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Abstract: Thin films of Ti-Al-Cr-N were deposited onto glass substrates by means of the reactive
magnetron co-sputtering of pure Cr and TiAl alloy targets in an atmosphere of Ar and N2. This
investigation was carried out by adjusting the Cr-target power in order to increase the Cr amount
in the films. The crystal structure of the films was investigated via X-ray diffraction (XRD). The
elemental composition of the coatings was determined using Auger electron spectroscopy (AES). The
electrical resistivity was measured using the four-point probe method, and the optical properties
were characterized via ultraviolet/visible (UV/Vis) spectroscopy. The experimental results showed
that, with a Cr concentration between 0 at% and 11.6 at%, a transition between phases from a single-
phase hexagonal wurtzite-type structure to a single-phase cubic NaCl-type structure took place. The
addition of Cr increased the crystallite size and, with it, the roughness of the coatings. All of the
coatings exhibited an ohmic behavior at room temperature, and their surface electrical resistivity
decreased from 490.1 ± 43.4 Ωcm to 1.5 ± 0.1 Ωcm as the chromium concentration increased. The
transmittance of the coatings decreased, and the optical band gap (Egap) went from 3.5 eV to 2.3 eV
with the addition of Cr. These electrical and optical properties have not been previously reported for
these films.

Keywords: Ti-Al-Cr-N; electrical properties; optical properties; sputtering

1. Introduction

Transition metal nitrides (TMN) constitute an important category of technological
materials because they usually possess properties such as a high degree of hardness and
wear resistance, a high melting point, a high degree of refractoriness, and chemical stability
in corrosive environments. Due to this unique combination of properties, TMNs are widely
studied and are used for a wide range of applications, ranging from decorative coatings [1]
and protective coatings on cutting tools [2] to applications in electronics, such as diffusion
barriers [3], Schottky diodes [4], microelectromechanical components (MEMs) [5], ohmic
contacts in optoelectronic devices [6,7], and plasmonic materials that serve as alternatives
to Ag and Au [8].

Binary coatings constitute the first generation of such materials, with TiN being the
most prominent among them. TiN coating has been widely studied and used in different
practical or industrial applications since the early 1980s, thanks to its excellent mechanical
and tribological properties; however, it starts to degrade at temperatures above 550 ◦C [9].
To improve the performance of binary coatings, multicomponent coatings have been
fabricated [10], as with the case of the quaternary TiAlCrN coating.

The quaternary Ti-Al-Cr-N system combines properties such as exceptional hardness
and high oxidation resistance at high temperatures (approx. 1000 ◦C) [11,12]. In industry,
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these coatings are mainly used as protection for dry and high-speed cutting tools due to
their excellent mechanical and tribological characteristics [13,14]. Furthermore, sputtering
is the preferred deposition technique in the industry due to the versatility allowed in
the microstructure and composition of the manufactured coatings, in addition to their
homogeneity, high adhesion, and low defect concentration [15–17].

TiAlCrN coatings exhibit columnar growth and a cubic B1-NaCl crystalline struc-
ture [18,19], and their functional properties can be tuned by means of a variation in their
chemical composition. For example, increasing the amount of Cr increases the oxidation
resistance and improves the tribological properties, due to the formation of a passive Cr2O3
layer on the surface [18,20,21]. In addition, the Cr content improves its thermal stability by
delaying the appearance of the wurtzite-AlN phase upon annealing [18,22].

