overabundance of kinetic energy that forces the B, bonds in wurtzite to disassociate,
causing crystal quality deterioration [31]. Correspondingly, it has been stated that at higher
discharge powers the increase of adatom mobility not only improves the crystal quality,
but it is also beneficial in preventing the incorporation of impurities from the background
gas [34]. Indeed, these phenomena are widely observable in the data available in the
literature where the XRD patterns of ScxAl;_«N and plots of the rocking curve FWHM
are shown to improve initially with increasing power density, and then degrade at higher
power densities [10,26,31]. An example of this is shown in Figure 5a,b. Moreover, Henry
et al., showed that increasing RF power from 80 to 120 W leads to a significant reduction
in both compressive stress and the inclusion number, where the inclusion number is the
number of non-c-axis orientated grains [33].

Additionally, the surface morphology of ScxAl;_«N films is similarly tied to the sput-
tering power used during film deposition as the surface properties are improved with
increasing c-axis orientation due to the increase in sputtering power. With insufficient
power, the film is unable to properly form the desired texture. On the contrary, with in-
creasing power, the mobility of the atoms improves, providing the opportunity to eliminate
defects such as inclusions [53]. However, Tang et al., warn that when the power density is
increased toward the extreme, the surface of the film is more susceptible to cracking due to
thermal stresses [26]. This is reflected in the measured RMS as shown in Figure 5c.

(c) Effect on Electric Properties: The electric properties of Scx Al _4N such as resistivity,
leakage current, and piezoelectric response are closely tied to the crystal quality of the
deposited film. With better crystal quality, there are fewer defects in the lattice, which
serves an advantageous role in the enhancement of electrical properties [10]. Moreover,
when the optimum power condition is chosen such that there is a coincidence between
the best crystal quality and surface morphology, the maximum piezoelectric response is
achieved [26]. When this occurs, the literature has shown that ScyAl; N thin-films are
capable of achieving a piezoelectric response at least 250% greater than that of AIN [31].

3.5. Sputtering Substrate Temperature

The substrate temperature is a very important parameter to consider during the sput-
tering of ScxAlj_«N films as it impacts the crystal quality, grain size, and even the final
electric properties of the film as shown in Figure 6 [27]. Additionally, the substrate tempera-
ture can directly limit what applications the film can be used for. For example, a perquisite
for using ScxAl;_«N thin-films in complementary metal-oxide-semiconductor (CMOS)-
integrated devices such as ferroelectric field effect transistors (FE-FETs) and random-access
memories (RAMs) is a low-temperature (T < 400 °C) deposition [25,30]. Moreover, the
low temperature deposition of ScxAl; N thin films could alleviate the process integration
failures commonly associated with PZT FE-RAMs that require deposition temperatures
exceeding 600 °C, which are detrimental for CMOS transistors [8,23].

(a) Effect on Crystal Quality, Grain Size, and Film Stress: It has long been acknowl-
edged that the crystal quality and grain size of ScxAl;_«N films share a dependency with
the substrate or growth temperature [5,27,41]. In 2009, Akiyama et al., showed that there
was a significant decrease in the crystal quality of films deposited above 400 °C as shown in
Figure 6 [27]. Additionally, this decrease in crystal quality was proposed to be the result of
a drastic increase in the size and disorder of grains when the growth temperature exceeded
400 °C. Moreover, Zukauskaite et al., showed that at high growth temperatures above
400 °C and higher Sc concentrations, there was a structural degradation into Al-rich and
Sc-rich domains, which most likely contributed to the reduction in crystal quality [41]. Like-
wise, it was found that the number of non-c-axis oriented grains decreases with increasing
substrate temperature up to 375 °C before increasing again with subsequent temperature
increase [33]. On account of these investigations, the vast majority of literature utilizes a
sputtering temperature that is less than or equal to 400 °C.
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(d) piezoelectric response. Reproduced with permission from Ref. [27].

(b) Effect on Electric Properties: As mentioned in the previous section, the crystal qual-
ity of ScxAlj_xN films deteriorates significantly when the substrate temperature exceeds
400 °C. Since the electrical properties of the film are dependent on the crystal quality, this
means that they too should degrade after surpassing the temperature threshold. Indeed,
this is supported by the data presented in the literature. When Tqpgtrate > 400 °C, there is
a significant increase in the leakage current [41]. Additionally, the piezoelectric response
was shown to drop off drastically when T pstrate > 400 °C as shown in Figure 6d [27]. The
degradation of the electric properties such as piezoelectric response could also be linked to
the formation of Al-rich and Sc-rich clusters, which occurs at higher temperatures [22]. To
conclude, it is vital to minimize the substrate temperature during the deposition of thin-film
ScxAl;_xN because exceeding the threshold temperature of approximately 400 °C leads to
a significant reduction in crystal quality and electric properties while also excluding the
film from being easily integrated into CMOS devices.

4. Conclusions

In summary, key sputtering parameters for the deposition of ScxAl; 4N such as target
design, sputtering atmosphere, sputtering power, and substrate temperature are vital
for depositing high-quality thin films, achieving desired stoichiometry, and meeting the
required film thickness. Moreover, this review has shown that these qualities directly
impact the degree of c-axis orientation, grain size, and surface roughness of the deposited
films. Additionally, the electric properties of ScxAl;_yN films share a clear dependence
on the crystal quality of the film. It should be stated that there is no one set of sputtering
parameters that is ideal for all applications. Therefore, it is impossible to say definitively
what the ideal target design, sputtering atmosphere, sputtering power, and substrate
temperature should be. However, some overarching truths can be gleaned from the review
of current literature on the sputtering of ScxAl;_N. These are as follows:

(1) Sputtering target design is essential to ensure the Sc and Al composition in the
ScxAl; N films. In general, single-alloy targets appear to be better when depositing
films with Sc concentrations less than 30%, whereas dual co-sputtering targets are
better suited for applications where concentrations exceed 30% and when the precise
control of Sc content is necessary. Lastly, segmented targets are interesting in the
ability to combine the advantages of both single-alloy targets and dual co-sputtering
targets, but they are less applicable for industrial applications.
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(2) In general, sputtering pressures should be kept between 0.4-0.6 Pa to avoid the issues
associated with extremely low or high pressures. Moreover, the gas flow ratio should
be kept such that there is between 30% and 35% N, present.

(3) Increased sputtering power can benefit the crystal quality and electric properties
of ScxAl;_xN. However, there exists a maximum power density whereupon further
increase the film quality will become damaged.

(4) Substrate temperature should not exceed 400 °C during the deposition of ScxAl;_N.

These insights and this comprehensive analysis can serve as reference points for
any novel research project utilizing the sputtering of ScxAl;_«N thin films. Moreover, by
utilizing this review future researchers should be able to quickly tune and adjust their
sputtering processes to rapidly obtain exceptional results.

Author Contributions: ].M.W. writing—original draft preparation, EY.; writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by National Science Foundation under contracts No. ECCS-1944374,
CMMI-2019473 and DMR-2127640, National Aeronautics and Space Administration, Alabama EP-
SCoR International Space Station Flight Opportunity program (contract# 8ONSSC20M0141), and
USDA National Institute of Food and Agriculture, AFRI project award (contract# 2020-67022-31376).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Piazza, G, Felmetsger, V.; Muralt, P; Olsson, R.H., III; Ruby, R. Piezoelectric aluminum nitride thin films for microelectromechani-
cal systems. MRS Bull. 2012, 37, 1051-1061. [CrossRef]

2. Elfrink, R.; Kamel, T.M.; Goedbloed, M.; Matova, S.; Hohlfeld, D.; Van Andel, Y.; Van Schaijk, R. Vibration energy harvesting with
aluminum nitride-based piezoelectric devices. ]. Micromech. Microeng. 2009, 19, 094005. [CrossRef]

3. Stoppel, E; Schroder, C.; Senger, F.; Wagner, B.; Benecke, W. AIN-based piezoelectric micropower generator for low ambient
vibration energy harvesting. Procedia Eng. 2011, 25, 721-724. [CrossRef]

4. Lu, Y,; Heidari, A.; Horsley, D. A High Fill-Factor Annular Array of High Frequency Piezoelectric Micromachined Ultrasonic
Transducers. |. Microelectromech. Syst. 2015, 24, 904-913. [CrossRef]

5. Akiyama, M.; Kamohara, T.; Kano, K.; Teshigahara, A.; Takeuchi, Y.; Kawahara, N. Enhancement of Piezoelectric Response in
Scandium Aluminum Nitride Alloy Thin Films Prepared by Dual Reactive Cosputtering. Adv. Mater. 2009, 21, 593-596. [CrossRef]
[PubMed]

6. Tang,].; Niu, D,; Yang, Y.; Zhou, D.; Yang, C. Preparation of ScAIN films as a function of sputtering atmosphere. ]. Mater. Sci.
Mater. Electron. 2016, 27, 4788-4793. [CrossRef]

7. Fichtner, S.; Wolff, N.; Lofink, E; Kienle, L.; Wagner, B. AIScN: A III-V semiconductor based ferroelectric. J. Appl. Phys. 2019,
125,114103. [CrossRef]

8. Rassay, S.; Hakim, F; Li, C.; Forgey, C.; Choudhary, N.; Tabrizian, R. A Segmented-Target Sputtering Process for Growth of
Sub-50 nm Ferroelectric Scandium-Aluminum-Nitride Films with Composition and Stress Tuning. Phys. Status Solidi (RRL) Rapid
Res. Lett. 2021, 15, 2100087. [CrossRef]

9.  Liu, X.; Zheng, J.; Wang, D.; Musavigharavi, P; Stach, E.A.; Olsson, R., III; Jariwala, D. Aluminum scandium nitride-based
metal-ferroelectric-metal diode memory devices with high on/off ratios. Appl. Phys. Lett. 2021, 118, 202901. [CrossRef]

10. Li, X; Yang, Y.; Zhou, D.; Yang, C.; Feng, F,; Yang, J.; Hu, Q. Preparation of ScAIN films as a function of power density on Si and
flexible substrate by dc reactive magnetron sputtering. J. Mater. Sci. Mater. Electron. 2016, 27, 171-176. [CrossRef]

11.  Zoroddu, A.; Bernardini, F.; Ruggerone, P; Fiorentini, V. First-principles prediction of structure, energetics, formation enthalpy,
elastic constants, polarization, and piezoelectric constants of AIN, GaN, and InN: Comparison of local and gradient-corrected
density-functional theory. Phys. Rev. B 2001, 64, 045208. [CrossRef]

