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A B S T R A C T   

A combinatorial deposition was performed by direct current magnetron sputtering (DCMS) to develop Ti1-xAlxN 
thin films with different Ti/Al ratios and investigate the electrical response to temperature. The crystal structure 
as a function of the x was studied by X-ray diffraction, and sheet resistance response was measured up to 200 ◦C. 
From x = 0.16 to x = 0.56, the film shows an fcc phase with Al in solid solution in the TiN matrix, whilst, from x 
≥ 0.69, a mixture of hcp (AlN) and fcc phases is observed. A negative temperature coefficient (NTC) thermistor 
behavior was found from x = 0.21 onwards, and a maximum sensitivity β of 1600 K was observed for x = 0.56 
and 0.69. One fcc sample (x = 0.46) was selected to analyze the chemical states by X-ray photoelectron spec
troscopy and the impedance behavior with the temperature by electrical impedance spectroscopy. The crystal 
structure, bond states and impedance analysis were compared with an AlN thin film. It is concluded that the 
conduction mechanism for x = 0.46 is based upon electron hopping, and the effect of the grain boundary is more 
relevant than the grain at low temperatures. We demonstrate that it is possible to use TiAlN as an NTC-thermistor 
with different crystal structures and chemical compositions.   

1. Introduction 

Contact surfaces between moving bodies will always produce friction 
and, consequently, develop a temperature gradient, which inevitably 
will lead to component failure if not adequately addressed. The industry 
is seeking solutions to measure the temperature in-situ on those con
tacts. Transition metal nitrides (thin films) have been used and studied 
for years for tribological applications [1]. For instance, TiAlN thin film 
has been commonly used in cutting tools due to its high-temperature 
behavior, high oxidation resistance, high hardness and high corrosion 
resistance, which improve the tool life during cutting processes [1,2]. 
On the other hand, nitrides are also being applied for sensing applica
tions. Mitsubishi materials research group [3–5] developed an (NTC) 
thermistor – resistive temperature sensor where the electrical resistance 
decreases exponentially with temperature – by substituting Al per Ti in 
the wide band-gap semiconductor AlN. As a result, several patent ap
plications regarding metal nitrides for temperature sensors intended to 

produce flexible temperature sensors were submitted [6–8]. The com
mon axis regarding these patents is the hexagonal wurtzite single-phase 
crystal structure and the chemical composition of TixAlyNz; 0.7 ≤ y(x +
y) ≤ 0.95; 0.4 ≤ z ≤ 0.5; x + y + z = 1. 

Thermistors with NTC characteristics are known for their fast 
response, high sensitivity and low price [9,10]. Hence, they are suitable 
for temperature monitoring in automotive electronics, 3D printers and 
house appliances [9–13]. Positive temperature coefficient thermistors 
(PTC) are uncommon and less attractive to the research community; 
nevertheless, they are still used in critical applications such as circuit 
breakers or circuit temperature compensation. The temperature sensor 
selection is based on their sensitivity or thermal index, β, as well as on 
their temperature coefficient of resistance (TCR) and resistance at room 
temperature, R25. Most NTC sensors are established as transition metal 
oxides semiconductors composed of Mn-Co-Ni-O with spinel structure 
AB2O4. The conduction mechanism is classified as electron hopping 
through cation pairs located in B or A lattice sites [9–15]. 
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Regarding transition metal nitrides, Fujita et al. [3] stated that for 
Al1-xTixN where x < 0.3 %, it is impossible to achieve NTC functionality. 
They concluded that the β value depends on both the Ti content and the 
N defects, and the dominant conduction mechanism is via sp3 covalent 
bonding in the wurtzite structure. Recently, the same authors confirmed 
that it is possible to develop TiAlN with a cubic structure with high Al 
content, suggesting two conduction mechanisms depending on the 
temperature through i) valence band at high temperatures and ii) vari
able range hopping at low temperatures. Yoshikawa et al. [4] also re
ported that the cubic TiAlN films exhibit p-type semi-conductivity and 
that hopping conduction occurs at low temperatures. Authors tend to 
overlook the cubic form of TiAlN in favor of hexagonal crystal structure 
due to its low sensitivity (30–750 K) [3,6–8]. However, this limits the 
potential applications of the TiAlN in harsh mechanical environments 
where high temperatures are typically present. Despite its low sensi
tivity, the cubic TiAlN may still be suitable for high-temperature sensing 
applications due to the exponential relationship between sensitivity and 
temperature. As a result, the potential use of cubic TiAlN as a temper
ature sensor cannot be discarded. 