The scientific literature includes many articles in which TiAlCrN coatings are syn-
thesized and their functional properties are studied as a function of the deposition pa-
rameters [18]. However, these investigations are focused on the study of the mechanical,
tribological, and thermal properties, and studies of the electrical and optical properties
are almost nonexistent. Only two papers were found in which the use of TiAlCrN as one
of the layers (IR reflector and absorber) of a solar selective multilayer material for high
temperatures was studied [23,24]. However, there are investigations on nitride coatings
deposited by means of sputtering that show that a change in the concentration of their
elements modifies and allows for the adjustment of the electrical and optical properties
of the coatings; for example, an increase in the Ti content in AlTiN coatings decreases
the value of the “optical gap” [25]; an increase in the Ni content in ZrTiSiNiN coatings
increases the electrical resistivity and optical band gap of the coatings [26]; and the ad-
dition of Si to AlTiSiN coatings decreases the electrical resistivity and transmittance [27],
while in ZrSiN coatings, the transmittance increases [28]. TiAlCrN films have been shown
to have a combination of excellent mechanical properties (high hardness and fracture
toughness), high thermal stability, high oxidation resistance, high corrosion resistance, and
good tribological properties compared to transition metal nitrides. However, there are few
investigations that study the optical and electrical behavior of these films. Therefore, in the
present investigation, TiAlCrN coatings with varied Cr content were fabricated by means of
reactive co-sputtering, with the aim of studying the effect of the Cr content on the electrical
and optical properties of the coatings. These physical properties have not been previously
reported for these films; thus, this report will contribute to understanding them and will
relate their microstructure and chemical composition to their functional properties, and
so can serve as a reference for evaluating the possibility of the use of these coatings as a
material in some optoelectronic applications.

2. Materials and Methods

Reactive co-sputtering equipment was used for the deposition of the TiAlCrN thin
films on a glass substrate. The sputtering equipment has two magnetrons located at the
bottom of the chamber, geometrically arranged in a confocal configuration (see Figure 1).
Each magnetron was tilted 30 degrees off normal and directed to the substrate holder at a
diagonal distance of 10 cm. Prior to deposition, the glass substrate was cleaned with two
consecutive 15 min ultrasonic baths, first in ethyl acetate and then in isopropanol.

To obtain TiAlCrN coatings with different Cr concentrations, we chose to use two
targets, one of Cr and the other of Ti50Al50 (atomic percentage), both with 99.95% purity
and 4” in diameter. The Ti50Al50 target was placed in the magnetron that was connected
to the pulsed-DC source (40 kHz), with a constant power of 270 W. The Cr target was
placed in the magnetron that was connected to the RF source (13.56 MHz frequency), with
different degrees of power: 0 W, 80 W, 110 W, 140 W, and 170 W. Table 1 summarizes the
deposition parameters used to fabricate the TiAlCrN coatings.
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Figure 1. Scheme of sputtering system used to synthetize the TiAlCrN coatings.

Table 1. Deposition parameters used to fabricate the TiAlCrN coatings.

Parameter Values

Cr target—RF power (W) 0 80 110 140 170
Ti50Al50 target—Pulsed DC power (W) 270
Deposition time for thin coatings (min) 40 26 20 20 15
Deposition time for thick coatings (min) 150 120 90 90 72

Base pressure (Pa) 3 × 10−4–5 × 10−4

Working pressure (Pa) 0.40 ± 0.05
N2 flux (sccm) 3.5
Ar flux (sccm) 14

Substrate temperature (K) 573 ± 5
Substrate holder rotation speed (rpm) 10

Thickness is one of the variables that influence the measurement of the electrical and
optical properties of the coatings; for this reason, it must be ensured that the comparison is
made between coatings with approximately the same thickness. On average, the thin coat-
ings had a thickness of 222 ± 25 nm, and the thick coatings had a thickness of 1040 ± 40 nm,
as shown in Figure 2a. The 200 nm thick coatings were used to study the optical properties,
and the 1 µm coatings were used to study the electrical properties. As shown in Table 1, an
increase in the power to the Cr target caused a decrease in the deposition time, because the
increase in power increases the energy of the argon ions impacting the target surface, thus
increasing the sputtering rate (see Figure 2b).
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(b) Deposition rates of TiAlCrN coatings as a function of Cr target power.