12.  Tasnadi, E; Alling, B.; Hoglund, C.; Wingqvist, G.; Birch, J.; Hultman, L.; Abrikosov, I.A. Origin of the anomalous piezoelectric
response in wurtzite ScxAl; N alloys. Phys. Rev. Lett. 2010, 104, 137601. [CrossRef] [PubMed]

13.  Zhang, S.; Holec, D.; Fu, W.Y.; Humphreys, C.J.; Moram, M.A. Tunable optoelectronic and ferroelectric properties in Sc-based
II-nitrides. J. Appl. Phys. 2013, 114, 133510. [CrossRef]

14. Deng, R.; Jiang, K.; Gall, D. Optical phonon modes in Al; _,ScxN. J. Appl. Phys. 2014, 115, 013506. [CrossRef]

140



Coatings 2023, 13, 54

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ambacher, O.; Christian, B.; Feil, N.; Urban, D.E; Elsdsser, C.; Prescher, M.; Kirste, L. Wurtzite ScAIN, InAIN, and GaAIN crystals,
a comparison of structural, elastic, dielectric, and piezoelectric properties. J. Appl. Phys. 2021, 130, 045102. [CrossRef]

Lu, Y;; Reusch, M.; Kurz, N.; Ding, A.; Christoph, T.; Prescher, M.; Kirste, L.; Ambacher, O.; Zukauskaite, A. Elastic modulus and
coefficient of thermal expansion of piezoelectric Al;_,ScxN (up to x = 0.41) thin films. APL Mater. 2018, 6, 076105. [CrossRef]
Zhang, Q.; Chen, M.; Liu, H.; Zhao, X.; Qin, X.; Wang, E; Tang, Y.; Yeoh, K.H.; Chew, K.H.; Sun, X. Deposition, Characterization,
and Modeling of Scandium-Doped Aluminum Nitride Thin Film for Piezoelectric Devices. Materials 2021, 14, 6437. [CrossRef]
[PubMed]

Fu, H.; Goodrich, J.C.; Ogidi-Ekoko, O.; Tansu, N. Power electronics figure-of-merit of SCAIN. Appl. Phys. Lett. 2021, 119, 072101.
[CrossRef]

Saada, S.; Lakel, S.; Almi, K. Optical, electronic and elastic properties of ScAIN alloys in WZ and ZB phases: Prospective material
for optoelectronics and solar cell applications. Superlattices Microstruct. 2017, 109, 915-926. [CrossRef]

Deng, R.; Evans, S.; Gall, D. Bandgap in Al _4ScxN. Appl. Phys. Lett. 2013, 102, 112103. [CrossRef]

Song, Y.; Perez, C.; Esteves, G.; Lundh, ].S.; Saltonstall, C.B.; Beechem, T.E.; Yang, J.I; Ferri, K.; Brown, J.E.; Tang, Z.; et al. Thermal
Conductivity of Aluminum Scandium Nitride for 5G Mobile Applications and Beyond. ACS Appl. Mater. Interfaces 2021, 13,
19031-19041. [CrossRef] [PubMed]

Caro, M.A; Zhang, S.; Riekkinen, T.; Ylilammi, M.; Moram, M.A.; Lopez-Acevedo, O.; Molarius, ].; Laurila, T. Piezoelectric
coefficients and spontaneous polarization of SCAIN. J. Phys. Condens. Matter 2015, 27, 245901. [CrossRef] [PubMed]

Olsson, R.H.; Tang, Z.; Agati, M.D. Doping of Aluminum Nitride and the Impact on Thin Film Piezoelectric and Ferroelectric
Device Performance. In Proceedings of the 2020 IEEE Custom Integrated Circuits Conference (CICC), Boston, MA, USA, 22-25
March 2020.

Felmetsger, V.; Mikhov, M.; Ramezani, M.; Tabrizian, R. Sputter Process Optimization for Aly7Sco3N Piezoelectric Films. In
Proceedings of the 2019 IEEE International Ultrasonics Symposium (IUS), Glasgow, UK, 6-9 October 2019.

Liu, X.; Wang, D.; Kim, K.H.; Katti, K.; Zheng, J.; Musavigharavi, P.; Miao, J.; Stach, E.A.; Olsson, R.H., III; Jariwala, D. Post-
CMOS Compatible Aluminum Scandium Nitride/2D Channel Ferroelectric Field-Effect-Transistor Memory. Nano Lett. 2021, 21,
3753-3761. [CrossRef] [PubMed]

Tang, J.; Niu, D.; Tai, Z.; Hu, X. Deposition of highly c-axis-oriented ScAIN thin films at different sputtering power. J. Mater. Sci.
Mater. Electron. 2017, 28, 5512-5517. [CrossRef]

Akiyama, M.; Kano, K.; Teshigahara, A. Influence of growth temperature and scandium concentration on piezoelectric response
of scandium aluminum nitride alloy thin films. Appl. Phys. Lett. 2009, 95, 162107. [CrossRef]

Tominaga, T.; Takayanagi, S.; Yanagitani, T. c-Axis-tilted ScAIN films grown on silicon substrates for surface acoustic wave
devices. Jpn. |. Appl. Phys. 2022, 61, SG1054. [CrossRef]

Tominaga, T.; Takayanagi, S.; Yanagitani, T. Negative-ion bombardment increases during low-pressure sputtering deposition and
their effects on the crystallinities and piezoelectric properties of scandium aluminum nitride films. J. Phys. D Appl. Phys. 2021, 55,
105306. [CrossRef]

Wang, D.; Zheng, ].; Musavigharavi, P.; Zhu, W.; Foucher, A.C.; Trolier-McKinstry, S.E.; Stach, E.A.; Olsson, R.H. Ferroelectric
Switching in Sub-20 nm Aluminum Scandium Nitride Thin Films. IEEE Electron Device Lett. 2020, 41, 1774-1777. [CrossRef]
Dong, K.; Wang, F; Deng, M.; Yan, S.; Zhang, K. Piezoelectric performance improvement of ScAIN film and two-port SAW
resonator application. Electron. Lett. 2019, 55, 1355-1357. [CrossRef]

Tabaru, T.; Akiyama, M. Residual stress reduction in piezoelectric Scp 4Aly N films by variable-pressure sputtering from 0.4 to 1.0
Pa. Thin Solid Film. 2019, 692, 137625. [CrossRef]

Henry, M.D.; Young, T.R,; Douglas, E.A.; Griffin, B.A. Reactive sputter deposition of piezoelectric Scy 12 Al gsN for contour mode
resonators. J. Vac. Sci. Technol. B 2018, 36, 03E104. [CrossRef]

Lozano, M.S.; Pérez-Campos, A.; Reusch, M; Kirste, L.; Fuchs, T.; Zukauskaite, A.; Chen, Z.; Iriarte, G.F. Piezoelectric characteri-
zation of Scp 26Aly 74N layers on Si (001) substrates. Mater. Res. Express 2018, 5, 036407. [CrossRef]

Mertin, S.; Heinz, B.; Rattunde, O.; Christmann, G.; Dubois, M.A.; Nicolay, S.; Muralt, P. Piezoelectric and structural properties of
c-axis textured aluminium scandium nitride thin films up to high scandium content. Surf. Coat. Technol. 2018, 343, 2-6. [CrossRef]
Pérez-Campos, A.; Sinusia Lozano, M.; Garcia-Garcia, FJ.; Chen, Z.; Iriarte, G.F. Synthesis of ScAIN thin films on Si (100)
substrates at room temperature. Microsyst. Technol. 2018, 24, 2711-2718. [CrossRef]

Felmetsger, V.V. Sputter Technique for Deposition of AIN, ScAIN, and Bragg Reflector Thin Films in Mass Production. In
Proceedings of the 2017 IEEE International Ultrasonics Symposium (IUS), Washington, DC, USA, 6-9 September 2017.

Fichtner, S.; Wolff, N.; Krishnamurthy, G.; Petraru, A.; Bohse, S.; Lofink, F.; Chemnitz, S.; Kohlstedt, H.; Kienle, L.; Wagner, B.
Identifying and overcoming the interface originating c-axis instability in highly Sc enhanced AIN for piezoelectric micro-
electromechanical systems. J. Appl. Phys. 2017, 122, 035301. [CrossRef]

Zhang, Y.; Zhu, W.; Zhou, D.; Yang, Y.; Yang, C. Effects of sputtering atmosphere on the properties of c-plane ScAIN thin films
prepared on sapphire substrate. J. Mater. Sci. Mater. Electron. 2014, 26, 472-478. [CrossRef]

Akiyama, M.; Umeda, K.; Honda, A.; Nagase, T. Influence of scandium concentration on power generation figure of merit of
scandium aluminum nitride thin films. Appl. Phys. Lett. 2013, 102, 021915. [CrossRef]

141



Coatings 2023, 13, 54

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zukauskaite, A.; Wingqvist, G.; Palisaitis, J.; Jensen, J.; Persson, P.O.; Matloub, R.; Muralt, P.; Kim, Y.; Birch, J.; Hultman, L.
Microstructure and dielectric properties of piezoelectric magnetron sputtered w-ScxAl;_N thin films. |. Appl. Phys. 2012,
111, 093527. [CrossRef]

Hoglund, C.; Bareno, J.; Birch, J.; Alling, B.; Czigany, Z.; Hultman, L. Cubic Sc;_yAlxN solid solution thin films deposited by
reactive magnetron sputter epitaxy onto ScN (111). J. Appl. Phys. 2009, 105, 113517. [CrossRef]

Hoglund, C.; Birch, J.; Alling, B.; Bareno, J.; Czigany, Z.; Persson, P.O.; Wingqvist, G.; Zukauskaite, A.; Hultman, L. Wurtzite
structure Sc;_AlxN solid solution films grown by reactive magnetron sputter epitaxy: Structural characterization and first-
principles calculations. J. Appl. Phys. 2010, 107, 123515. [CrossRef]

Lei, WW.; Liu, D.; Zhu, PW.; Chen, X.H.; Zhao, Q.; Wen, G.H.; Cui, Q.L.; Zou, G.T. Ferromagnetic Sc-doped AIN sixfold-
symmetrical hierarchical nanostructures. Appl. Phys. Lett. 2009, 95, 162501. [CrossRef]

Akiyama, M.; Tabaru, T.; Nishikubo, K.; Teshigahara, A.; Kano, K. Preparation of scandium aluminum nitride thin films by using
scandium aluminum alloy sputtering target and design of experiments. J. Ceram. Soc. Jpn. 2010, 118, 1166-1169. [CrossRef]
Posadowski, W.; Wiatrowski, A.; Domaradzki, J.; Mazur, M. Selected properties of AlXZnyO thin films prepared by reactive
pulsed magnetron sputtering using a two-element Zn/ Al target. Beilstein |. Nanotechnol. 2022, 13, 344-354. [CrossRef] [PubMed]
Berg, S.; Nyberg, T. Fundamental understanding and modeling of reactive sputtering processes. Thin Solid Film. 2005, 476,
215-230. [CrossRef]