The Al substitution by Ti in the AlN to achieve NTC characteristics 
and the theory for the conduction mechanism are generally recognized 
by the scientific community. However, the Ti/Al ratio and the crystal 
structure, for which semiconductor properties can be developed, de
mand further insights. In addition, until today, the role of the micro
structure – grain and grain boundaries – in the electrical properties still 
needs to be understood. To tackle these questions, TiAlN thin films were 
deposited by DCMS, with different Ti/Al ratios, using a combinatorial 
deposition setup in static mode. Firstly, the crystal structure evolution 
and the thermo-resistive properties of the films were studied. Then, the 
one composition with NTC properties within the cubic phase was 
investigated regarding the chemical bond and the electrical impedance 

response. An AlN wurtzite phase thin film was synthesized by the same 
deposition technique and used for comparison purposes. This study 
contributes to understanding the conduction mechanisms in TiAlN films 
to preview their potential for wear and sensorial functionalities. 

2. Materials and methods 

For creating a chemical gradient by changing the x content in a Ti1- 

xAlxN ternary compound, sputtering equipment equipped with four 
magnetrons (380 × 175 mm) in a magnetic closed-field configuration in 
direct current (DC) mode was used. The substrate bias was set to pulsed 
DC mode in the mid-frequency range. As depicted in Fig. 1, the substrate 
holder was positioned with a 45◦ off-axis angle in relation to the Al and 
Ti targets, while the center of the target erosion track was selected to 
estimate the angular flux distribution (considering the cosine law for the 
distribution of atoms flux). Between 0 and 30◦, the intensity of the 
sputtering flux is higher. Also, the substrate holder height was selected 
to set the position of the silicon substrates (with dimensions around 20 
× 20 mm) in the middle of the height of the vacuum chamber. The 
chamber’s distances and layout positioning were conducted and 
controlled using computer-aided design (CAD) software (Fusion360®). 

An AlN film was also deposited to compare the crystal structure, 
chemical bonding and electrical properties. This film was produced with 
the same equipment, using two Al targets at an angular position of 180◦

(facing each other). The AlN deposition was conducted with the sub
strate holder in rotation mode. All depositions, combinatorial TiAlN and 
AlN, were performed in reactive mode by introducing a gas mixture of 
N2 and Ar into the chamber. The hysteresis effect is well known in 
reactive sputtering; therefore, the chamber possesses a control loop 
system [16] which was used to regulate the N2 flux in the gas mixture, 
whereas the Ar flux was fixed. A mass flow controller performs the flux 

Fig. 1. Schematic layout for the combinatorial deposition of the Tix-1AlxN compound with respective dimensions and chamber configuration. Teer Coatings UDP 650 
equipment equipped with four targets was used. 
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regulation in PID (proportional – integral – derivative) mode based on 
the working pressure readings obtained by a capacitance sensor. 

The Si (111) substrates were cleaned in ultrasonic baths of acetone, 
alcohol and distilled water (10 min each) and dried with compressed air; 
then, the substrates were fixed in the substrate holder with silver glue. 
Finally, the holder was connected to the supports inside the vacuum 
chamber, and the chamber was pumped down to 5 × 10− 4 Pa. Deposi
tion parameters are detailed in Table 1. It is important to note that the 
deposition starts at room temperature, and the substrate temperature 
reported is achieved during the deposition as a consequence of the 
process (measured using a surface thermometer – PTC instruments®). 

The coatings’ thickness was measured by the ball crater method in a 
CSEM Calotest® apparatus and confirmed with field-emission scanning 
electron microscopy (FE-SEM) ZEISS Merlin® of the cross-section of the 
samples. The crater was performed close to the sample’s edges, for not 
disturbing the electrical characterization to be performed afterwards. 
The chemical composition was analyzed by energy dispersive X-ray 
(EDX) technique with a Oxford Instrument combined with SEM. The 
crystal structure was evaluated by X-ray diffraction (XRD) using a 
Panalytical X’pert equipment with Co Kα radiation (λ = 0.178897 nm) in 
conventional Bragg-Brentano geometry. The baseline correction was 
performed for each XRD spectra sample, while the peaks were fitted 
using a Pseudo-Voigt function to calculate the peak position (2θ) and the 
full width at half maximum (FWHM). The peak identification was 
accomplished using Joint Committee on Powder Diffraction Standards 
(JCPDS) cards: TiN 087–0628 and AlN 87–1054. The lattice constant 
was calculated through the interplanar distance or dhkl-spacing using 
Bragg’s law formulae, while the crystallite size was estimated by the 
Scherrer equation. 