The samples were not etched; therefore, small signals from adventitious carbon and
oxygen were detected, and the elementary composition of the coatings was analyzed
using an Omicron Nano Tech Auger electron spectroscope, measuring in a range between
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400 eV and 1400 eV with 1 eV resolution. The results were analyzed using CasaXPS
software. The microstructural characterization was performed via XRD (Bragg-Brentano
configuration) using a PANalytical X-ray diffractometer model X’Pert PRO, with a Co-Kα

source, a potential difference of 40 kV, and a current of 40 mA. The morphology of the
films was studied by means of electron microscopy using a FEI QUANTA 200 scanning
electron microscope (SEM) at high vacuum pressure and 30 kV voltage. The thickness
and roughness were measured using a DEKTAK 150 profilometer, with a resolution of
0.056 µm and a sweep of 2000 µm, for 120 s. The electrical resistivity was measured at room
temperature via the four-point probe method (linear configuration) using a Lucas Signatone
four-point resistivity tester, and the current range used was between −100 and 100 µA [29].
The values of the voltage and the current were used to calculate the electrical resistance,
and the electrical resistivity was determined using the coatings’ geometry. The optical
properties of the thin films were determined at room temperature using a high-performance
UV-VIS-NIR Cary 5000 spectrophotometer, within a wavelength range of between 250 and
2500 nm with 1 nm intervals. The optical band gap (Egap), absorption coefficient (α), and
extinction coefficient (k) were calculated.

3. Results and Discussion
3.1. Elemental Chemical Composition

The AES spectra for the thin (~200 nm) and thick (~1 µm) coatings and the values of
the concentrations of each element were practically the same. Therefore, it was considered
that the thickness did not affect the chemical composition of the deposited coatings. In the
present paper, the analysis of the elemental chemical composition is presented only for the
thin (~200 nm) coatings.

Figure 3 shows the resulting AES spectra for the thin TiAlCrN coatings. In the AES
spectrum, the presence of coating elements such as aluminum, titanium, chromium, and
nitrogen, as well as some impurities such as carbon, oxygen, and argon, can be observed. No
argon cleaning was applied at this stage, as it is well known that preferential N sputtering
can introduce variations in the surface composition, and therefore small signals from C and
O due to surface contamination are observable. However, there might also be an excess of
nitrogen on the surface, due to surface contamination or to a nitrogen-terminated surface
that influences the Cr content in this paper. Therefore, the Cr amount must be taken as a
relative value for comparison between the three different samples. The presence of these
impurities in the deposited coatings may be due to surface contamination caused by contact
between the surface of the samples and the surroundings or environment, pre-cleaning
with argon plasma, or surface passivation and carbon contamination.
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Figure 3. Auger spectra derived for thin (~200 nm) TiAlCrN coatings.

Table 2 shows the changes in the relative content of the elements Al, Ti, Cr, and N
of the film as a function of the Cr target power. It can be seen that the concentration
of nitrogen in the coatings is not affected by the increase in Cr target power, remaining
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approximately constant (43.6 ± 0.8 at%). The Cr concentration in the coating increases
(from 0 at% to 11.6 at%), the Al concentration decreases (from 50.2 at% to 37.5 at%), and
the Ti concentration remains approximately constant (7.2 ± 0.2 at%). According to these
results, the following nitrides were able to form, considering the formation enthalpies: TiN
(−336.6 kJ/mol), AlN (−318 kJ/mol), and CrN (−123.1 kJ/mol) [30,31]. According to the
enthalpies of formation, the Ti atoms react more easily with nitrogen, thus rapidly reaching a
saturation point at which their concentration remains constant, and the remaining nitrogen
reacts with the Al and Cr atoms present in the system.

Table 2. Calculation of atomic concentration of Al, Ti, Cr, and N from the Auger spectra of thin
TiAlCrN coatings.

Coating Cr Target
Power (W) Al (at%) Ti (at%) Cr (at%) N (at%)

TiAlCrN-0 0 50.2 7.0 0.0 42.8
TiAlCrN-80 80 46.2 7.7 2.6 43.5
TiAlCrN-110 110 44.4 7.2 5.3 43.1
TiAlCrN-140 140 39.0 7.2 8.9 44.8
TiAlCrN-170 170 37.5 7.0 11.6 43.9

Similarly, it can be seen that the Al concentration is high compared to that of Ti,
although both elements were deposited with the same target and at the same power, a
result associated with the high sputtering yield of Al with respect to Ti (1.2 for Al, 0.6 for Ti,
and 1.3 for Cr, reference values for ion energies with energy of 600 eV, typical energy of an
argon plasma [32]). However, a decrease in aluminum can be seen with increasing power
in the Cr target, which could be associated with an atomic substitution of Cr for Al in the
material produced.