Moreira, M.A_; Doi, I.; Souza, J.E; Diniz, J.A. Electrical characterization and morphological properties of AIN films prepared by
dc reactive magnetron sputtering. Microelectron. Eng. 2011, 88, 802-806. [CrossRef]

Xu, X.-H.; Wu, H.S.; Zhang, C.J.; Jin, Z.H. Morphological properties of AIN piezoelectric thin films deposited by DC reactive
magnetron sputtering. Thin Solid Film. 2001, 388, 62-67. [CrossRef]

Rodriguez-Madrid, J.G.; Iriarte, G.E,; Williams, O.A.; Calle, F. High precision pressure sensors based on SAW devices in the GHz
range. Sens. Actuators A Phys. 2013, 189, 364-369. [CrossRef]

Fujii, S.; Odawara, T.; Yamada, H.; Omori, T.; Hashimoto, K.Y.; Torii, H.; Umezawa, H.; Shikata, S. Low Propagation Loss in a
One-Port SAW Resonator Fabricated on Single-Crystal Diamond for Super-High-Frequency Applications. IEEE Trans. Ultrason.
Ferroelectr. Freq. Control. 2013, 60, 986-992. [CrossRef]

Ababneh, A.; Schmid, U.; Hernando, J.; Sanchez-Rojas, J.L.; Seidel, H. The influence of sputter deposition parameters on
piezoelectric and mechanical properties of AIN thin films. Mater. Sci. Eng. B 2010, 172, 253-258. [CrossRef]

Yang, Y.; Zhou, D.; Yang, C.; Feng, F.; Yang, J.; Hu, Q. Preparation of ScAIN film on Hastelloy alloys under different sputtering
power. Mater. Lett. 2015, 161, 26-28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

142



E coatings

Article

Properties of RF Magnetron-Sputtered Copper Gallium Oxide
(CuGay0y4) Thin Films

Ashwin Kumar Saikumar *, Sreeram Sundaresh, Shraddha Dhanraj Nehate and Kalpathy B. Sundaram

Citation: Saikumar, A.K.; Sundaresh,
S.; Nehate, S.D.; Sundaram, K.B.
Properties of RF Magnetron-Sputtered
Copper Gallium Oxide (CuGa,0y)
Thin Films. Coatings 2021, 11, 921.
https://doi.org/10.3390/
coatings11080921

Academic Editor: Rafal Chodun

Received: 6 July 2021
Accepted: 28 July 2021
Published: 1 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

Department of Electrical and Computer Engineering, University of Central Florida, Orlando, FL 32816, USA;
sreeram.sundaresh@knights.ucf.edu (S.S.); shraddha.nehate@knights.ucf.edu (S.D.N.);
kalpathy.sundaram@ucf.edu (K.B.S.)

* Correspondence: saikumarashwin1991@knights.ucf.edu

Abstract: Thin films of CuGa,;O4 were deposited using an RF magnetron-sputtering technique for
the first time. The sputtered CuGa;O; thin films were post-deposition annealed at temperatures
varying from 100 to 900 °C in a constant O, ambience for 1.5 h. Structural and morphological studies
were performed on the films using X-ray diffraction analysis (XRD) and a Field Emission Scanning
Electron Microscope (FESEM). The presence of CuGayO4 phases along with the CuO phases was
confirmed from the XRD analysis. The minimum critical temperature required to promote the crystal
growth in the films was identified to be 500 °C using XRD analysis. The FESEM images showed
an increase in the grain size with an increase in the annealing temperature. The resistivity values
of the films were calculated to range between 6.47 x 10% and 2.5 x 108 Qcm. Optical studies were
performed on all of the films using a UV-Vis spectrophotometer. The optical transmission in the
200-800 nm wavelength region was noted to decrease with an increase in the annealing temperature.
The optical bandgap value was recorded to range between 3.59 and 4.5 eV and showed an increasing
trend with an increase in the annealing temperature.

Keywords: CuGa)Oy; cubic spinel; annealing studies; optical characteristics; XRD; electrical charac-
teristics

1. Introduction

Wide-bandgap semiconductors such as Ga,; 03, ZnO, indium tin oxide, HfO,, Y,03,
ZrOy, AlGay03, IGZO exhibit many attractive properties beyond the capabilities of Si, and
hence find applications in electronics, optical, optoelectronics, photonics and magneto-
electronic devices [1-7]. As a result, the research and development of metal oxides with
versatile properties are imperative. Among the various metal-oxide materials, cubic spinels
have attracted great attention due to their chemical structure consisting of tetrahedral
and octahedral sites [8]. Cubic spinels with the formula AB,O4 have cations distributed
randomly among one octahedral site and two tetrahedral sites. B3* ions occupy half of the
octahedral holes, and A?* ions occupy one eighth of the tetrahedral holes [9]. One such
cubic spinel material exhibiting a wide bandgap like Ga;O3 is CuGayOy. The copper and
gallium ions in CuGa,Oy are distributed randomly in the A and B sublattices. This pseudo-
binary system consisting of CuO-GayO3 phases displays a high potential for optoelectronic
applications. Furthermore, CuGaOy has distinguished physical and chemical stability
and exhibits a catalytic property. The fundamental requirement to promote catalytic
and photocatalytic properties demands control over the thin films regarding the particle
size, surface area and crystallinity. Due to its high sensitivity and rapid response to
reducing/oxidizing, CuGay Oy is a noteworthy candidate material for gas sensing towards
Hy, liquefied petroleum and NHj3 [10].

Due to its unique structure, CuGa, Oy finds applications in supercapacitors [11], and
as an active catalyst for a hydrogen gas source [12], a photocatalyst for solar hydrogen
production [13], anode materials for sodium-ion batteries [14], and in organic photovoltaic
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devices [15]. Previous studies have synthesized CuGa,O4 using techniques such as chem-
ical vapor deposition (CVD), aerosol-assisted CVD [9], solid-state reaction [16], thermal
decomposition [17], laser molecular beam epitaxy (L-MBE) [18] and hydrothermal tech-
niques [19]. Synthesizing spinels requires multiple steps, high processing temperatures and
a longer synthesis time [12,20]. Additionally, conventional CVD techniques involve volatile
precursors, and the processes can be limited due to the formation of toxic byproducts.
Among all of the thin-film deposition techniques, the magnetron sputtering technique is
an established method of depositing thin films with high uniformity and homogeneity [1].
The magnetron sputtering techniques provide the flexibility to choose target materials with
a wide range of melting points. This feature provides the capability to regulate the film
thickness and deposition rate. Moreover, the magnetron sputtering technique does not
demand the use of toxic or specialized precursors, which are required for CVD, and it
offers great adhesion over a large surface area.

There have been no reported attempts to deposit CuGap Oy thin films using the RF
magnetron sputtering technique. This work addresses this inadequacy and focuses on the
investigation of the properties of CuGayOy thin films synthesized using RF magnetron
sputtering. Thin films of CuGa,;O4 were deposited using a stoichiometric target mixture of
Cu,0 and Ga,Oj; in the presence of argon gas. The influence of annealing the films in the
presence of oxygen gas at different temperatures was evaluated. The chemical structure,
morphological properties, optical properties and electrical properties of CuGa,Oy thin
films were investigated.

2. Experimental
2.1. Deposition of the CuGa,Oy4 Thin Films

CuGayOy films were deposited using an ultra-high vacuum 3 gun sputtering sys-
tem (AJA international, Scituate, MA, USA). Fused quartz substrates were used for the
annealing of the films at temperatures above 500 °C, and regular glass substrates were
used for the annealing of the films at temperatures lower than 500 °C. The substrates were
cleaned using acetone, methanol and DI water, followed by drying using nitrogen gas.
The CuGay Oy films were deposited using a 3-inch powder pressed sputtering target with
stochiometric proportions of CupyO and GayO3 (99.99% purity). A base pressure of 3 x 107
Torr was achieved before every deposition. The sputter depositions were performed at the
RF frequency (13.56 MHz) and a constant power of 200 W, using ultra-pure grade Ar as
the sputtering gas. The Ar flow was kept constant at 10 sccm, and the deposition pressure
was maintained constant at 10 mTorr for all of the depositions. All of the CuGa, Oy films
reported in this research had a uniform thickness of 2000 A. The substrate holder was
rotated at a speed of 20 rpm in order to obtain a uniform thin-film thickness. All of the
film depositions were performed at room temperature. The films were then annealed, post
deposition, for 1.5 h at temperatures varying from 100 to 900 °C in O, ambience. The O,
flow into the annealing furnace was maintained at 100 sccm for all of the film annealing.

2.2. Film Characterization

A Veeco Dektak 150 profilometer (Veeco, NY, USA) was used to measure the thickness
of the films. The XRD measurements were performed using a PANalytical Empyrean XRD
system (Malvern Panalytical, Westborough, MA USA), using radiation from a Cu source at
45 kV and 40 mA. The diffraction patterns were recorded between 20 angles of 25-70°, and
the phase information was analyzed using HighScore Plus software (Malvern Panalytical,
Westborough, MA USA). The surface morphology of the film was identified using field
emission scanning electron microscope Zeiss ULTRA-55 FEG SEM, (Zeiss Microscopy,
White Plains, NY, USA). The optical transmission studies were performed using a Cary
100 UV-Vis spectrophotometer (Varian Analytical Instruments, Walnut creek, CA, USA).
In order to perform the optical transmission studies, a wavelength range of 200-800 nm
was used for the film deposited on the quartz substrates, and the wavelength range of
300-800 nm was used for the films deposited on the glass substrates. The resistivity of the
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film was measured by patterning parallel Al contact pads on the annealed CuGayOj films.
In order to pattern the Al contact pads, a liftoff process was used. Once the contact pad
windows were patterned, Al metal was deposited by adopting thermal evaporation. A
schematic representation of the configuration used for the electrical measurements, along
with the dimensions of the contact pads, is shown in Figure 1. A Keithley 2450 source meter
(Tektronix Inc, Beaverton, OR, USA) unit was used to measure the I-V characteristics. From
the measured I-V characteristics data, the resistance R was calculated. From the calculated
R value, the resistivity (p) of the film was identified using the formula mentioned below:

p=RE 1)

where R is the resistance, L is the length and A is the area of cross section.