The variation of the samples electrical properties with temperature 
was measured from room temperature to 200 ◦C by two methods: i) four- 
point measurement (4 PM) method and ii) electrical impedance spec
troscopy (EIS). The 4 PM tests were performed using a four-point probe 
Ossila equipment capable of measuring sheet resistance between 100 
mΩ.sq.− 1 to 10 MΩ.sq.− 1, with a 1.23 mm probe pitch. The EIS study 
was carried out using a precision impedance analyzer (Agilent 4294A) 
with excitation frequencies ranging from 10 kHz to 36 MHz, with a peak 
voltage of 500 mV. The EIS and 4 PM equipment have distinct heating 
benches. The Agilent is connected to a cartridge resistor heater, and the 
Ossilla is connected to a high-speed SiC heater; both resistors are PID 

controlled. With the 4 PM method, it was possible to compute the re
sistivity through the measured sheet resistance and the film thickness of 
each composition at room temperature, according to the equation ρ =

Rs x t, where ρ is the resistivity, in μΩcm; Rs is the sheet resistance, in 
μΩ.sq.− 1, and t is the thickness of the coating, in cm. The Ossila Sheet 
Resistance V2.0.7.1 software automatically applies the correction fac
tors accounting for the sample geometric parameters [17]. 

The oxidation state of the elements present in the films was analyzed 
by X-ray photoelectron spectroscopy (XPS). The test was performed in 
an ESCALAB 250Xi (Thermo Fisher Scientific) apparatus with a hemi
spherical analyzer and a monochromated Al Kα (hν = 1486.68 eV) X-ray 
source at 220 W, operated at 14.6 kV and possessing a 650 μm spot size. 
XPS spectra were collected at pass energies of 100 eV and 40 eV for 
survey and individual elements identification (high-resolution spectra), 
respectively. The energy step for the HR analysis was 0.1 eV: all the XPS 
peaks were referenced to adventitious carbon C 1s and C–C peak at 
284.8 eV. For peak fitting, Shirley-type background subtraction was 
used in the Origin® software. The samples were not sputter cleaned 
before the analysis to avoid changes in the structure during ions bom
barding/cleaning. 

The sensitivity index β, activation energy Ea, and the TCR were 
calculated for all the chemical compositions. For the β value, the 
following equation was used: 

β[25− 100◦C] =
ln
(

RT1
RT2

)

(
1

T1
− 1

T2

) (1) 

In Eq. (1), β is in K, and RT1 and RT2 are the sheet resistances at 
temperatures T1 and T2. TCR was calculated within the same tempera
ture range as the sensitivity, according to Eq. (2): 

TCR =
R2 − R1

R1(T2 − T1)
(2)  

where TCR is expressed in ◦C− 1. 
The activation energy was calculated from the Arrhenius plot by 

determination of the slope between lnRs and 1000/T (T is the absolute 
temperature in K) in the linear part of the plot, using the expression Ea =

1000 x slope x k, where Ea is the activation energy in eV, and κ is the 
Boltzmann constant in eVK− 1. 

The EIS and XPS measurements were only conducted in the most 
promising film, considering the crystal structure, chemical range and 
sensitivity β – and for sample AlN used as a reference in the study. 

3. Results and discussion 

3.1. Chemical composition and structure 

The chemical composition of the films is shown in Table 2. As ex
pected, as the substrates get closer to the Al target, an increase of the Al 
concentration on the films could be successfully achieved with the 

Table 1 
Main deposition parameters used to produce the films.   

Combinatorial TiAlN AlN 

Ultimate vacuum (Pa) < 5 × 10− 4 < 5 × 10− 4  

Substrates in-situ cleaning – physical etching 
Substrate bias (V) − 650 − 650 
Time (min) 30 30 
Ar pressure (Pa) 0.1 0.1 
Targets power density (W.cm− 2) 0.15 0.15 
Pulse frequency (kHz) 245 245 
Reverse time (μs) 1.8 1.8  

Deposition procedure  
TiAlN AlN 

Working pressure (Pa) ≈ 0.21 ≈ 0.25 
Rotation speed (RPM) – 10 
Al Power density (W.cm− 2) ≈ 3 ≈ 6 (x2) 
Ti Power density (W.cm− 2) ≈ 3 – 
Substrate bias (V) − 50 − 60 
Bias pulse frequency (kHz) 250 250 
Bias reverse time (μs) 0.5 0.5 
Deposition time (min) 60 60 
Target-substrate distance (mm) – 150 
Substrate temperature (◦C) ≈ 160 ≈ 200  

Table 2 
Chemical composition of the films by EDX technique. Light elements from 
contamination, such as O or C, are not shown since the quantities detected are 
not significant (<2 at.%).  