3.2. Crystalline Structure

Figures 4 and 5 show the XRD spectra of the thin coatings (thickness 222 ± 25 nm) and
thick coatings (thickness 1040 ± 40 nm) as a function of the Cr concentration, with some
peaks corresponding to the structures of TiN-c, CrN-c, AlN-c, and AlN-h structures, from
crystallographic charts PDF04-017-6803, PDF04-015-0334, PDF00-025-1495, and PDF01-
070-2543, respectively. It can be seen in both figures that the increase in Cr concentration
has an influence on the crystalline structure of the coating, changing from a hexagonal
wurtzite-type structure to a cubic NaCl-type one. Furthermore, the thick coatings (Figure 5)
are characterized by exhibiting a greater intensity than the thin coatings (Figure 4), possibly
due to a decrease in defects and an increase in grain size with the increasing coating
thickness, which is characteristic of films deposited by means of sputtering.
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In Figure 4 it can be seen that the coatings with a Cr concentration of 0 at% (TiAlCrN-0)
exhibited a single-phase hexagonal wurtzite crystalline structure with preferential orien-
tation along the (100) plane. This hexagonal structure occurs when the Al concentration
exceeds the solubility limit of Al in the TiAlN solid solution [33,34]. The representative
peaks are located at 2θ angles of 32.5◦ and 58.1◦, which are close to the peaks related to
the (100) and (110) planes of the wurtzite hexagonal AlN phase, respectively. These peaks
show a slight shift toward smaller 2θ angles, indicating an increase in the lattice parameter,
probably caused by the incorporation of large Ti atoms into the AlN structure to form the
TiAlN solid solution [35]. In Figure 5, for the same Cr concentration, it can be seen that the
same wurtzite phase is detected; however, there is a change of texture: for instance, in the
thick film there is a TiAlCrN-0 preferentially oriented along (110), while that of the thin
film is preferentially oriented along (100), possibly due to changes in the surface and the
strain energy during the film’s growth.

The coatings with a Cr concentration of 2.6 at% (TiAlCrN-80) exhibit a biphasic
structure, a wurtzite-type hexagonal phase, and an NaCl-type cubic phase; additionally,
the intensity of the peaks is the lowest among the coatings obtained, indicating their low
crystallinity. This biphasic structure is related to the transition from the hexagonal wurtzite
phase to the cubic NaCl-type phase of the coating, an effect owing to the decrease in the Al
concentration to a point that would represent the solubility limit of the Al in the deposited
coating; such an effect has been observed in previous studies [18,36]. Its three representative
peaks are found at 2θ angles of 32.61◦, 43.86◦, and 63.69◦. The first one is related to the
(100) plane of the hexagonal AlN phase, while the second and third are located between
the (200) and (220) planes of the cubic CrN, TiN, and AlN phases, indicating a possible
formation of a cubic TiAlCrN solid solution.

Coatings with Cr concentrations between 5.3 at% and 11.6 at% (TiAlCrN-110, TiAlCrN-
140, and TiAlCrN-170) exhibited a highly in-plane-oriented NaCl-type cubic single-phase
crystal structure (111). The presence of this structure is related to an Al concentration below
the solubility limit of Al in the coating. The peaks of these coatings are located at 2θ angles
of 37.8◦ and 80.7◦, related to the (111) and (222) planes, found displaced at higher angles
compared to the TiN reference peaks and at slightly lower angles compared to the CrN
and AlN references. This indicates the possible formation of a solid solution of TiN, AlN,
and CrN. Similar behavior has been observed in previous studies [32,37]. On the other
hand, the coatings with a Cr concentration higher than 9 at% exhibited a high preferential
orientation along the (111) plane, which indicates that the increase in the chromium content
increases the deformation energy [38].

The crystallite size of the thin films was estimated from the Scherrer formula [39].
Figure 6 shows the crystallite size as a function of the Cr concentration for the thin and
thick coatings. The crystallite size for the thin coatings (thickness of 222 ± 25 nm) was in
the range of between 17 nm and 45.9 nm, and for the thick coatings (1040 ± 40 nm), it was
between 12 nm and 66.1 nm.
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Figure 6. Crystallite size as a function of Cr concentration of thin (222 ± 25 nm thick) and thick
(1040 ± 40 nm thick) TiAlCrN coatings.