X X =410 pm
- Z=260 pm
Y
CuGa,03—»
Quartz Substrate

Figure 1. Schematic representation of the configuration used for the electrical measurements.

3. Results and Discussions
3.1. XRD Analysis

Thin-film XRD diffractograms of the as-deposited CuGayOy thin films, as well as
films annealed at temperatures varying from 500-900 °C, are shown in Figure 2. The XRD
pattern did not display any distinguished peaks for the as-deposited CuGa,Oy thin films
or the thin films annealed at temperatures lower than 500 °C. However, the CuGay Oy thin
films annealed at temperatures of 500-900 °C displayed distinguishable peaks. The films
annealed at 500 °C showed only two distinct peaks with comparatively lower intensity.
They are the (311) peak related to the CuGa;O4 and (111) related to CuO. This suggests that
the as-deposited films and the films annealed at temperatures less than 500 °C were majorly
amorphous; therefore, for the sake of comparison, the XRD patterns of films annealed at
300 °C and 400 °C are not shown in Figure 2. It is likely that the films require a minimum
annealing temperature of 500 °C in order to crystallize. The diffraction peaks identified
from the XRD pattern were indexed well with the peaks pertaining to CuGa,O4 (JCPDS
PDF # 44-0183). The peaks pertaining to CuO were also identified, suggesting the presence
of mixed phases in the deposited thin films. Such a similar presence of CuO peaks along
with CuGayO4 has been previously reported in earlier research [9,20]. The major peaks
identified at 26 of 35.73, 37.68 and 63.59 were indexed to the (311), (222) and (440) phases
of CuGayO4. No peaks pertaining to Ga,O3 were identified. From Figure 2, a steady
improvement in the peak intensity and peak sharpness can be noticed with the increase in
the annealing temperature, thereby denoting a gradual improvement in the crystallinity.
The peak intensity of the strongest peak (311) of CuGa,O4 was plotted as a function of the
annealing temperature in Figure 3. A steady increase in the (311) peak intensity with an
increase in the annealing temperature is evident from Figure 3.
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Figure 2. X-ray diffractions of the as-deposited CuGa, Oy thin film and the CuGay Oy thin films annealed at 500-900 °C in

O, ambience for 1.5 h.
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Figure 3. (311) peak intensity identified in the CuGa,Oy films as a function of the annealing temperature.

3.2. Morphology Studies

Figure 4 shows the FESEM images of the CuGa,Oy films. The morphological changes
in both the as-deposited CuGayOy film (Figure 4a) and the CuGayOy films annealed at
300-900 °C (Figure 4b-h) can be seen clearly. Although the as-deposited film and films
annealed at 300 °C and 400 °C displayed a tiny grain/particle presence in Figure 4a—c,
they remained majorly amorphous and did not reveal any evidence of a peak presence in
the XRD analysis. However, the film annealed at 500 °C displayed higher evidence of a
grain presence and grain boundaries compared to the films annealed at 300 °C and 400 °C.
This corroborates with the results from the XRD analysis in which the first appearance
of diffraction peaks was observed in the film annealed at 500 °C. Deriving from the SEM
findings and the appearance of diffraction peaks in the XRD analysis, it can be concluded
that 500 °C is the minimum critical temperature required to promote nanocrystalline
growth. The increase in the grain size with the increase in the annealing temperature can be
evidently noted from Figure 4b-h. The small grains coalesce together and produce bigger
grains when there is an increase in the annealing temperature [21]. This implies that the
increment in the annealing temperature has an incremental influence on the CuGaOy4 film
grain size. The film annealed at 900 °C was noted to have the largest-sized grains of 89 nm
when compared to the other films. Figure 5 reiterates the steady increase in the grain size
with the increase in the annealing temperature. The elemental analysis of all of the samples
was performed using the EDAX incorporated in the FESEM. Table 1 shows the composition
present in all of the films.
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Figure 4. FESEM images of (a) the as-deposited CuGa,Oy films and the CuGa, Oy films annealed at (b) 300 °C, (c) 400 °C,
(d) 500 °C, (e) 600 °C, (f) 700 °C, (g) 800 °C and (h) 900 °C (SEM magnification were constant at 50 KX. All scales in the
image are in nm range).
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Figure 5. Average grain size as a function of the annealing temperature.

Table 1. CuGayOy film composition as a function of the annealing temperature, measured us-

ing EDAX.

Film Cu atm% Ga atm% O atm%

As deposited film 13.64 25.88 60.48
Annealed at 300 °C 14.92 24.90 60.18
Annealed at 400 °C 14.78 24.07 61.15
Annealed at 500 °C 13.93 20.21 65.86
Annealed at 600 °C 14.10 20.79 65.11
Annealed at 700 °C 14.56 2043 65.01
Annealed at 800 °C 13.88 19.92 66.19
Annealed at 900 °C 13.12 19.71 67.16

3.3. Optical Studies
3.3.1. Optical Transmission

The optical studies were performed on CuGayOy thin films deposited on quartz and
glass substrates. Figure 6 shows the % transmission values recorded using a UV-Visible
spectrophotometer in the wavelength range of 200-800 nm. The as-deposited CuGa,O4 thin
films exhibited an optical transmission of ~60% at 500 nm. The increase in the annealing
temperature resulted in the reduction of the optical transmission. The films annealed at
300 °C, 400 °C and 500 °C showed reduced transmission values between 30 and 40% at
500 nm. However, the higher annealing temperature further reduced the transmission from
60% for the as-deposited film to 30% for the film annealed at 600 °C, at the wavelength of
500 nm. This reduction in the optical transmission of CuGayOj thin films was attributed to
a change in the grain size, as seen from the XRD analysis and FESEM images. The films
with a low grain size were more transparent, while the optical transmission reduces with
the annealing temperatures, as there is an increase in the grain size and crystallinity [22,23].
A further increase in the annealing temperature from 600 °C to 900 °C did not show much
variation in the optical transmission of the CuGa;Oy thin films.
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Figure 6. Optical transmission spectra of the CuGa,O; thin films annealed at different temperatures.

3.3.2. Optical Bandgap

The optical transmission data was used to calculate the optical bandgap of the CuGayOy4
thin films. The absorption coefficient («) was calculated using the following equation:

&= (72'303> logy(%T) )

where t is the thickness of the CuGay Oy thin films, and T is the transmission. The optical
bandgap (Eg) was estimated [24] using the following equation:

(ochv)% =B (hv —E) 3)

where hv is the photon energy, B is a constant and Eg is the optical bandgap.

Figure 7 shows the Tauc plot generated using Equations (2) and (3). The linear
region of the curves was extrapolated to the x-axis in order to achieve the Eg value. The
optical bandgap values displayed an increasing trend with an increase in the annealing
temperature. The bandgap of as-deposited film was 3.59 eV, which increased to 4.5 eV for
the CuGayOy thin film annealed at 900 °C. The bandgap values obtained in this study are
comparable to the bandgap values reported for CuGa, Oy thin films deposited using the
laser MBE technique [18]. Table 2 shows the variation in the optical bandgap as a function
of the annealing temperature. The unique structure and wide bandgap make CuGa;Oy4 a
potential candidate material for ultraviolet optoelectronic device applications [18].

3.4. Electrical Studies

Figure 8 shows the electrical resistivity of the CuGayOy films. The electrical resistivities
were calculated using the electrical resistance values obtained from the I-V curves. From
Figure 8, it is evident that the resistivity showed a decreasing trend with increase in the
annealing temperature up until 700 °C (6.4 x 10% Qcm). This reduction in resistivity could
be ascribed to the crystallization of the films. However, the resistivity increased in the
films annealed at higher temperatures, with the film annealed at 900 °C showing a higher
resistivity of 3.89 x 10° Qcm. Such similar trends of decreasing resistivity up until a
particular annealing temperature, followed by a subsequent increase in the resistivity at
higher temperatures have been reported for other compounds belonging to the cubic spinel
family [25]. Because there are no observed changes in the structural diffraction phases
of the annealed films, the effect of annealing on the resistivity is primarily related to the
grain density and grain boundaries. A similar increase in resistivity at very high annealing
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temperatures, despite with steady increase in the diffraction peak intensity (XRD peaks),
has been previously reported in compounds belonging to the cubic spinel family [26,27].
One of the two plausible reasonings behind the increase in resistivity at higher temperatures
is the decrease in the actual number of grains per volume, as noted from the FESEM image,
thereby resulting in reduced carrier transitions [21,28]. This would potentially result in
a resistivity increase. The other reason could be the presence of CuO phases in the film.
Research conducted by Valladares et al. showed a sudden increase of resistivity in CuO
films annealed at a temperature of 800 °C and above [29]. The authors attribute the increase
in resistivity to the potential defects in the film. Similarly, the CuGa,Oj films sputtered in
this research also showed an increase in resistivity in the films annealed at temperatures

800 °C and 900 °C.
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Figure 7. Tauc plot of the CuGayOj thin films annealed at different temperatures.

Table 2. Optical bandgap values obtained for CuGayOy thin films.

Annealing Temperature

Eg, Bandgap (eV)

As deposited 3.59
100 °C 3.72
200 °C 3.76
300 °C 3.8
400 °C 3.84
500 °C 412
600 °C 4.36
700 °C 44
800 °C 4.44
900 °C 45
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Figure 8. Influence of the annealing temperature on the electrical resistivity.

4. Conclusions

In this study, thin films of copper gallium oxide spinel, CuGa,Oy, were successfully
deposited using a sputtering target with a stochiometric composition of Cu,O and Ga, O3
by an RF sputtering technique. The structural, morphological, optical and electrical effects
due to post-deposition annealing of the CuGa,Oy thin films at temperatures varying
from 100 to 900 °C in constant O, ambience were examined using XRD, FESEM, UV-Vis
spectrophotometer and I-V curves. The XRD peaks pertaining to both CuGa,O4 and CuO
were identified from the XRD studies. It was found that a minimum critical temperature
of 500 °C was required to promote the crystallization of the films. The crystallinity of the
films was noted to improve with increase in the annealing temperature. The average grain
size was recognized to increase from 30 nm to 89 nm when the annealing temperature
was increased from 500 °C to 900 °C. The optical bandgap recorded an increments from
3.59 eV to 4.5 eV in the non-annealed films and the films annealed at 900 °C, respectively.
The tunability of the electrical resistivity of the CuGa,Oy thin films as a function of the
annealing temperature was demonstrated. The CuGay Oy films showed a stark decrease in
resistivity from the highest value of 2.5 x 108 Qcm in the as-sputtered films to the lowest
resistivity of 6.47 x 103 Qcm in the films annealed at 700 °C. Due to its high bandgap
and cubic structure, CuGa,O4 could potentially be used extensively in UV optoelectronic
device applications.
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Abstract: In this paper, MAO-Cu/Cu-(HEA)N composite coatings on TC4 titanium alloy were
prepared by combining micro arc oxidation (MAO) with magnetron sputtering (MS) to enhance
the wear resistance and antibacterial ability of the substrate in simulated seawater. The number of
micropores on the surface of the composite coatings decreased with increasing CuSOy4 concentration
in the electrolyte, causing the surfaces to be flat and smooth. XPS and EDS analyses revealed that
the MAO-Cu/Cu-(HEA)N composite coatings predominately contained TiOp, Cu,O, and (HEA)N.
Moreover, the addition of CuSOy increased the growth rate of the MAO coatings. Comparatively,
the MAO-Cu/Cu-(HEA)N composite coating with 5 g/L CuSO4 showed superior wear resistance,
reduced friction coefficient (approximately 0.2), and shallow and narrow grinding cracks were
observed compared to the other coatings. Antibacterial experiments showed that the MAO-Cu/Cu-
(HEA)N composite coatings had better bacterial killing effects than the TC4 substrate, which is of
great significance to the antifouling abilities of titanium alloys in marine applications.