Al/(Al + Ti) Ti (at.%) Al (at.%) N (at.%)  

0.16 41.1 ± 0.3 7.9 ± 0.1 51 ± 0.3  
0.21 38.7 ± 0.3 10.6 ± 0.1 50.7 ± 0.3  
0.3 34.2 ± 0.4 14.5 ± 0.2 51.3 ± 0.3  
0.36 30.5 ± 0.4 17.5 ± 0.2 52.0 ± 0.3  
0.46 26.5 ± 0.4 22.8 ± 0.2 50.7 ± 0.3  
0.56 21.5 ± 0.4 27.4 ± 0.2 51.2 ± 0.3  
0.69 15.1 ± 0.4 33.8 ± 0.3 51.1 ± 0.3  
0.78 11.0 ± 0.4 38.5 ± 0.3 50.5 ± 0.3  
1 – 51.5 ± 0.2 48.5 ± 0.3  
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deposition setup shown in Fig. 1. The minimum Al concentration ach
ieved in the films was 7.9 at.%, whilst the maximum was 38.5 at.%. An 
AlN film was deposited for comparison purposes, reaching an almost 
stoichiometric composition. For easy coating identification, hereinafter, 
the films will be termed Ti1-xAlxN, where x is the ratio Al/(Al + Ti) in the 
films. 

The structural evolution of the Ti1-xAlxN films as a function of the x is 
depicted in Fig. 2. For x from 0.16 up to 0.36, TiAlN exhibits a NaCl- 
cubic crystal structure dominated by a (111) preferential orientation. 
The XRD diffraction peak of the film with x = 0.16 is shifted to lower 
angles concerning the reference ICDD TiN cubic phase, suggesting that 
the film is under a residual stress state. The relation between peak po
sition and stress was observed by Liu et al. [18] for AlN. With increasing 
Al content (x = 0.21), the (111) diffraction peak shifts to higher angles 
and loses intensity, indicating a lattice shrinking due to the substitution 
of Ti by the smaller Al atoms [1]. With Al content above 0.30, the (200) 
diffraction peak is also detected, the (111) preferred orientation de
creases, and for the 0.56 film, a random orientation is observed. The 
hexagonal AlN is formed for films with x ≥ 0.69 beyond the cubic phase. 
These results agree with the literature where when the Al content 

exceeds the maximum solubility (Xmax ~0.7), a mixture of the cubic- 
NaCl and wurtzite structures is formed [19,20]. The position of the 
prominent peak of the hcp phase to lower angles suggests the presence of 
Ti atoms in substitution of the smaller Al atoms [21]. The lattice con
stant was calculated based on the (111) peak of the cubic phase and the 
(100) peak of the hexagonal cell. For the (111) plane, the cubic lattice 
constant decreases with increasing the Al content from 4.279 down to 
4.197 Ǻ; Similarly, for the (100) plane, the hexagonal lattice constant 
decreases from 3.682 to 3.672 Ǻ. The lattice constant evolution with Ti: 
Al ratio is shown in Fig. A1 (a) and (b) for the cubic and hexagonal 
lattice, respectively. 

3.2. Electrical properties 

Fig. 3 illustrates a plot of the TiAlN resistivity according to the 
chemical composition and thickness of the coatings. As expected, the 
samples positioned at the center of the substrate holder are thinner since 
their distance to the targets was higher; however, the difference between 
the lowest and highest values is slight (≈ 0.7–1.2 μm). The resistivity has 
a near-exponential increase with the rise of the Al content in the film, 
except for the sample with the highest Al content. It would be expected 
that the sample with the highest Al content would exhibit the highest 
resistivity, which was not the case. X-ray diffractograms show that AlN 
single phase is not achieved; samples with x = 0.78 and x = 0.69 are 
composed of two phases, h-AlN and c-TiN. Fujita et al. [3] did not find a 
steady increase in the resistivity for a similar range of compositions, and 
the amplitude is higher than the one presented in this study. Since a pure 
AlN phase is not achieved, Ti atoms may still be replacing Al atoms in the 
hexagonal lattice. The resistivity of the system could not exhibit a trend 
when the two phases are present in the mixture. Also, Kassavetis et al. 
[22] found resistivity variations in the transition zone from B1-TiAlN to 
the B4-TiAlN. Liu et al. [23] achieved a hcp single phase for x > 0.75 
with a combinatorial deposition. However, the authors used a single 
target approach, which was not feasible for this study. 