The smallest crystallite size was exhibited by the coatings with a Cr concentration of
2.6 at%. (TiAlCrN-80). These coatings were characterized by exhibiting a biphasic structure,
a hexagonal wurtzite phase, and a cubic NaCl phase. This behavior could be related to
the transition process from the hexagonal wurtzite-type crystalline structure to a cubic
NaCl-type one, due to a competitive growth between the two phases that generates grain
refinement. This behavior was observed in an investigation by Xu et al. [18], in which
TiAlCrN coatings were produced by means of sputtering and a grain refinement was
observed in the coatings with a two-phase structure (hexagonal wurtzite-type and cubic
NaCl-type) with respect to the single-phase cubic coatings.

The crystallite size increased when the Cr concentration increased to 9 at%. This
behavior occurs because there is no longer a competitive growth between two phases, as
all the coatings with Cr concentration equal to or higher than 5.3 at% exhibited a highly
oriented cubic NaCl-type single-phase structure. Additionally, the increase in crystallite
size could be associated with the formation of a TiAlCrN solid solution when added.
Thomas et al. [40] fabricated metastable solid solution copper-tungsten films and observed
the same behavior: the crystallite size increased with the addition of Cu.

3.3. Roughness

Figure 7 shows the surface roughness of the manufactured coatings as a function of
the Cr content. There is a tendency for the roughness to increase with the increasing Cr
concentration in the coating. Additionally, it can be seen that a change in the crystallite size
causes variations in the average roughness and exhibits the same tendency. This behavior
has also been observed in previous studies, in which it was observed that the addition of
metallic elements and the discharge power favor the increase in defects and consequently
the increase in roughness [41].

According to the deposition parameters, the microstructure of the coatings produced
in this investigation corresponds to the T-zone of the J.A. Thornton zone model [42]. This
corresponds to a columnar growth, in which there is an increase in residual stresses and
roughness with an increase in film thickness.

Another factor influencing surface roughness is surface defects. Figure 8 shows that
the Cr-free coatings (TiAlCrN-0) exhibited a surface with fewer defects, characteristic of
hard coatings manufactured via PVD deposition techniques such as droplets. The increase
in Cr concentration may be generating an increase in these defects through the generation
of arcs in the chromium target [43]. Figure 9 show the cross section of the TiAlCrN-110
sample which can be seen as a column grown and with good adherence between the coating
and the substrate.
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3.4. Electrical Properties

Figure 10 shows the surface electrical resistivity as a function of the Cr concentration.
In general, a linear tendency was observed for the voltage and current measured, which
corresponds to the ohmic behavior of the coating. The surface electrical resistivity decreases
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from 490.1 ± 43.4 Ωcm to 1.5 ± 0.1 Ωcm when the Cr concentration increases. These
resistivities are within the range of semiconducting materials [44], and their values are
within the order of resistivities reported for TiAlN coatings [45].
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A decrease in electrical resistivity is seen when the Cr concentration increases. This
effect could be due to the transition of a hexagonal wurtzite-type structure to a cubic NaCl-
type one, Cr substitution for Al, and the increase in crystallite size. With the decreasing
crystallite size, more grains occupy the same volume of material, exhibiting higher zones
of boundary grains, which increases the electrical resistivity. In materials with nanometer
dimensions, the grain boundaries act as additional scattering centers for the conduction
electrons [46].

Additionally, investigations by Zhou et al. [45] and Kassavetis at al. [47] on TiAlN
coatings with varying Al contents also recorded a change in the crystal structure from
a cubic to a hexagonal structure with increasing aluminum. In those investigations, the
hexagonal phase exhibited very high resistivity compared to the cubic phase, as observed
in the present investigation. This behavior could be due to the fact that the wurtzite-AlN
phase is characterized by the broadest bandgap among semiconductors (6.2 eV at room
temperature) [48].