Keywords: TC4 titanium alloy; micro arc oxidation; magnetron sputtering; HEA film; microstructure
and properties

1. Introduction

Titanium alloys are widely used in the marine and biomedical field owing to their
light weights, high specific strengths, and many other advantages [1-6]. Titanium alloys
are extensively used as biomedical materials in various artificial joints, bone fixings, dental
implants, heart stents, etc., [5-8]. The use of titanium alloys in the marine industry can
effectively reduce the weight of equipment, thus improving their payloads, which ulti-
mately improves their reliability and reduces their maintenance costs. They are therefore
ideal materials for marine equipment. However, titanium alloys face extremely harsh
service conditions in marine environments, such as abrasion resulting from the erosion
and collision of seawater and stones, corrosion of other alloy parts after connection, and
adhesion and fouling of marine bacteria and microorganisms. Although titanium alloys
exhibit excellent corrosion resistance when used as marine materials, they have poor wear
resistance compared with stainless steel and other alloys [6,9,10]. In addition, the loss
of titanium alloys from biological fouling is also a problem requiring urgent solutions.
Micro arc oxidation (MAO) is a promising surface engineering technology which is used
for the surface modification of various metals [11-17]. Some studies have shown that
metallurgically bonded MAO layers on titanium alloy substrates can effectively improve
the corrosion resistance, wear resistance, and hardness of the alloy [18-20]. It has also been
reported that the addition of various soluble chemicals into the electrolyte used for the fab-
rication of MAO coatings can modify the structure of the coatings, which in turn affects the
performance of titanium substrates [9,21-23]. The addition of particles into the electrolyte
can also affect the discharge channel in the MAO process, change the structures and surface
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morphologies of the films, and affect the protective performances of titanium alloys [24].
However, the porous oxide coating formed on the surface of titanium alloys provides more
possibilities for the adhesion of bacteria and microorganisms due to its usually large surface
area. The addition of antibacterial elements into the coating is one of the methods adopted
to improve the antibacterial properties of the alloy [25]. Noting that Cu is a common
antibacterial element [26-28], V. Stranak et al. [29] found that the Ti-Cu films prepared by
the dual-HiPIMS technique had good antibacterial ability against Staphylococcus epidermidis
and Staphylococcus aureus. Zhang et al. [30] found that Cu exists in the form of Cu,O and
CuO for MAO coating doped with Cu. The addition of Cu significantly improved the an-
tifouling performance of the studied metal substrate. Despite having excellent antibacterial
properties, Cu has relatively poor corrosion and wear resistance [31,32]. Therefore, using
a single Cu film as a protective coating for titanium alloy in marine environments will
pose some protective limitations. Recently, high-entropy alloy nitride ((HEA)N) films have
gained popularity due to their high hardness, improved oxidation and corrosion resistance,
and high temperature stability [33,34], and a comprehensive literature survey proves that
there is scant information existing for the addition of Cu to (HEA)N films.

In this paper, the morphology and structure of MAO coatings were adjusted by adding
different concentrations of CuSOy in a phosphate system, followed by the deposition
of Cu and high-entropy alloy nitrides (Cu-(HEA)N) film by magnetron sputtering. Cu
and (HEA)N films were deposited on the surface of the MAO layer to provide a feasible
approach for fabricating anti-wear and antibacterial composite coatings. The MAO-Cu/Cu-
(HEA)N composite coating prepared by this method is expected to improve the wider
application of titanium alloys in the marine field.

2. Experimental
2.1. Preparation of MAO-Cu/Cu-(HEA)N Composite Coatings

TC4 titanium alloy (Baoji Titanium Industry Co., Ltd, Xi’an, China) circular disk
samples with dimension of ¢ 20 mm x 4 mm were used as the substrate material in the
experiments. The chemical composition of TC4 is displayed in Table 1. The TC4 substrates
were polished by SiC sandpaper from 200# to 2000#, ultrasonically cleaned with alcohol for
10 min to remove surface stains, and dried by a blower. The MAO equipment was inde-
pendently developed by Xi’an University of technology, with TC4 substrates as anode and
stainless-steel barrel as cathode. In the micro-arc oxidation process, DC pulsed constant cur-
rent mode is used. The basic electrolyte contained sodium hexametaphosphate ((NaP,Os)e,
20 g/L), potassium hydroxide (KOH, 4 g/L), sodium tungstate (Na,WO4-2H,0, 3 g/L)
and potassium fluoride (KF-2H,O, 3 g/L). Varying concentrations of CuSOj solution (5, 10,
and 15 g/L) were added to the base electrolyte with a MAO process of 10 min at constant
voltage of 450 V, frequency of 800 Hz, and a duty cycle of 3%.

Table 1. The composition of the simulated seawater solution.

Composition

NaCl

MgCl, NapSO; CaCl, KC1 NaHCO; KBr HBO; SrCl NaF

g/L

24.53

11.11 4.09 1.16 0.685 0.201 0.101 0.027 0.028 0.003

The MAO coatings with different CuSOy4 concentrations were ultrasonically cleaned
with alcohol for 10 min to remove the electrolyte on the surface of the coatings. Copper
alloy target and AISiTiCrNbV high entropy alloy target prepared by an arc melting furnace
were cut into 50 mm x 2 mm disc. Cu-(HEA)N films with thickness of 1 um were deposited
on the surface of the MAO coatings by a double target magnetron sputtering deposition
system. Pretreatment of the substrate cavities was carried out before deposition. The
surface impurities on the sleeve of the fixed target were removed by a sandblasting machine
(Taseken Trading Co., Shanghai, China) and the substrates were ultrasonically cleaned with
acetone and alcohol at room temperature for 10 min. All the substrates were wiped clean
with dry non-woven cloths, and residual surface impurities or oxides were removed by
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setting a negative bias of 400 V for 20 min before deposition. During the deposition, the
powers of the copper alloy target and AlSiTiCrNbV high entropy alloy target were 20 W
and 200 W, respectively. The negative bias voltage was 200 V and deposition time was
120 min. The preparation process of the MAO-Cu/Cu-(HEA)N composite coatings are
shown in Figure 1.

—) electrolyte
TC4 cooling water
______________ stainless steel
(cathode)
MAO treatment: 450 V, 800 Hz, 3 %, 10 min
Cieor
MAO coating
Cu target HEA target /
l Sample stage

Sample

MAO/Cu-(HEA)N coating

magnetron sputtering treatment: Cu Power 16 W,
HEA Power 200 W, negative bias voltage 200 V, 120 min

Figure 1. Preparation process of MAO-Cu/Cu-(HEA)N composite coatings.

2.2. Coating Characterization

The surface morphologies and elemental compositions of the coatings were analyzed
by VEGA3-SBH scanning electron microscope (Taseken Trading Co., Shanghai, China) and
energy dispersive spectrometer with a working voltage of 10 KV and a working distance
of 3 mm (Taseken Trading Co., Shanghai, China). The composition and chemical states of
coatings were analyzed by XPS (Shimadzu-Kratos Co., Hadano, Japan). The thicknesses of
the MAO coatings were measured with a coating thickness gauge, and the average thickness
after fifteen random measurements at different points was taken as the final thickness value.
The friction coefficients of the coatings in simulated seawater were obtained using a HT-
1000 high temperature friction and wear tester (Zhongke Kaihua Technology Development
Co., Lanzhou, China). The chemical composition of the simulated seawater is shown in
Table 1. A GCr15 bearing steel ball with a diameter of 6 mm was used as the wear material,
and the wear time in the wear resistance test was set at 20 min. The Staphylococcus aureus
(S. aureus) used for antimicrobial testing was cultured in LB medium and added into the
coatings with simulated seawater by a pipette gun, and then cultured for 3 days at room
temperature. The optical density of the bacterial solution was measured by a microplate
reader, and bacterial adhesion was observed and measured based on the drying of the
coating. Then, the bacteria liquid was coated on the surface of solid medium for 24 h, and
colony growth was observed.

3. Results and Discussion
3.1. Analysis of Surface Morphology and Composition

The surface morphologies and compositions of the MAO-Cu/Cu-(HEA)N composite
coatings with different concentrations of CuSOy are shown in Figure 2 and Table 2. It
can be seen that the four composite coatings exhibited typical crater-like morphologies
with uniform pore distributions. The pores on the surface of the MAO coatings were
not completely covered by the Cu-(HEA)N films, maintaining the typical feature of mi-
croarc oxidation coatings [35-37]. Figure 2 shows that the nanoscale representation of the
deposited Cu-(HEA)N films on micron-scale MAO layers had no obvious effect on the
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surface morphology of the MAO coating. The composite coating prepared from the base
solution had a considerable number of protrusions and pores in various sizes, as observed
in Figure 2a. However, with the addition of CuSuQOy into electrolyte, the number of pores
and protrusions on the coating surface decreased, as shown in Figure 2b. It is noteworthy
that small amounts of CuSOy increased the conductivity of the solution, thereby promoting
the growth of the MAO coating. The conductivity of the solution and its reaction rate were
continuously enhanced with increasing CuSO4 concentration. More melt was produced at
high temperatures and high pressures during the micro arc oxidation [31], which solidified
and accumulated on the surface of the TC4 substrate after expulsion through the discharge
channel. Therefore, the increase in concentration to 10 g/L and 15 g/L CuSO4 did not re-
duce the number of micropores and protrusions on the surface of the composite coatings, as
displayed in Figure 2¢,d. Table 2 shows that the composition of the MAO-Cu/Cu-(HEA)N
composite coatings with different CuSO4 concentrations exhibited a certain trend. The
coatings were mainly composed of nitrides formed by the reaction of the elements in the
(HEA)N target with Ny and oxides of Cu and Ti. It was observed that the Cu content in the
coatings increased with increasing CuSOy concentration in the electrolyte.