The range of measured resistivities (215–2.1 × 104 μΩcm) is 
coherent with values found in the literature for materials with a similar 
chemical composition [22,24,25]. 

The sheet resistance was measured up to 200 ◦C in air, and their 
evolution as a function of Al content is displayed in Fig. 4. For x = 0.16, 
the sample has a typical metallic behavior [26], where scattering events 

Fig. 2. Ti1-xAlxN X-ray diffractogram evolution with Al content and respective 
standard orientations: (100)(002)(101) for AlN, and (111)(200) for TiN. The 
XRD pattern for AlN is referenced as x = 1. The ICDD card numbers taken as 
reference are TiN – 87-0633 and AlN 87-1054. 

Fig. 3. Measured resistivity according to the Al content in Ti1-xAlxN 
and thickness. 

Fig. 4. Sheet resistance measurement with temperature for each chemical 
composition, from room temperature to 200 ◦C in air. The lines are only for the 
reader’s guidance. 
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reduce the electrons mobility due to lattice vibrations, promoted by the 
increase in thermal energy [4]. At low Al concentration, free electrons 
from Ti d orbitals are still available in sufficient number to explain the 
increase of resistance with temperature. The sample with x = 0.21 has 
distinct behaviors throughout the temperature range. Up to 50 ◦C, it 
behaves like a metallic, showing a positive slope (positive TCR), while 
above 50 ◦C, it shows a semiconductor behavior, showing a negative 
slope (negative TCR) [26]. Samples with x = 0.30, 0.36, 0.46 and 0.78 
exhibit NTC semiconductor-like behavior, whilst samples with x = 0.56 
and 0.69 show an inverse trend roughly at 100 ◦C, with a curve slope 
slightly positive up to 200 ◦C. This phenomenon is explained by the 
thermo-resistive effect in semiconductors [27]. As the temperature in
creases, the charge carriers concentration in the conduction band in
creases, decreasing the material’s resistivity, which is visible from 25 to 
100 ◦C. Above 100 and up to 200 ◦C, the concentration of free charge 
carriers from the extrinsic region stabilizes. Their mobility is reduced, 
giving rise to a slightly positive temperature coefficient (PTC) 
semiconductor-like behavior. This is usually named the saturation re
gion and is essential in developing semiconductors that maintain their 
conductivity independently of temperature. It was not possible to 
resolve the sheet resistance for AlN due to its insulation properties. 

The sensitivity, TCR and activation energy as a function of the 
chemical composition are listed in Table 3. As expected, β and TCR 
follow the same trend achieving the highest value for the compound Ti1- 

xAlxN, for x = 0.56, 0.69 (the values are comparable). The activation 
energy for conduction increases up to x = 0.56, 0.69, which suggests a 
decrease in the carrier density on the conduction band. On the other 
hand, the activation energy decreases in the sample with the highest x 
ratio. As stated before, the electrical properties of samples with x = 0.69 
and x = 0.78 are somewhat scattered within this range due to the 
presence of two phases corresponding to h-AlN and c-TiN. The observed 
metallic region in Fig. 4 at temperatures above 100 ◦C for samples with 
x = 0.56 and x = 0.69 highlights the role of the activation energy of free 
carriers in TiAlN samples on their electrical behavior. 

The table also shows the possibility of tuning the electrical properties 
of the TiAlN through chemical composition [22,23] and that the binary 
phase separation of the TiAlN did not improve the behavior in relation to 
the thermo-resistive properties. The best value achieved for sensitivity is 
not comparable with the high values given for Mn-based metal oxides 
films [10,11,15]. Despite this, the results are aligned with the ones from 
the study by the Mitsubishi researchers, except for the TiAlN in the 
wurtzite phase [3]. 

