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Abstract: Laser-Induced Thermionic Vacuum Arc (LTVA) provides a better way to produce uniform
metallic thin films than the classical Thermionic Vacuum Arc (TVA) method. In Ti-doped chromium
thin films produced using LTVA, the amorphous chromium is superimposed with small bec chromium
nanoparticles. These amorphous/crystalline structures with small crystallites induce lower roughness
and electrical resistivity, reducing electron-phonon scattering and increasing charge transport across
LTVA thin films. A significant shift in resistivity for the LTVA samples is observed due to electron
scattering on the phonon—crystalline structures in the TVA samples which exhibit larger crystallites.
Meanwhile, the wettability measurements reveal a higher contact angle, resulting in a lower surface
free energy and consecutively lower dissociation energy for the LTVA-produced thin films than the
TVA samples.

Keywords: Laser-Induced Thermionic Vacuum Arc; Ti-doped chromium; wettability; electrical

resistance; dissociation energy

1. Introduction

Chromium metallic thin films are now used extensively as chromate conversion coat-
ings to enhance corrosion resistance, improve the adhesion of paint or primer coatings, and
provide metallic surfaces with an appealing decorative finish [1]. Furthermore, chromium
was used as a thin film resistor material with different photomasks, integrated circuits,
optical beam splitters, reflective coatings, and magnetic recording disks as a pure metal.
Concerning the reflective chromium coatings utilized as a black matrix (BM) to help the
panel mix various colors, chromium thin films can also be applied in an anti-reflection
chromatic black matrix [2]. Furthermore, chromium thin films are applied in multilayer
interference coatings, enabling components to be used in illumination and imaging systems
operating in the EUV /soft X-ray range [3]. Finally, chromium thin films were employed as
an under-layer to enhance adhesion between coating and substrates and mitigate coating
stress in optics, lithography, solar physics, and astrophysics [4-6].

Chromium is harmful to the human immune system only when in the ionized states
as Cr (VI) to Cr (IIT) because they are involved in the formation of reactive intermediates
which, with oxidative stress, oxidative tissue damage, and a cascade of cellular events,
including the modulation of the apoptosis regulatory gene, p53, contribute to the cytotoxic-
ity, genotoxicity, and carcinogenicity of Cr (VI)-containing compounds [7]. Additionally,
the cationic form exhibits interesting optical spectroscopic properties, especially polarized
absorption and emission [8].

Several classical techniques for deposition concerning chromium thin film production
start with physical vapor deposition (PVD), chemical vapor deposition (CVD) [9,10], and
the electrochemical deposition method [11,12].
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However, thermal evaporation remains one of the most commonly applied techniques
for chromium thin film deposition [13,14] besides the e-beam technique and magnetron
sputtering [15]. These techniques significantly influence chromium thin film’s electrical,
compositional, and structural characteristics depending on the deposition parameters, such
as substrate temperature [13], deposition pressure, deposition rate [16], and the application
of DC fields [14].

Thermionic Vacuum Arc (TVA) is a versatile method for obtaining multimaterial
processing, such as alloy/composite thin films at a nanometric scale, as revealed by the
disseminated results achieved with TVA systems. Titanium-based composites were syn-
thesized using the TVA method on substrates, especially for gear wheels and camshaft
coating as mechanical components of irrigation pumps. The new technology will provide
an experimental setup procedure by optimizing the implemented LTVA technology for
thin film deposition as an algorithm for enhancing the properties of deposited thin film
due to photonic processes. The foreseen application is based on assessing critical coating
properties such as film forming, stability, surface uniformity, electrical properties, and
roughness to determine the properties of the best nanostructured materials.

The primary purpose of this paper is to compare the properties of chromium-doped
titanium thin films produced using two methods of deposition: classical Thermionic Vac-
uum Arc (TVA), and the new method, improved by adding a laser beam on the Thermionic
Vacuum Arc (TVA) technique, called Laser-Induced TVA: LTVA. The pulsed laser changes
the plasma properties to improve the deposition capabilities. The LTVA method is a new
and reliable method for producing thin films with tailorable properties due to the enhanced
rate of collisional ionization of the resulting excited state atoms relative to the ground state.