50um

Figure 2. The surface morphologies of MAO-Cu/Cu-(HEA)N composite coatings with different
CuSOy concentrations:(a) 0 g/L; (b) 5 g/L; (c) 10 g/L; and (d) 15 g/L.

Table 2. The composition of MAO-Cu/Cu-(HEA)N composite coatings with different CuSO, concen-
trations.

Samples N o Al Si Ti Cr Nb A\ Cu
0g/L 24.0 24.0 4.5 2.8 10.1 37 4.1 4.1 21.6
5g/L 245 24.5 43 2.7 10.3 3.6 42 4.1 20.6
10g/L 21.7 21.7 45 3.0 11.8 3.8 4.6 4.6 22.7
15g/L 229 229 2.3 15 12.6 3.8 4.6 3.4 25.0

3.2. XPS Analysis

The surface characteristics of the MAO-Cu/Cu-(HEA)N samples were analyzed by
XPS and displayed in Figure 3. The XPS fit was carried out using advantage software
(version 5), and the peak of Cls was used to calibrate the peak of each element. The results
show that the MAO-Cu/Cu-(HEA)N composite coatings surfaces were mainly composed
of Ti, Cu, and O elements. The binding energy of Ti 2p was located at 458.17 eV and
464.48 eV, and assigned to Ti 2p3, and Ti 2p;  of Ti**, as shown in Figure 3a, indicating
that O element mainly existed in the MAO-Cu/Cu-(HEA)N composite coatings in the form
of TiN and TiO,. The Cu 2p two main peaks were observed at 932.71 eV and 952.78 eV,
and assigned to Cu 2p3,, and Cu 2p;,, of Cu?*, but no obvious peaks were detected
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around 944.0-941.5 eV according to Figure 3b, signifying that the Cu* of CuyO rather than
the Cu?* of CuO was the existing form of Cu in the MAO-Cu/Cu-(HEA)N composite
coating [38—40]. The peak value of the O 1s peak was detected at 530.45 eV and 532.09 eV
in Figure 3¢, confirming the existence of TiO, and Cu,O [41,42]. In the micro-arc oxidation
process, the arc discharge generates instantaneous high temperature and high pressure.
CuSO4 decomposes at high temperatures to produce CuO, which in turn decomposes to

produce Cu,O.
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Figure 3. XPS spectra analysis (black line) and XPS fitting (purple line) on the surface of the MAO-
Cu/Cu-(HEA)N composite coating: (a) Ti 2p (red line is Ti-N, blue line is Ti-O and green line is base
line), (b) Cu 2p (red line is Cu-O, green line is Cu-N and blue line is base line), (c) O 1s (red line is

Ti-O, red line is Cu-O and green line is base line).

3.3. Thickness

The thicknesses of the MAO coatings are shown in Figure 4. It can be seen from
the figure that the thickness values of the four coatings were between 20 and 30 um. It
is possible that the Cu?* in CuSO, solution was responsible for the enhancement of the
conductivity of the electrolyte and the increase in current which significantly increased the
generation and dissolution rate of the surface melt, which improved the growth rate of the
MAO coatings. Compared to the coating prepared by the base solution, the thickness of
the MAO coating increased by more than 40% with the addition of 5 g/L CuSOy solution.
However, the effect of the MAO treatment was limited at higher CuSO4 concentrations
because electric breakdown was more difficult in the thicker coatings [43]. Hence, the
thickness of the composite coating did not necessarily increase at CuSOy4 concentrations

above 5 g/L.
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Figure 4. The thickness of MAO coatings with different CuSO, concentrations.

158



Coatings 2022, 12,1877

3.4. Wear Resistance

Friction coefficient is an important parameter employed to evaluate the wear resis-
tances of materials [44—46]. Figure 5 depicts the friction coefficient (CoF) vs. sliding time
for the TC4 material and the four MAO-Cu/Cu-(HEA)N composite coatings at an applied
load of 2 N in simulated seawater. The friction coefficient of the TC4 material fluctuated sig-
nificantly in simulated seawater with values ranging from 0.3 to 0.8. The TC4 material had
a relatively low hardness and high viscosity [37]. With continuous friction of the grinding
ball and the TC4 surface, the material viscosity and wear contact surface increased together
with the increasing frictional force. Therefore, TC4 material had large friction coefficient
and obvious fluctuations. The friction coefficient curve of the composite coating with the
base solution exhibited a heavy fluctuation, and the friction coefficient gradually increased
with increasing wear time. Specifically, the friction coefficient of the MAO-Cu/Cu-(HEA)N
composite coating with 5 g/L CuSOy4 was about 0.21 with the extension of wear time, and
the friction coefficient curve was relatively stable. However, the friction coefficient of the
MAO-Cu/Cu-(HEA)N composite coatings with 10 g/L and 15 g/L CuSOj increased to
0.3 and 0.4, respectively. The addition of CuSO; to the electrolyte reduced the number
of micropores in the MAO layers, making the coatings flat and smooth [47—49], and the
Cu-(HEA)N films covered parts of the tiny pores in the MAO layers. The low friction of
the Cu element in the MAO layers decreased the friction coefficient, thereby improving
the wear resistance. In addition, the simulated seawater stored in the MAO layers formed
a liquid film during wear, which further decreased the friction coefficient. The weight-
lessness percentages of the four composite coatings calculated after wear are shown in
Table 3. As can be seen from the table, the weightlessness percentages of the four composite
coatings were lower than that of the TC4 material. The lowest weightlessness percent of
the MAO-Cu/Cu-(HEA)N composite coating was recorded for the coating with 5 g/L
CuSQOy, indicating that it had the best wear resistance of the four coatings. Overall, the
MAO-Cu/Cu-(HEA)N composite coatings improved the wear damage usually associated
with TC4 materials.
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Figure 5. Friction coefficient curves of TC4 and MAO-Cu/Cu-(HEA)N composite coatings with
different CuSO,4 concentrations.

Table 3. Percent of weight loss of TC4 and MAO-Cu/Cu-(HEA)N composite coatings with different
CuSOy concentrations.

Samples Percent of Weightloss (%)
TC4 1.310 & 0.004
0g/L 0.016 £ 0.001
5g/L 0.011 £ 0.001
10g/L 0.016 £ 0.001
15g/L 0.014 £ 0.001
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The surface morphologies by SEM examination and EDS micrographs of the wear
scars are shown in Figure 6. Additionally, the widths of the wear scars were marked in
the SEM micrographs. After wear, the surface of the TC4 material had the widest wear
mark width of 551.45 um with obvious furrow morphology, indicating a typical abrasive
wear characteristic (Figure 6a) [43]. The rough surface of the GCr15 grinding ball played
a vital role in ploughing the surface of the TC4 alloy, leaving ploughing grooves on the
worn surface. Compared to the TC4 material, the wear marks on the surface of the MAO-
Cu/Cu-(HEA)N composite coatings were shallow without obvious grooves, as displayed
in Figure 6b—e. The four MAO-Cu/Cu-(HEA)N composite coatings had narrow wear scar
widths, which first increased and then decreased with increasing CuSO4 concentrations.
The composite coating with 5 g/L CuSOy exhibited the least wear mark width and friction
coefficient. The surface of the composite coating without the addition of CuSO, has more
micropores and larger bumps, with a large degree of wear on the grinding balls. The
introduction of CuSOj, improves the structure of the coating, the number of micropores is
reduced and the surface of the coating is smooth, so the wear on the grinding balls and the
coating is slight. The TiO, layer of microporous sodium storage seawater formed a liquid
film to reduce the degree of wear on the grinding ball and the coating. As can be seen from
the EDS diagram, Fe element did not only exist at the wear mark locations, but also on
the whole surface of the TC4 material, as shown in Figure 6a. Obviously, the Fe element
was largely characterized on the wear marks of the composite coatings. This was due to
compaction of the wear debris produced by repeated friction and wear on the grinding
balls in the numerous micropores on the surface of the composite coatings (Figure 6b—e).
The GCr15 grinding ball only wore out the surface of the four composite coatings but did
not damage the TC4 substrate, indicating that the four composite coatings played effective
roles in protecting the TC4 substrate.

Ti Fe
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Figure 6. The surface SEM and EDS of TC4 and MAO-Cu/Cu-(HEA)N composite coatings with
different CuSO, concentrations: (a) TC4; (b) 0 g/L; (c) 5g/L; (d) 10 g/L; and (e) 15 g/L.
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3.5. Antibacterial Ability

Figure 7 shows the macrophotographs of Staphylococcus aureus (S. aureus) colonies
cultured on TC4 and MAO-Cu/Cu-(HEA)N composite coatings with different CuSOy4
concentrations attached to the surface of LB solid medium. The bacteria cultured on the
surface of TC4 survived well on the surface of LB solid medium and they proliferated and
grew in large numbers, as shown in Figure 7a. With increasing CuSO,4 concentrations, the
MAO-Cu/Cu-(HEA)N composite coatings demonstrated excellent antibacterial abilities.
For the coating containing 5 g/L CuSOy, only few S. aureus existed on the surface of
the solid medium after culture, indicating that the increasing CuSO, concentration was
beneficial to the improvement of the antibacterial properties of the MAO-Cu/Cu-(HEA)N
composite coatings (Figure 7b). It was reported that the presence of Cu,;O nanoparticles
will completely inactivate bacterial growth through the release of Cu ions which generates
reactive oxygen species [50]. In this study, the inactivation of S. aureus on the surface of the
solid medium is also attributed to the presence of Cu ions in the MAO-Cu/Cu-(HEA)N
composite coatings.

~A0'mm 10’mm

Figure 7. The macrophotographs of Staphylococcus aureus colonies cultured by TC4 and MAO-Cu/Cu-
(HEA)N composite coatings with different CuSOy4 concentrations attached to the surface of LB solid
medium: (a)TC4; (b) 0 g/L; (¢) 5 g/L; (d) 10 g/L; and (e) 15 g/L.