3.3. Chemical states 

The cubic phase of the metastable TiAlN solid solution is 

characterized by having the best mechanical and wear properties. The 
absence of the hexagonal phase delays the spinodal decomposition in 
their stable binary compounds with temperature, c-TiN and h-AlN, 
maintaining thermal stability at high temperatures [1,19,20]. The two 
TiAlN films with cubic phase and the highest sensitivities achieved in the 
present study are those with compositions x = 0.46 and 0.56. However, 
to proceed with XPS, the resistance trend with temperature in the 
sample with x = 0.46 does not present the saturation region, which is the 
desired behavior for temperature sensors. Therefore, XPS was only 
performed in the sample with x = 0.46. Similar characterization was 
performed in the AlN sample for comparison purposes. The XPS HR 
spectra (Ti, Al, N, O, C) for the sample Ti1-xAlxN (x = 0.46) are shown in 
Fig. 5 with the respective comparison with the AlN ones. 

In the Ti 2p spectra, the spin-orbit splitting doublets Ti 2p3/2 and Ti 
2p1/2 are visible, with a spacing between them around 5.7–6.15 eV, 
which is typical for this element. Three oxidation states were assigned 
for Ti: at 454.9, 456.4 and 458.2 eV corresponding to Ti2+, Ti3+ and T4+, 
respectively [21,27,28]. The Ti oxidation state peaks displayed in the 
plot match the equivalent compound, particularly TiO, TiN and TiO2, 
respectively. The literature presents the TiO compound at different 
binding energies (BE), including the 455.1 value [28]. Since this peak 
has the lowest BE and knowing that no ion cleaning of the surface was 
performed, it can be associated with adsorbed oxygen bonded to Ti at 
the surface. Ti3+ and Ti4+ peaks are positioned in the BE assigned to TiN 
and TiO2 [21,28]. The prominent peaks in the Al 2p spectra are assigned 
to AlN at 73.5 eV [21,27,28]. The small peaks placed at higher BE can be 
associated with the Al–O bond, again resulting from the adsorption of O 
to the surface. Comparing the TiAlN and AlN elements spectra, as ex
pected, the intensity of the Al 2p peak is much higher for the AlN sample. 
Three prominent peaks in the N 1S spectra are observable: the peaks 
positioned at 395.8 and 396.8 eV can be assigned to metal nitrides, 
corresponding to TiN and AlN [27–30], respectively. The peak at 398.4 
eV can be regarded as impurities or organics [21,28,31]. 

The O 1S spectrum presents two peaks at 530 and 531.8 eV and can 
be assigned to metal oxides and organics C–O bonding (adventitious 
contamination), respectively [27,28,32]. The metal oxide bond can be 
ascribed to Al3+, Ti2+ and Ti4+ [21,27,28]. The C 1S spectra present 
three peaks at 284.8, 286.4 and 288.7 eV. The first peak can be assigned 
to C–C surface contamination (which served as a reference for the 
correction of peaks positions) [28,31], and the small peaks at 286.4 and 
288.7 eV can be ascribed to C–O and C––O bonding [28,31,32]. The 
chemical bonds found for carbon and oxygen are somewhat expected 
since the samples were not physically etched and cleaned of possible 
surface contaminants before XPS acquisition. The difference in peak 
intensity for C and O between TiAlN and AlN is irrelevant since the el
ements should be segregated on the surface and not homogeneously 
distributed. 

The XPS results show N–Ti and N–Al bonds and the inevitable 
surface oxidation promoted by the exposure of the samples to air. As a 
result, Ti oxidation states, Ti4+ and Ti2+, have no significant relevance in 
the conduction mechanism. On the other hand, the higher intense peak 
Ti3+ from the Ti–N bond demonstrates that Ti has a free electron from 
the dxy orbital that can contribute to the electrical conduction mecha
nism [24,26]. This agrees with the increased activation energy while the 
amount of Ti decreases (see Table 3, exception for x = 0.78), which 
means fewer free electrons at the donor level. 

3.4. Electrical impedance spectroscopy, EIS, analysis 

The AC impedance was performed on the same sample selected for 
the XPS analysis. This method allows the identification of the different 

Table 3 
Sensitivity, activation energy and TCR for each chemical composition. Sensi
tivity and TCR were calculated for [25–100 ◦C]. The activation energy was found 
from the linear dependence of lnRs vs 1000/T.  