2. Materials and Methods

The principle of the TVA method consists of an intense thermal-electron emission
from an externally heated cathode (tungsten filament) focused on the anode (the crucible
containing the material to be evaporated) with a homemade Wehnelt cylinder [17]. More
details about this method can be found elsewhere [18]. The outstanding features of this
coating technique for applications are: the high purity of the deposition, high ion and
electron energies, and an adjustable degree of ionization of the involved species [19-23].

Besides these features, in this paper, we applied a laser beam on the front window of
the coating chamber on the TVA plasma, exactly in the middle of the inter-electrode gap.
The laser beam was provided by a Q-Smart 850 Nd:YAG compact Q-switched laser with
the second harmonic module (QUANTEL, Lannion, France). By implementing the laser-
beam in the Thermionic Vacuum Arc plasma, this new concept of LTVA offered superior
performances over the TVA technology [24].

In the LTVA technology, via photonic processing due to the adjustable power laser
beam, the atoms of the base material are moved into the plasma column, replacing a part
of the original atoms (to be deposited) to ionize and conduct electricity. The laser energy
excites the free electrons available in the plasma to various energies. The excitation of free
electrons is taken as an increase in their kinetic energy. Therefore, the collision rate increases
and the energy is transferred from the excited free electrons to lattice phonons. This process
essentially changes the plasma characteristics, such as composition, ionization degree,
electron temperature, and density. Consequently, the properties of the deposited thin films
are different compared with TVA technology. Furthermore, even if the composition and
deposition conditions are the same, the plasma color is brighter due to the titanium ion
emission (photos in Figure 1).
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Pumping system

Figure 1. Schematic of the experimental LTVA system for TiCr thin film deposition. The photo of
each plasma discharge (TVA and LTVA) captured during deposition is presented in the circle on the
right side.

Cr granules (99.999% metal basis, Alfa Aesar GmbH, Karlsruhe, Germany) and Ti
granules (99.999%, metal basis, Alfa Aesar GmbH, Karlsruhe, Germany) were deposited
onto Si wafers (single-sided silicon oxide substrates of size 1 x 1 cm?, (MicroChemicals
GmbH, Ulm, Germany).

The Si/SiO, substrates were used without special pretreatments of the surfaces. The
pretreatment of surfaces before coating plays an important role in nanostructured coatings
for drilling via droplet elimination [25,26]. The substrates were subjected to classical
cleaning with isopropyl alcohol and deionized water on the oxidized surface.

The laser operates at a repetition rate of 10 Hz, with the pulse-width being 5 ns for
a wavelength of A = 532 nm. The film thickness was measured in situ using a Cressington
thickness monitor device (Ted Pella, Inc., Redding, CA, USA) attached to the deposi-
tion chamber.

A comprehensive list of the experimental conditions used for the samples described
in this work is presented in Table 1. The main experimental parameters controlled in this
study were: E, the energy/pulse of the laser; I, the irradiance of the laser; pg, the base
pressure before igniting the deposition; py, the working pressure after the breakdown
of the discharge, during deposition; da.c, the distance between the electrodes; da.g, the
distance between samples and the point of ignition of the discharge; I the current of
the filament heating; P, the arc power (P = U, x I;), where U, and I, are the arc voltage
and the arc current, respectively, during deposition; ¢, the film thickness; and Tgep, the
deposition time.
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Table 1. The list of the experimental parameters for depositing Ti:Cr thin films.

Parameters TVA LTVA
Energy/pulse of laser E (m]) 0 102
Irradiance of laser I, (GW/cm?) 0 20
Base pressure pp (Pa) 41 x107°
Working pressure py (Pa) 1.5 x 1074
Distance da.c (m) 5x 1073
Distance da.g (m) 6 x 1072
Intensity current on the filament Iy (A) 57
Input arc power P (W) 460
Film thickness t (nm) 100
Time of deposition Tye, (s) 210

X-ray diffraction patterns were obtained using a Bruker D8 Advance diffractometer
with CuKy; radiation (A = 1.54056 A) at 40 kV and 40 mA (Bruker AXS, Karlsruhe, Ger-
many). The analysis of the obtained peaks was performed after the subtraction of Ky
lines from the K«1-K4» doublet using the Bruker Difracplus Basic Evaluation program
package [27]. The 20 scan range was set between 25° and 90°, with a 0.05 and 0.01 resolution
step size.

Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) were per-
formed using a Gemini 500 (Carl Zeiss, Oberkochen, Germany) with a field emission gun
equipped with an EDX detector from Brucker down to 129 eV resolution.

Atomic force microscopy (AFM) measurements were achieved with an MFP-3D Stand
Alone (MFP-3D-SA, Asylum Research-Oxford Instruments, Santa Barbara, CA, USA) mi-
croscope, which enables a scan range of XY > 90 um and a Z range >5 microns.

The electrical surface resistance of Ti:Cr on silicon samples was studied in a Liquid
Helium Cryostat (SPECTROLAB, London, UK) at a temperature range above room tem-
perature. The resistance of the sample was obtained by comparing the voltage drop of
the sample using a Keithley 2182 Nanovoltmeter (Tektronix Inc., Beaverton, OR, USA),
with the voltage drop on a standard resistance in constant current mode given by Keithley
224 Programmable Current Source.

Electrical resistivity was calculated from the electrical resistance using sample geome-
try and electrical conductivity. The ohmic electrical contacts on the samples consisted of
80% silver-filled two-component epoxy-based glue (0.0025 ()-cm specific resistance).

Surface wettability was evaluated using the sessile drop method, and the measure-
ments were performed at room temperature using testing liquids of distilled water and
ethylene glycol. The droplet profile was analyzed using the Surface Energy Evaluation
System (See System, Masaryk University, Brno, Czech Republic) device [28].

Droplets of about 4 pL of the testing liquid were deposited on the sample surface
in a room with a controlled temperature of 23 °C, and the contact angle was measured
using a CCD camera (Masaryk University, Brno, Czech Republic). The measurements were
performed 10 s after the droplet deposition on samples in order for the droplet spreading
to cease.

3. Results
3.1. Structural Analysis
3.1.1. X-ray Diffraction

The structural analysis of the Ti:Cr thin films obtained using the TVA and LTVA
methods was characterized using X-ray diffraction methods (Figure 2a). The inlet reveals
the body-centered cubic structure of chromium and the (110) reflection plane.
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Figure 2. (a) X-ray diffraction patterns of Ti-doped chromium thin films; (b) reflection on (110).

The only peak with 26 around 44.4° indicates a body-centered cubic bec (110) orienta-
tion structure (Figure 2b) as indicated elsewhere [29]. The analysis of the X-ray patterns is
presented in Table 2.

Table 2. Experimental parameters from XRD measurements.

Sample Peak (°) hkl Peak Width d-Spacing D (nm)
TVA 44.3793 (110) 0.3420 2.0395 25
LTVA 44.4243 (110) 0.7759 2.0376 11

As can be seen, the TVA sample has a larger grain size than those from LTVA, indicating
faster crystallization. Meanwhile, the titanium-doped chromium grain size from the LTVA
sample has better crystalline parameters, much closer than the standard Cr monocrystals.

3.1.2. SEM and EDX Analysis

The scanning electron microscopy (SEM) images of the surface morphology of Ti:Cr
thin films grown on a silicon substrate are shown in Figure 3a,b. The Ti:Cr thin film surface
prepared using LTVA looks smooth, proving it has superior deposition characteristics
compared to the TVA method. Using an electron beam voltage of 5 kV, the lower electrical
conductivity of the TVA sample leads to electrical charging of the surface (blacker area on
image), revealing the higher conductivity of the LTVA sample.
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Figure 3. Cont.
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Figure 3. SEM images and 3D surfaces of (a) TVA sample and (b) LTVA sample; (c) low-voltage SEM
images and histograms of TVA sample; (d) LTVA sample.

The surface morphology of the obtained thin films is well evidenced in the SEM
images taken at lower electron beam voltage, thus avoiding the effects of surface charging
(Figure 3c,d).