3.5. Optical Properties

Figure 11 shows the appearance of TiAlCrN coatings with thicknesses of 222 ± 25 nm,
deposited on glass and as a function of the Cr concentration (to the left lower concentration
and to the right higher concentration). The coatings increase their opacity as the Cr
concentration increases, transforming from a semi-translucent brown/yellow when the
Cr concentration is zero (Figure 11a) to an opaque brown when the chromium reaches a
concentration of 11.6 at% (Figure 11e).

Crystals 2022, 12, x FOR PEER REVIEW 10 of 15 
 

 

NaCl-type one, Cr substitution for Al, and the increase in crystallite size. With the de-

creasing crystallite size, more grains occupy the same volume of material, exhibiting 

higher zones of boundary grains, which increases the electrical resistivity. In materials 

with nanometer dimensions, the grain boundaries act as additional scattering centers for 

the conduction electrons [46]. 

Additionally, investigations by Zhou et al. [45] and Kassavetis at al. [47] on TiAlN 

coatings with varying Al contents also recorded a change in the crystal structure from a 

cubic to a hexagonal structure with increasing aluminum. In those investigations, the hex-

agonal phase exhibited very high resistivity compared to the cubic phase, as observed in 

the present investigation. This behavior could be due to the fact that the wurtzite-AlN 

phase is characterized by the broadest bandgap among semiconductors (6.2 eV at room 

temperature) [48]. 

3.5. Optical Properties 

Figure 11 shows the appearance of TiAlCrN coatings with thicknesses of 222 ± 25 nm, 

deposited on glass and as a function of the Cr concentration (to the left lower concentra-

tion and to the right higher concentration). The coatings increase their opacity as the Cr 

concentration increases, transforming from a semi-translucent brown/yellow when the Cr 

concentration is zero (Figure 11a) to an opaque brown when the chromium reaches a con-

centration of 11.6 at% (Figure 11e). 

 

Figure 11. Photograph of TiAlCrN coatings from lower to higher Cr concentration. (a) 0 at%; (b) 2.6 

at%; (c) 5.3 at%; (d) 8.9 at%, and (e) 11.6 at%. 

Figure 12 shows the optical transmittance spectra of the TiAlCrN coatings. It can be 

seen that the transmittance decreases when the Cr concentration increases. The transmit-

tance spectra show a tendency to decrease in magnitude over the entire spectrum, evalu-

ated as the Cr concentration increases and the Al concentration decreases. This behavior 

is similar to those observed in previous studies for TiAlN coatings [49,50], where the de-

crease in Al concentration led to a decrease in transmittance because of the increase in the 

crystallite size. The decrease in transmittance with the increasing Cr concentration may 

be related to the increase in the crystallite size and the increase in the roughness of the 

coatings’ surface, because grain boundaries and surface roughness are the main light scat-

tering mechanisms [51]. 

 

Figure 12. Transmittance spectra for thin TiAlCrN coatings as a function of Cr concentration. 

Figure 11. Photograph of TiAlCrN coatings from lower to higher Cr concentration. (a) 0 at%;
(b) 2.6 at%; (c) 5.3 at%; (d) 8.9 at%, and (e) 11.6 at%.

Figure 12 shows the optical transmittance spectra of the TiAlCrN coatings. It can
be seen that the transmittance decreases when the Cr concentration increases. The trans-
mittance spectra show a tendency to decrease in magnitude over the entire spectrum,
evaluated as the Cr concentration increases and the Al concentration decreases. This be-
havior is similar to those observed in previous studies for TiAlN coatings [49,50], where
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the decrease in Al concentration led to a decrease in transmittance because of the increase
in the crystallite size. The decrease in transmittance with the increasing Cr concentration
may be related to the increase in the crystallite size and the increase in the roughness of
the coatings’ surface, because grain boundaries and surface roughness are the main light
scattering mechanisms [51].
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TiAlCrN-0 coatings (CR concentration 0 at%) exhibited the highest transmittance and
some interference fringes in the visible region. These fringes result from the constructive
and destructive interference of reflected beams at the air/TiAlCrN and TiAlCrN/glass
interfaces, peaking in the yellow-orange region (590 nm). These fringes were also observed
for the TiAlN coatings with a high Al concentration, which disappear with the decreasing
Al concentration [50].