Figure 8 shows the optical density of S. aureus increment in the simulated seawater.
Optical density reflects the antibacterial ability of samples to S. aureus [51], and a low
optical density represents poor livability of S. aureus and an excellent antibacterial ability.
Comparing the optical density of the S. aureus-cultured TC4 with those of the different
composite coatings, it was observed that the optical density decreased significantly with
increasing CuSOy concentration. The optical densities of the four S. aureus-cultured com-
posite coatings were lower than that of the S. aureus-cultured TC4. As Cu content in
MAO-Cu/Cu-(HEA)N composite coatings increased, the precipitation of Cu ions increased,
and the sterilization performance of the MAO-Cu/Cu-(HEA)N composite coating were
also enhanced. The optical density of the composite coating containing 5 g/L CuSO4 was
0.19, and this presented the most favorable condition for bacterial deactivation of all the
composite coatings.
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Figure 8. Optical density of S. aureus cultured by TC4 and MAO-Cu/Cu-(HEA)N composite coatings
with different CuSOy concentrations.

Figure 9 represents the microcosmic surface adhesion of S. aureus on TC4 and the
MAO-Cu/Cu-(HEA)N composite coatings. A large number of S. aureus were attached to
the surface of the TC4 sample, and the TC4 provided favorable living conditions for the
growth and reproduction of the S. aureus, as depicted in Figure 9a. The adhesion rates of
the S. aureus-cultured composite coatings containing different concentrations of CuSOy in
basic electrolyte were comparatively lower than that of the S. aureus-cultured TC4. Some of
the S. aureus agglomerated to form a grape-like structure which adhered to the surface of
the MAO-Cu/Cu-(HEA)N composite coatings, as shown in Figure 9c. In addition, there
were almost no agglomerations of S. aureus on the surface of the MAO-Cu/Cu-(HEA)N
composite coatings containing 10 g/L and 15 g/L CuSOy (Figure 9d,e).

Figure 9. The microcosmic adhesion of S. aureus on TC4 and MAO-Cu/Cu-(HEA)N composite
coatings surface with different CuSO, concentrations attached: (a) TC4; (b) 0g/L; (c)5g/L; (d) 10g/L;
and (e) 15 g/L.

Cu;0 has been proven to have good antibacterial effects [50,52-56]. Studies have
shown that reactive oxygen species (OH, H,O, and O, ) produced by Cu,O may interact
with bacterial cell membranes and promote bacterial permeation [57]. Disturbance of
bacterial cell membranes by Cu,O can cause a number of functional disorders that impede
the growth of bacteria and may eventually lead to the growth of bacterial species and
possibly eventually their death [57,58]. The small size (nanoscale) of Cu,O makes it easy for
Cu,0 to penetrate the cell membrane compared to the pore size (microns) of bacteria [59].
The XPS result displayed in Figure 4 shows that after the MAO process and sputtering,
TiO; and CuyO were the main components on the surface of the coatings. Based on the
above observation, it is reasonable to conclude that Cu,O was generated after the addition
of CuSQOy to the electrolyte, and it played an important role in the antibacterial behavior
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of the coatings. As shown in Figure 10a, there was no Cu,O in the pores on the MAO
layer without CuSO, addition. Here, the antibacterial effect was mainly dependent on
the CupO on the surface of the Cu-(HEA)N films. This means that the incompletely killed
bacteria continued to grow and reproduce in the pores. The increasing concentration of
CuSOy changed the structure and CupO content of the MAO-Cu/Cu-(HEA)N composite
coatings. From Figure 10b, the Cu,O in the pores of the MAO layer interacted with the
active bacteria on the surface of the MAO-Cu/Cu-(HEA)N film and continued to kill them,
hence bacterial inactivation continued in the pores [60]. Moreover, the rough structure of
the coatings increased their surface areas or contact interface areas, thereby improving their
antibacterial performances.

Cu—(HfEA)N film Cu-(I—}EA)N film

(2) gam NN (®)

TC4 TC4

Figure 10. Mechanism of the effect of CuSO4 on the antibacterial ability of MAO-Cu/Cu-(HEA)N
composite coating: (a) without CuSOy; and (b) with CuSOy.

4. Conclusions

MAO-Cu/Cu-(HEA)N composite coatings were successfully prepared on titanium
alloy by MAO and MS. With the addition of CuSOj to the electrolyte, the surface of the
composite coating became flat and smooth with the existence of dense and uniform pores.
Cu mainly existed as CuyO in the composite coatings, and the introduction of CuSO4
promoted both the growth rates and thicknesses of the coatings. The wear resistance
and antibacterial property of the composite coating was improved in simulated seawater
with increments in CuSOy4 concentration. The friction coefficient of the composite coating
with 5 g/L CuSO4 was reduced to about 0.2, and the wear marks were shallow and
narrow. Compared with the TC4 material, the optical density of the composite coatings
decreased to 0.19, and the adhesion of S. aureus on the surface of the composite coatings
were significantly weakened. MAO-Cu/Cu-(HEA)N composite coatings are important
for surface modification of titanium alloys, but the wear and antimicrobial mechanisms of
the composite coatings need to be investigated in more depth. In addition, the composite
coatings research will focus on corrosion and erosion resistance in the marine environment.
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Abstract: Transparent conductive oxide (TCO) film is the most widely used front electrode in silicon
heterojunction (SH]J) solar cells. A copper metallization scheme can be applied to the SHJ process.
The abundance of zinc in the earth’s crust makes aluminum-doped zinc oxide (AZO) an attractive
low-cost substitute for indium-based TCOs. No work has focused on the properties of the copper
and AZO layers on the textured silicon for solar cells. This work deposited an aluminum-doped zinc
oxide layer and copper metal layer on textured (001) silicon by a sputtering to form Cu/AZO/Si
stacks. The structures of Cu/AZO/Si are characterized by scanning electron microscope (SEM),
scanning transmission electron microscope (STEM), and energy-dispersive X-ray spectrometer (EDS).
The results show that the copper thin film detached from AZO in the valley of the textured silicon
substrate at a temperature of 400 °C. Additionally, the gap between the copper and AZO layers
increases as temperature increases, and the 65 nm thickness AZO layer was found to be preserved up
to 800 °C.

Keywords: textured silicon; aluminum-doped zinc oxide; solar cells; diffusion barrier; thermal stability

1. Introduction

In silicon heterojunction (SHJ) solar cells, the hydrogenated amorphous silicon (a-Si:H)
thin layer is too low in transverse conductivity to collect charge carriers horizontally over
the metal electrodes effectively. Additional transparent conductive oxide layers such as
Sn-doped In,O3 (ITO) are deposited at the top. In addition to charge collection, another
essential function of the front-end transparent conductive oxide (TCO) layer is to act
as an anti-reflective layer. Because ITO has excellent performance with low resistivity
and high transparency, ITO is currently the most widely used transparent conductive
oxide [1]. However, In,O3 has the disadvantage of high refining and production costs and
the relative scarcity of indium ore. Sn is also susceptible to price fluctuations (compared
to other elements (e.g., Zn). Finding a replacement for ITO could reduce the costs of
the production of SHJ solar cells. Aluminum-doped zinc oxide (AZO) is based on zinc
oxide. Zinc oxide (ZnO) is a potential candidate in TCO, known as ZnO, a natural type of
semiconductor with an energy gap of 3.4 eV (intrinsic n-type semiconductor) [2]. Compared
with ITO, AZO has high thermal stability and a low price, and is mineral-rich, relatively
non-toxic, and has an increased transparency of the visible light range, as well as other
advantages [3-6].

As mentioned above, reducing costs and improving conversion efficiency have always
been the solar cell industry’s theme. With the continuous progress of solar cell industry
technology and policy promotion, the public’s attention gradually shifted to the cost of
electricity, and high-efficiency batteries have attracted attention. The three high costs of
SHJ cells are for the silicon chip, conductive silver paste, and target material. Because of
these three high-cost components, various cost reductions will help improve SHJ cells’
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competitiveness, including reducing the consumption of raw materials and introducing
new technologies.

In SHJ technology, the low-temperature silver paste is used. Still, the conductivity
of low-temperature silver paste is significantly lower than that of bulk silver, so the con-
ductivity of silver electrodes in SHJ solar cells is lower than that of silver electrodes in
c-Si solar cells. Therefore, the use of silver paste in a typical 3-5 bus configuration limits
efficiency and increases the cost of SHJ solar cells, estimated to cost 30% due to the use
of a large number of expensive low-temperature net-printed silver paste processes. The
electroplating technology can effectively reduce the cost of electrodes. The Cu metallization
process introduces to SHJ solar cells, and it is crucial to improve the SHJ solar cell industry’s
competitiveness. At present, there are some reports on the application of copper plating
technology to SHJ solar cells [7-10].

Li et al. used a rotating coating method to coat the resin (photo-resistance) on the
n-type 156 mm SHJ surface [10]. Then pattern the resin by the inkjet printer (Dimatix DMP
2800). Copper is then plated to the p-i type a-Si: H's ITO surface using field-induced power
generation plating (FIP). The efficiency of the SHJ solar cells produced by Li is 18.8% (Voc s
717 mV, Jsc s 35.4 mA /cm?, and FE. s 74%). Dabirian et al. introduced the double-mask
layer strategy for the metallization of SHJ solar cells. They combined the nanosecond laser
patterning and Ni-Cu electroplating. The results showed that the Ni-Cu metallization
qualities of their process are comparable to Ag screen-printing and lithography-based Cu
plating [11]. Meza et al. compared ZnO:Al films instead of the usual ITO as the front
TCO in rear emitter SHJ solar cells. An indium-free mono facial cell achieved n =22.5%
showing that the replacement of ITO/Ag by ZnO:Al/Ag as a back contact produces cells
with practically the same efficiency [12].

In SHJ technology, the metallic contacts are generally deposited on a transparent
conductive oxide (TCO). Contact metallization on TCOs is typically performed by screen-
printing of low-temperature Ag pastes. Electroplating of copper is becoming more attractive
to reduce precious Ag consumption. However, copper has a high diffusion coefficient and
high solubility in silicon and formation copper silicide at low temperature. TCO can also
serve as a barrier to Cu migration. Additionally, the Cu directly electroplated on TCO is
usually tricky. Kang et al. also reported the electroplated copper films fail to adhere to
Si during rapid heating and cooling [13]. Thus, an additional seed layer is usually used.
The plating process sequence involves seed layers usually deposited by physical vapor
deposition (PVD). Additionally, copper electroplating by the D.C. power supplier is the
most commonly adopted method.

Li et al. and Dabirian et al. confirmed that the plated copper process could be applied
to SHJ solar cells. However, their reports focused on the electroplating Ni-Cu (or Cu) on
ITO [10,11]. Meza et al. showed that the ITO/Ag could be replaced by ZnO:Al/Ag [12].
There have been no reports about the electroplating Cu on AZO till now. Additionally,
about the role of seed copper layer on AZO. In this work, we studied the thermal stability
of the copper seed layer and the AZO layer on the textured silicon.