The SEM images show the higher roughness of the TVA sample than one of the LTVA
samples. Furthermore, the 3D images present the higher roughness for the TVA sample
than the LTVA sample, which shows a smoother surface. Moreover, the histogram of the
roughness of the TVA sample (number of events: 0-1500) comprises a nonsymmetrical
histogram centered at 33 nm with a peak height at around 1500 counts. The half-width of
this Gaussian distribution is around 55 nm.

In the histogram of the LTVA sample, the nonsymmetric distribution is centered at
18 nm due to the laser beam interaction with the plasma, but their number is increased
to around 5000 counts with a half-width value of 3 nm. The photonic processes induced
effects that produced more nanoparticles in the LTVA sample but were more compact and
uniformly distributed.

EDX analysis was performed using different electron beam acceleration voltages to
decrease the substrate contribution. At low acceleration voltages, the K line of chromium
positioned at 5,411 keV disappears, and the chromium concentration is given by the Ly
line at 0.573 keV, which is very close to the K line of oxygen (0.525 keV) and L line of Ti
(0.452 keV) (Figure 4a,b), resulting in a lower contribution of chromium in thin films and
an artificial increase in titanium concentrations.
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bt o Ll L ! ; —t [ T W e
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Figure 4. EDX patterns and mapping for the TVA and LTVA samples at 10 kV (a) and 20 kV (b). Inlets
contain the mapping of samples.
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The estimated concentration from the EDX measurements for the Ti ions is around
2.5% from the whole Cr films for both samples; all measurements were a sum of three
monitored points in each sample. Thus, the mapping chart reveals a uniform distribution of
Ti and Cr on the entire surface (Figure 4a). The same is true for the Ti:Cr sample deposited
using the LTVA method (Figure 4b). The atomic concentrations from the TVA and LTVA
samples are presented in Table 3, calculated as a mean value between three different points
on each sample.

Table 3. The atomic concentrations from the TVA and LTVA samples.

Sample Element Series 13:;11;; éotg?loz Errors %
Si K-series 14 92.34 3.2
TVA Ti K-series 22 0.19 0.0
Cr K-series 24 7.47 0.4
Si K-series 14 93.15 33
LTVA Ti K-series 22 0.19 0.0
Cr K-series 24 6.66 0.3

Atomic force microscopy, recorded on 2 x 2 pm areas, confirms the results obtained
using scanning electron microscopy, showing increases on the z-scale up to 43.1 nm of
large particles in the TVA sample (Figure 5a) compared with those from the LTVA sample
(Figure 5b), where the more uniform distribution of nanoparticles can be seen with a z-
scale below 38.2 nm. The roughness of the selected areas is 40.5 nm for the TVA sample
and 23.2 nm for the LTVA sample, confirming the particle distributions obtained by the
SEM measurements.

0 1
0 1 2 2
0 431nm 38.2nm
L 1 20.0
20.0
2 0.0 2 0.0

(@) (b)

Figure 5. AFM images of TVA (a) and LTVA (b). The scales on the right show the maximum roughness
of each sample.

3.2. Electrical Measurements

The voltage—current curves for the TVA and LTVA samples (Figure 6a,b), which
account for the voltage in the inner electrodes versus the current in the outer electrodes,
reveal the lower resistivity of the LTVA samples (p = 6.08 x 1077 O-m) compared to the
TVA sample resistivity (p = 10.4 x 107 Q2-m). Both films have higher resistivity than the
bulk resistivity value for the chromium element, p = 1.2 x 10~7 Q-m [29].



Coatings 2022, 12,470 8of12
10.56 74
Equation y= ug' bx ° e i
Piot
10541 fuugn No ieghing 724 e Vv -
Jntercept 92005 2 0.00759 tercept 300274 + 130289
10.562 o Seoee 00039 3x10* Slope 002931 2 0.00423
Residual Sum of Squares 2.7x10+ 7.0 Residual Sum of Squares 0.10868
Pearson's r 099124 Pearson's 1 0.9600¢
10.50 4  R-Square (COD) 09825 R-Square (COD) 092321
£ Jd). R-Square 0.97674 £ g hanswme TeeiH
& 10.48 &
s s
S 10.46 - ©66-
X e TVA 2 o
10.44 - Linear fit 6.4 = LTVA
7 Linear fit
10.42 - 82
10.40 [ L
6.0
10'38 T T T T T T T T
300 310 320 330 340 350 300 310 320 330 340 350
T(K) T(K)
(a (b)

Figure 6. Resistivity versus temperature for the TVA (a) and LTVA (b) samples.