Al/(Al + Ti) β (K) Ea (meV) TCR (◦C− 1)  

0.16 – – 1.1 × 10− 4  

0.21 12.1 0.06 4.6 × 10− 4/− 6.6 × 10− 5  

0.3 50.3 4.75 − 3.8 × 10− 4  

0.36 116.9 15.22 − 1.1 × 10− 3  

0.46 437.2 41.28 − 3.4 × 10− 3  

0.56 1603.6 141.04 − 8.8 × 10− 3  

0.69 1595.3 142.93 − 8.8 × 10− 3  

0.78 794.8 70.32 − 5.5 × 10− 3  
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Fig. 5. XPS spectra comparing samples Ti1-xAlxN for x = 0.46 and AlN displaying HR spectra for Ti 2p (a), Al 2p (b), N 1s (c) C 1s (d) and O 1s (e). Residuals are 
shown in the spectra, and a Shirley background was used for peak fitting. 
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contributions to the electrical response. To proceed with EIS analysis, 
two electrodes (silver epoxy glue) were applied on the sample to mea
sure the impedance at 100, 150 and 200 ◦C. Fig. 6 shows the complex 
impedance spectra (Nyquist diagrams) for the selected TiAlN sample for 
diverse testing temperatures. Generally, in an ideal polycrystalline ma
terial, the conduction mechanisms in Nyquist plots are represented by 
semi-circles attributed to the grain boundary, grain and electrode po
larization, from low to mid and high-frequency, respectively [12,33]. 
Equivalent circuit elements can modulate the diagrams to fit the curves 
representing different phenomena contributing to the overall conduc
tion and polarization processes (see Fig. 8). The Nyquist plot for the AlN 
sample is not defined since it does not contain relevant information; it is 
composed only of a straight line, overlapping the real axis, not con
taining a reactive component in agreement with its electrical insulating 
character. 

Through the analysis of the complex spectra, it is possible to realize 
that the resistance of the electrodes plus the system wiring, measured 
from the left interception of the depressed semi-circles with the real axis 
(high-frequency limit), is comparable for both samples and close to 45 Ω 
(see Table 4). Similarly, the grain resistance contribution is smaller than 
the grain boundary one since the depressed semi-circles do not intercept 
the real axis at low frequencies [13]. 

The imaginary part of the impedance-stimulus frequency, shown in 
Fig. 7, also confirms the claim. The time constant peak (relaxation fre
quency) at 100 ◦C is slightly shifted to lower frequencies. As a result, the 
conduction mechanism is dominated by electron hopping, which occurs 
between grains, overcoming the resistivity from the grain boundary 
[34]. According to Yoshikawa et al. [4], this type of conduction on TiAlN 
occurs at low temperatures. As already stated, the grain contribution is a 
non-dominant mechanism regarding the overall electrical response. 
However, since there is a peak shift to higher frequencies as the tem
perature rises (Fig. 7), it can be concluded that there is also an increase 
in the grain effect, i.e., the bulk effect gains an increased relevance that 
can be credited to conduction band [12]. The sample reveals an NTC 

thermistor behavior above 100 ◦C once it shows the decrease in total 
impedance. 

It is known that the impedance spectra illustrate the diverse polari
zation and electrical phenomena that contribute to the overall response 
of the materials. More than one equivalent circuit can fit the obtained 
data with a satisfactory result. The selection between these circuits must 
be based on simplicity and consistency with the known physical and 
chemical phenomena [35]. So, following the spectra analysis, a model of 
an equivalent circuit was developed and illustrated in Fig. 8. 

The initial values of the components in the model were obtained 
using EIS spectra analyzer software, followed by their manual fine- 
tuning. In the proposed model, the following contributions were 
considered: 1) R1 stands for the electrodes and measuring system wiring 
resistance; 2) the constant phase element, CPE1, represents the in
homogeneities in the interface between electrodes and the material, and 
along the surface of the sample. The CPE impedance is defined as 1/(Q 
(jω)n, where Q is the admittance when ω = 1 rad/s, and 0 < n < 1, which 
allows the CPE to be partly capacitive when n approaches one or partly 
resistive when n approaches to 0 [36]; 3) the two elements R2//C2 and 
R3//C3, composed of a resistor in parallel with a capacitor, represent the 
bulky granular and grain boundaries contributions, respectively; 4) the 
geometric capacitance, CGEO, stands for the geometric effects contribu
tion of the electrodes location, which are placed on the extremities of the 
upper faces of the samples and, consequently, the measuring configu
ration exhibits a shape that has similarities to the one of a capacitor with 

Fig. 6. Representation of Nyquist plots for sample Ti1-xAxlN, x = 0.46: tem
peratures tested 100 (red line), 150 (blue line) and 200 ◦C (light blue line). 

Table 4 
Circuit model fitted parameters for sample Ti1-xAlxN with x = 0.46.  