The optical band gap energy (Egap) of the TiAlCrN coatings was determined from the
Tauc equation [52] (Equation (1)) for the direct band gap

(α.hν)2 = A(hν − Egap) (1)

where α is the absorption coefficient, hν is the incident photon energy, and A is a constant.
The optical band gap was then estimated using Tauc plots ((αhν)2 vs. (hν)) and extrap-

olating the linear portion of the curve to the photon energy axis, as shown in Figure 13. It
can be seen that the Cr concentration tends to be constant at the optical Egap, approximately
3.5 eV. The obtained optical Egap values are in agreement with those reported for TiAlN
coatings fabricated via sputtering [50], where the direct optical Egap ranged between 3.4 eV
and 5.2 eV for films with a thickness of 100 nm. The Egap values are a response to the
structure of the material. The synthetized TiAlCrN coating exhibits a hexagonal wurtzite
crystal structure, and the high values of the Egap obtained could be due to the fact that
the wurtzite-AlN phase is characterized by the broadest bandgap among semiconductors
(6.2 eV at room temperature) [48].

Figure 14 shows the calculated optical Egap and the crystallite size as a function of
the Cr concentration. It can be seen that the Egap tends to be constant in the thin samples;
despite this, a slight correlation can be observed between the behavior of the Egap and
the crystallite size. In Figure 14, it can be seen that the addition of a low percentage of
chromium (2.6%) decreased the value of the crystallite size and the Egap of the samples.
From this value, it can be deduced that an increase in the percentage of chromium involves
the substitution of aluminum in the coating. This behavior could be because the Cr acts
as a dopant impurity, which gives rise to a band of states or impurities within the gap,
and the wavefunctions of the electrons bound to the impurity atoms start to overlap as the
density of the impurities increases [53]. Furthermore, this has been observed in previous
investigations of TiAlN coatings [25,50], in which a decrease in aluminum concentration
led to an increase in the crystallite size and, with this, a decrease in the optical Egap [54,55].
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The absorption coefficient was calculated using the Lambert-Beer-Bouguer law
α = ln (1/T)/d [56,57] and the extinction coefficient (k). Figure 15 shows the absorption
coefficient (α), refractive index (n), and extinction coefficient (k) of the TiAlCrN coatings as
a function of the Cr concentration.
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The absorption coefficient (α) and the extinction coefficient (k) are within the range of
values obtained in previous investigations by Schüler et al. [58] and Barshilia et al. [59]. In
these papers, TiAlN coatings were deposited by means of sputtering, and they observed
that the coatings with the highest Al content exhibited the lowest absorption coefficient
(α) and extinction coefficient (k) [58], the same behavior as is observed in the present
investigation.
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4. Conclusions

TiAlCrN coatings were synthetized using a reactive co-sputtering process. The Cr
concentrations were controlled by modifying the power to the Cr target.

Regarding the effects of the variation in Cr concentration, between 0 at% and 11.6 at%
on the microstructure and the electrical and optical properties of Ti-Al-Cr-N thin films
prepared via reactive co-sputtering, the following conclusions can be stated:

The Ti concentrations remained constant, and the Al concentrations decreased as the
Cr concentration in the deposited coatings increased.

The microstructure of the coatings showed a transition from a hexagonal wurtzite
structure to a cubic NaCl-type phase as the Cr concentration increased. This transition is
related to the decrease in the Al concentration and its solubility limit in the coating.

The crystallite size and the roughness of the deposited coatings exhibited an increasing
trend with the increasing Cr concentration.

The increase in the concentration of chromium decreased the values of the surface
electrical resistivity of the produced coatings, going from a resistivity of 490.1 ± 43.4 Ωcm
to 1.5 ± 0.1 Ωcm for Cr atomic concentrations from 0% to 21%, respectively. All of the
fabricated coatings exhibited ohmic behavior at room temperature and within the experi-
mentally evaluated current range (−100 uA, 100 uA).

Increasing the Cr concentration in the TiAlCrN coatings decreased the optical trans-
mittance, and the optical band gap energy (Egap) was approximately 3.5 eV.
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