Moreover, the resistivity versus temperature shows linear dependence up to 350 K and,
based on the evaluation of the slope, the values of the temperature coefficient of resistance
are o« = 3.9 x 1073 K~! for the TVA sample and o =29 x 1073 K~! for the LTVA sample,
which is considerably higher than in the bulk chromium metal « =2.9 x 10-3 K~ [30].

3.3. Wettability Measurements

Wettability measurements revealed the physical properties of materials related to their
adhesion to the surrounding media. Such materials have high surface free energy, as a large
amount of energy is released when it is dissociated into smaller pieces [31]. Wettability
is related to the surface free energy involving the measurement of contact angles as the
primary data, which indicates the degree of wetting when a solid and liquid interact.

Typical image frames acquired using the image analysis system described are dis-
played in Figure 7a—d. The figures show a printout of the side view of a sample during the
experimental measurement of distilled water and ethylene glycol on the substrate. The
selection of several points on the solid-liquid and liquid—vapor interface makes it possible
to fit the drop profile and calculate the tangent angle of the solid surface drop. To obtain as
precise results as possible, the profile of the drop was fitted with three basic points: two on
the liquid-solid interface—the baseline, and one on the drop contour.

(b) CI’Ti/TVA eethv'ene glycol =63.4°

(a) CrTi/TVA

Figure 7. Cont.
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(c) CrTi/LTVA B\yater=100.48° (d) CrTi/LTVA 8 pienegiycol=71-1°

Figure 7. Contact angle for the TVA sample measured in (a) water and (b) ethylene glycol. Contact
angle for the LTVA sample measured in (c) water and (d) ethylene glycol.

These data were digitalized and measured using the included software, and the free
surface energies were further analyzed using the Owens—-Wendt method. Small contact
angles correspond to high surface free energy, while large contact angles correspond to
low surface free energy [32]. Thus, a small contact angle (TVA) involves a high surface free
energy, corresponding to the high energy dissociation of the measured thin films.

The main parameters for the two types of samples deposited on the Si wafer using
different methods are summarized in Table 4.

Table 4. Contact angles and free surface energy for TiCr samples deposited by TVA and LTVA.

Contact Angle 0 (°) _
Sample Ti:Cr/Si 8 Owens V\;endt
Water Ethylene Glycol (mJ/m?)
TVA 92.67 63.40 29.01
LTVA 100.48 71.23 21.58

In conclusion, from all images presented in Figure 7, the contact angle is lower for the
Ti:Cr sample deposited using the TVA method for both liquids used (water and ethylene
glycol) than those obtained using the LTVA method.

4. Discussion

The above results indicate the superior characteristics of the LTVA thin films compared
with those obtained using the TVA method. When a high-power pulsed laser is focused
onto this plasma, the flow of the photonic beam affects the photoionization processes. As
a result, the collision rate increases and the energy is transferred from the excited free
electrons and ions to the thin film surfaces. In fact, the increase in the photoionization
processes ensures not a different deposition rate but a superior quality of the surfaces of
the LTVA samples. These improvements are revealed below.

The cell parameters for both samples are refined using a body-centered cubic bcc
structure as provided by the XRD database (PDF#04-001-0046) with a =b = ¢ = 2.876 A,
=3 =v=90° for the TVA sample and a =b = c = 2.882 A, o= B =y =90° for the LTVA
sample. These parameters are in good correlation with the standard crystallization of
chromium bec described by Wyckoff, being Im3m structure with a =b = ¢ = 2.8839 A and
o= =vy=90°[33].