2. Materials and Methods

As substrate, commercially available single crystal phosphorus-doped (0 0 1) oriented
silicon wafers with textured roughness around 3-5 pm were used. The acetone and
H,S04/H,0, solution were applied to clean the textured silicon substrate. To remove
the native oxide of the silicon, the substrate dip into hydrogen fluoride solution before
loading into the vacuum chamber. The AZO and copper films were sputter-deposited
onto textured silicon substrates in a direct current/radio-frequency (dc/rf) magnetron
sputtering system. The AZO films were sputtered from an AZO target with an rf power
supply in an Ar ambient of 99.999% purity. The base pressure of the vacuum chamber was
2 x 1077 Torr. The rf power was held at 60 W during deposition. Additionally, a fixed Ar
flow rate and the operation pressure were 50 sccm and 6 x 1072 Torr, respectively. A fixed
Ar flow rate of 25 sccm and the dc power held at 30 W during the copper film deposition.
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The AZO and copper films were deposited onto a textured silicon substrate at 25 °C during
the sputtering process. The sputtered AZO and copper films’ thicknesses were 65 nm and
220 nm, respectively. AZO films and copper films were subsequently sputter-deposited
without breaking the vacuum. The samples are designed for Cu/AZO/Si.

To evaluate the copper seed layer and the barrier property of the AZO layer, an an-
nealing temperature from 300 to 800 °C was selected. The as-deposited samples were
annealed in the furnace at 300-800 °C for 10 min in an Ar/Hj, atmosphere. The structure
was obtained using a scanning electron microscope (SEM, JEOL Ltd., Tokyo, Japan) and a
scanning transmission electron microscope (STEM, JEOL Ltd. L, Tokyo, Japan). SEM and
STEM were performed on JSM-6360 and a JEM-ARM?200, respectively. A STEM that was
equipped with an energy dispersive X-ray spectrometer (EDS, Oxford Instruments, Abing-
don, UK) was used to determine the chemical composition and STEM-EDS compositional
maps of all samples. A focus ion beam (FIB) resembled a scanning electron microscope
(SEM) operating at 20 kV and was used for a cross-sectional view of SEM examination.
The sample’s surface is protected with an about 2 pm Pt layer formed by an electron
beam within the FIB chamber. The sample was then ion-milled using a focused beam of
gallium ions to give a cross-section view. The tape and peel-off tests were conducted on
the as-deposited sample. For the tape and peel-off tests, about 15 um thick copper layer
was deposited on the Cu/ AZO/Si by electroplating. Tape tests were conducted by peeling
the 3M Scotch tape off at 180°. The peel-off tests were conducted at an angle of 180° with a
constant speed of 30 mm/min.

3. Results and Discussion

SEM images for the Cu/AZO/Si samples annealed at 300, 500, 600, and 800 °C are
presented in Figure 1. The pyramid shapes with uniform Cu and AZO thin layers exist
on the surface of the samples after annealing at 300 °C (Figure 1a). The surface is smooth
for the annealing of the samples at temperatures 300 °C. The surface of the as-deposited
sample is the same as the sample annealing at 300 °C for 10 min. The surface became rough
when the annealing temperature was higher than 500 °C, as shown in Figure 1b-d.

} . - :
10kv §S25 x5,000 Spm

Figure 1. Cont.
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Figure 1. SEM images for the Cu/AZO/Si samples annealed at (a) 300, (b) 500, (c) 600, and (d) 800 °C.

The cross-sectional views of SEM for the Cu/AZO/Si samples annealed at 400, 600,
and 800 °C are shown in Figure 2. The copper thin films were continuous for all samples.
However, the thin films (Cu/AZO or Cu) were detached from the substrate (silicon or
AZO/Si substrate) in some areas for the samples after 400 °C annealing. It was hard to know
the composition of the detached thin film (Cu/AZO or Cu) from FIB-SEM. Additionally, the
separation of thin films and silicon substrate (or AZO/Si) became severe at temperatures
of 600 and 800 °C. It was also hard to confirm the gap formed at the Cu and AZO/Si or
Cu/AZO and silicon interfaces.

Figure 2. The cross-sectional views of SEM for the Cu/AZO/Si samples were annealed at (a) 400, (b)
600, and (c) 800 °C.
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The low and high magnification TEM micrographs of Cu/AZO/Si sample annealed at
300 °C are shown in Figure 3a,b, respectively. The multilayer is preserved after annealing
at 300 °C for 10 min. The structure of the as-deposited sample is the same as the sample
annealing at 300 °C for 10 min. Figure 3c—f shows the EDS maps of Si, Cu, Zn, and O,
respectively. The Zn and O elements are overlapped and located between the copper and
silicon elements. The elemental maps reveal that the Cu/AZO/Si stack structure is very
stable after annealing at 300 °C for 10 min. The line scan across the Cu/AZO/Si using
STEM-EDS is shown in Figure 4a. Figure 4b shows the intensity signal of the Si, Zn, O, Al,
and Cu elements along the yellow line, shown in Figure 4a. The signal of the aluminum
element is almost at the noise level due to the small aluminum amount in the AZO layer.
The spot analysis of the AZO layer is shown in Figure 4c. The amount of aluminum is only
about 1.3 at.%. The distribution of zinc and oxygen in the Cu/AZO/Si stack is located at a
scale between 180 and 245 nm, which reveals that the thickness of the AZO layer is near
65 nm. There were interfacial layers at the scale of 165-190 nm and 235260 nm (Figure 4b).
The width of the interface layer was caused by the situation where the interface plane was
not perpendicular to the figure shown in Figure 4a. The thickness of the AZO thin film is
also near 65 nm, from Figure 3b—f. The thickness of the copper thin film is about 220 nm, as
shown in Figure 3b,d. Only a silicon signal emerges at a scale below 160 nm. Additionally,
the copper signal was presented at a scale almost greater than 260 nm. The line scan shows
that Cu/AZO/Si structure is maintained after annealing at 300 °C. The result of the line
scan (Figure 4) agrees with the work of the TEM and EDS map (Figure 3).

(b)

J 500nm ! ! 500nm !
(0) (d)

Figure 3. Cont.
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Figure 3. (a) Low and (b) high magnification TEM micrographs of Cu/AZO/Si sample annealed at
300 °C, respectively. EDS map of (c) Si, (d) Cu, (e) Zn, and (f) O elements.
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Figure 4. STEM-EDS line scan across the Cu/AZO/Si sample annealed at 300 °C. (a) STEM image
and (b) intensity signal of Si, Zn, O, Al, and Cu elements along the yellow line. (c) EDS spectra of
AZO layer.
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For the annealing of the samples at temperatures of 500, 600, and 700 °C, STEM images
also confirm that the copper thin film detached from AZO/Si in the valley of the textured
silicon substrate after annealing. Additionally, the gap between the copper and AZO layers
increases as temperature increases. For the sample annealed at 800 °C, the TEM and STEM
micrographs of Cu/AZQO/Si are presented in Figure 5a,b, respectively. Additionally, the
EDS map of Si, Cu, Zn, and O is illustrated in Figure 5¢—f, respectively. The copper layer
starts to agglomerate and almost leaves the textured structure’s valley area from Figure 5.
The AZO layer seems stable even after annealing at 800 °C, and the copper element stays
above the AZO layer. The copper layer also presents the oxygen signal from Figures 3f
and 5f. The origin of oxygen migration to the copper layer needs further identification.
The STEM-EDS evidence that copper does not diffuse through the AZO layer to the silicon
substrate. Therefore, the AZO thin film is also an excellent diffusion barrier layer to prevent
copper diffuse into the silicon substrate.

Figure 5. Cont.
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Figure 5. (a) TEM micrograph and (b) STEM micrograph for the sample annealed at 800 °C for 10 min. Additionally, EDS
maps of (c) Si, (d) Cu, (e) Zn, and (f) O elements.

To understand the formation of the gap at the copper and AZO/Si interface, the tape
and peel-off tests were used to evaluate copper’s adhesion on the AZO/Si substrate. About
15 um thick copper layer deposited on the as-deposited Cu/AZO/Si by electroplating
for tape and peel-off tests. The sample is designed as E-Cu/Cu/AZO/Si. No copper
remained on the AZO/Si after the 180° tape test. Figure 6 shows the peel force diagram
for the E-Cu/Cu/AZO/Si sample. The maximum and average peel force values were
0.39 and 0.2 N/mm, respectively. The results indicated that the adhesion between copper
and AZO/Si is weak. It can imply that the adhesion strength will decrease as annealed
temperature increases due to the voids emerging when the temperature is higher than
400 °C. Lee also reported a copper seed layer deposited on an indium tin oxide (ITO) by
electron-beam evaporation [14]. After the copper seed layers were deposited, copper/silver
(Cu/Ag) metal stacks were plated on the sample using the light-induced plating (LIP)
technique. Additionally, adhesive contact between copper and ITO was evaluated by
the tape test [14]. The results show that pure copper was mostly detached from the ITO
surface after the tape test. Their results also indicated that the adhesive force between
copper and ITO/Si is very weak. Kang deposited the (Ti(30 nm)/Cu(100 nm)) on p-type
(1 00) Si as a seed layer. Then thick copper was electroplated on the seed layer [13].
They found that rapid thermal annealing (RTA) caused the electroplated films to fail to
adhere to the Si. The adhesion strength of copper and ITO or Si was deficient from Lee’s
and Kang’s reports. Our result shows that the adhesion between copper and AZO/Si is
very weak, from the tape test. Additionally, the gap formed at the copper and AZO/Si
interface easily after high-temperature annealing. It can imply that the copper detached
from the AZO/textured silicon after annealing due to the weak adhesion of copper thin
films on the AZO/Si. Additionally, the separation of copper and AZO/Si became serious
at high-temperature treatments.
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Figure 6. The peel-force measurement of E-Cu/Cu/AZO/Si sample.

4. Conclusions

This paper reports the thermal stability of the copper layer and the AZO layer on
textured silicon. The Cu/AZO/Si stack seems preserved after annealing at temperatures
of 300-800 °C. Although the copper thin film detached from the AZO/Si substrate, the
sputtering AZO layer with a thickness of 65 nm was a sound diffusion barrier against Cu
up to 800 °C. The copper thin film detached from AZO in the valley of the textured silicon
substrate at 400 °C. Additionally, the gap between the copper and AZO layers increases as
temperature increases. It can imply that the copper detachment from AZO occurs due to
the weak adhesive strength of copper thin films on the AZO.
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