Temperature (◦C) R1 

(Ω) 
R2 

(Ω) 
C2 

(F) 
R3 

(Ω) 
C3 

(F) 
CGEO 

(F) 
Q 
(Ω− 1) 

n (a.u)  

100  40.8  200 3.55 × 10− 10 300 9.33 × 10− 6 6.5 × 10− 9 1.02 × 10− 4 0.55  
150  44  125 3.55 × 10− 10 300 1.33 × 10− 5 8.6 × 10− 9 6.02 × 10− 5 0.605  
200  43.4  12.7 5.5 × 10− 8 300 1.33 × 10− 4 4.59 × 10− 8 8.02 × 10− 6 0.9  

Fig. 7. Imaginary part as a function of frequency for different temperatures for 
samples Ti1-xAxlN, x = 0.46: temperatures tested 100 (red line), 150 (blue line) 
and 200 ◦C (light blue line). 

Fig. 8. Equivalent circuit model.  
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parallel plates, with the under test material in-between the plates. Fig. 9 
shows some examples of the fits performed using the proposed model. 
From the plotted fittings, the adequation of the equivalent model studied 
and developed can be confirmed. Indeed, the Nyquist and Bode fit agree 
well with the experimental data. 

The values which better represent the overall electrical response of 
the sample Ti1-xAlxN (x = 0.46) are presented in Table 4 The CPE 
components (Q, n) reveal the increase of the capacitive part of the 
impedance, which could be related to a slight uncoupling of the silver 
electrodes from the sample surface as the temperature increases. The 
total resistance (R2 + R3) decreases with temperature, a characteristic 
feature of materials with NTC behavior. Considering the resistance of 
the grain boundaries (R3), its value is maintained up to 200 ◦C, but the 
influence of the charge transfer is low when compared with the charge 
separation coming from the capacitive effect (C3); Since they are in 
parallel, they occur at the exact spatial location. In contrast, the 
capacitive effect at the grain has less impact, highlighting the effects of 
the charge transfer derived from resistance R2. The time constants (Τ =
C × R) increase with temperature for grain and grain boundary contri
bution, i.e., the characteristic frequency for each contribution (f = 1/T) 
decreases. The fitted data follows the peak shifting observed in Fig. 7, 
which demonstrates the increasing role of the grain with temperature. 
For instance, at 200 ◦C, the characteristic frequency for the grain 
boundary is 4 Hz, whereas the grain is 2.3 × 105 Hz, close to the 
relaxation peak frequency of 1.79 × 105 Hz. 

4. Conclusions 

In this work, TiAlN thin films with different Ti/Al ratios were pro
duced by combinatorial deposition using Ti and Al targets. 

In the range 0.16 ≤ x ≤ 0.56, Ti1-xAlxN films displayed a single-phase 
NaCl-type structure as a metastable solid solution of Al in the TiN lattice. 
Two phases (c-TiN and h-AlN) are formed for x ≥ 0.69. TiAlN shows a 
maximum resistivity of 2.1 × 104 μΩcm at x = 0.69 and NTC-type 
thermistor characteristics for x ≥ 0.21. Furthermore, in the range 
0.56 ≤ x ≤ 0.69, the semiconductive thermo-resistive effect is revealed 
by showing extrinsic and metal-like regions with the temperature in
crease. The compositions x = 0.56 and x = 0.69 show similar behavior 
with the highest TCR ≈ 8.8 × 10− 3 ◦C− 1 and β ≈ 1600 K values. 

The XPS revealed the presence of Ti–N bonding for the composition 
x = 0.46 showing the availability of a free electron from Ti. For the same 
ratio, the EIS measurements show the relevance of the grain boundary 
effect in the conduction mechanism. Hence, it is suggested that the 
conduction mechanism for this composition is, up to 200 ◦C, based on 
electron hopping promoted by Ti unbound electrons and grain bound
aries as the primary energy barrier. In addition, 200 ◦C should be the 
onset temperature for long-range conduction, i.e., in the intrinsic 
semiconductor region. The shift and broadening of the relaxation time 

peaks to high frequencies support the findings by showing the increasing 
effect of the grain close to 200 ◦C. 

Finally, it was demonstrated that it is possible to develop TiAlN thin 
films by sputtering that can be used as thermistor sensors. The maximum 
β found is not close to the sensitivities of oxide’s thermistors; however, 
R25 is easily tuned based on the resistor’s design rules and the sheet 
resistance of the material. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.surfcoat.2023.129545. 
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