Chromium metal was found in six crystallographic forms: «-Cr, bec, a = 2.885 A; B-Cr,
hee,a=2.72 A and 4.42 A; v-Cr, cfc,a = 8.73 A; e-Cr, cfc, a = 3.86 A; 1n-Cr, cfc, a = 3.80 A;
and §-Cr, pc, a = 4.59 A [34]. While 3 and & phases were assigned to chromium hydrates,
the n-Cr phase can only be obtained at high temperatures, and the 5-Cr phase is rare and
dependent on some special conditions with y-Cr and has not been observed since 1930;
the most common phase remains «-Cr, which was very often observed in chromium thin
films [2,35].
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The grain sizes D of the Ti:Cr nanocrystals were evaluated using the known Debye—

Scherrer formula:
K x A

D=——
3 x cos®

@)
where K is a form factor usually taken as 0.9 for the cubic crystallographic symmetries,
A = 1.54 A is the wavelength of the X-rays,  is the full width at half maximum (FWHM) in
radians, and 0 is degree. This formula assumes a strain-free sample. The 5 parameter was
corrected to eliminate the intrinsic and instrumental broadening using the equation:

p= Bfn - Bzorundum (2)

where 1y, is the half-height width of the measured sample (110) peak and 3 corundum is the
half-height width of the (113) peak at 43.33° of a standard corundum sample obtained
experimentally. The analysis of X-ray diffraction profiles is a standard method to determine
the crystallite size of nanoparticles. However, this method is affected by different factors,
such as the low resolution of the X-ray diffraction setup or the peak asymmetric profile.

The roughness of the TVA sample shows two Gaussian distributions, with one centered
at around 1 pm, meaning a non-uniform deposition of Ti:Cr nanoparticles, with a higher
distribution centered at 145 nm but with a large distribution of 180 nm half-width. In
contrast, in the LTVA, only one distribution is centered at 175 nm with a smaller half-width,
suggesting a more uniform particle distribution, but much higher numbers.

The thin metal film composition mapping shows a uniform distribution of Ti in the
chromium film, even at lower concentrations. These results reveal the better performance
of the Ti:Cr thin films deposited using the LTVA method, including the results obtained
from the XRD patterns.

The electrical properties depend on the thickness approaches, which should be com-
pared with the electron mean free path, accounting for electron scattering with interfaces
and defects [36]. Although, as the structural analysis shows, there is a difference in the
sample grain sizes; the TVA sample has larger dimensions. These grain-like structures
induce discontinuities, which lead to higher resistivity [37].

The LTVA sample has a higher resistivity drop due to higher phonon scattering.
A small crystallinity domain, observed in the XRD measurements for grain sizes, increases
the phonon scattering processes equivalent to the amorphous thin films [38]. Therefore,
increasing the grain size in the TVA sample will reduce the cusped minimum equivalent
with a crystallization process and increase the spin-ordering process, reducing the phonon
scattering processes [9].

The value of the temperature coefficient of resistance of the Ti:Cr sample deposited
using LTVA technology is one order of magnitude higher than those deposited using
classical TVA, meaning that the amorphous structure has a pronounced character.

The higher surface free energy of the TVA sample suggests higher energy dissociation
due to the small particle sizes but higher crystallinity. In comparison, the lower surface free
energy of the Ti:Cr sample deposited using the LTVA method reveals a more amorphous
structure of the thin film with a smaller crystallite embedded, which was also validated
by the XRD measurements. Moreover, a higher contact angle for the LTVA confirms a
smoother surface of the chromium thin film, as is shown in the SEM images.

5. Conclusions

The structural, electrical, and surface energy measurements confirm the superior
characteristics of the Laser-Induced Thermionic Vacuum Arc method used for titanium-
doped chromium thin films. The laser-induced TVA method does not influence the doping
process with the titanium ions, but, just for a small quantity of Ti, the obtained thin
films show uniform distributions. These superior characteristics of the LTVA samples are
supported by: (a) the lower roughness of the samples obtained using the LTVA method
revealed by the SEM images reconstructed in 3D and AFM images; (b) the lower electrical
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conductivity observed in the SEM images for the TVA sample, which results in a faster
electron charge of their surfaces; (c) the higher conductivity of the LTVA samples; and (d)
the higher contact angle for the LTVA samples, resulting in the lower free energy surface,
associated with lower roughness. Moreover, the wettability measurements confirm lower
dissociation energy for the LTVA samples, which emphasizes the amorphous character of
the Ti-doped chromium layers.
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