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A B S T R A C T   

This study investigates an approach to temperature sensing by integrating Titanium Aluminum Nitride (TiAlN), 
originally engineered for wear and corrosion applications, as a temperature sensor within a multilayered thin 
film system. A nitride multilayer system was developed by physical vapor deposition (PVD) using a single four- 
target magnetron sputtering chamber; intermediate vacuum interruption steps were employed for masking 
procedures. The multilayer architecture design aimed to provide the sensor layer with mechanical protection and 
electrical shielding. Structural and electrical characterization of the TiAlN single layer revealed semiconductor 
behavior and stable electrical resistance up to 750 ◦C, with minimal signal stabilization requirements. Despite the 
higher Al content, the TiAlN temperature sensor exhibited a cubic crystal structure characterized by diffuse 
nanolayers, resulting from a two-fold rotational deposition and target configuration. A detailed examination of 
the multilayer system cross-section containing the TiAlN sensor was conducted using scanning transmission 
electron microscopy (STEM). The analysis revealed its columnar morphology with the presence of typical PVD 
growth defects, including voids and droplets. While the presence of these defects may impact the electrical 
characteristics of the sensor, the selected experimental conditions effectively maintained the structural integrity 
of the multilayer system despite the vacuum interruptions caused by masking procedures. Validation experi
ments confirmed the functionality of the multilayer system for temperature measurements up to 400 ◦C. The 
signal acquisition system addressed room temperature resistance variations and low sensitivity (thermistor co
efficient ~100 K), resulting in a measured error of approximately 6%. This study demonstrates promising results 
of TiAlN as a temperature sensor within a multilayered system, expanding its range of potential applications.   

1. Introduction 

Temperature is a critical variable in manufacturing processes that 
profoundly impacts operations in various industrial sectors [1]. As the 
manufacturing industry landscape advances to meet the demands of 
Industry 4.0, where data-driven strategies are vital for enhancing 
operational efficiency, the importance of temperature dynamics be
comes even more evident. Thin films have long been recognized in the 
manufacturing industry for their role in tooling protection in 

high-temperature and abrasive conditions [2,3]. These protective thin 
films are usually positioned where a deep understanding of process 
dynamics, including temperature or pressure, is indispensable [4,5]; 
therefore, materials with protective and electrical properties would be 
essential for the industry to translate pivotal variables such as temper
ature in real time. Consequently, there has been a persistent interest in 
developing physical vapor deposition (PVD) wear-resistant coatings 
incorporating sensing functionalities. These integrated sensor coatings 
are active in providing electrical signals for critical manufacturing 

Peer review under responsibility of Vietnam National University, Hanoi. 
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processes, such as injection molding [6] or forming [7] and machining 
[8]. 

A multilayer architecture design is essential for developing sensor 
coatings for temperature measurement since the sensor layer must be 
electrically isolated from the surroundings. In addition, the inclusion of 
a top wear resistance layer is applied to protect the underlying layers. 
Therefore, numerous studies in the literature for industrial applications, 
for example, from injection molding [6,9] to metal cutting [8,10,11], 
follow the multilayer approach. In one of the used approaches, the 
temperature sensor was encapsulated between hydrogenated carbon 
and carbon modified with silicon and oxygen films [6,7]. The C:Si:O 
outer layer served for insulating and wear protection purposes, reducing 
the number of layers in the coating. However, the 8 GPa of hardness 
acknowledged for this layer can compromise the wear performance of 
the coating, which was not explored in the work. In addition, the 
multilayer architecture was accomplished by combining 
plasma-enhanced chemical vapor deposition (PECVD) and PVD, which 
increases the complexity of developing these coatings. The utilization of 
different thin film technologies is the path that most researchers follow. 
Li et al. [8], developed a sensor coating by employing thermal evapo
ration, sputtering, and diffusion bonding techniques. In other reports 
dealing with the measurement of temperature in machining applica
tions, PECVD and PVD were used to deposit a sensor coating with thin 
film thermocouples (TFTC) in the cutting tools [10,11]. To measure the 
temperature in engine turbine blades [4], a coating sensor with a ther
mocouple was developed by screen printing in combination with pulse 
laser deposition. Only a few studies in literature simplify the process by 
using only one thin film technique. For instance, Bobzin et al. [5], 
developed a multilayer system with a TFTC based on the sputtering 
technique for temperature measurement in general applications. How
ever, the authors did not test their system with an insulative top film to 
protect the sensor, and the effect of depositing an additional layer in the 
microstructure and electrical properties of the sensor is unknown. In 
addition for using diverse deposition methods, the predominant use of 
photolithography for patterning the sensor layer adds further intricacy 
and cost to the multilayer coating design [6–9]. 

According to Niu et al. [4], the thermocouple is the predominant 
method for measuring surface temperature, supported by the few studies 
addressing the thermoresistive method [6,7,9]. In some approaches, 
temperature is determined by measuring the linear dependence of 
electrical resistance with temperature in chromium, resulting in a pos
itive temperature coefficient of resistance (PTCR) [6,7]. Oliveira and 
colleagues [9], used the same temperature measurement method. 
Though the resistance decreases non-linearly with temperature, as a 
sensor thermistor based on semiconductor possessing a negative tem
perature coefficient of resistance (NTCR). Thermocouples are also 
popular sensors due to their wide range of temperatures, reasonable 
linearity, and fast response time [12]. However, TFTC requires two 
dissimilar layers to promote the thermoelectric effect [4,5,8,10,11], 
which means additional interfaces or weak spots. In addition, these 
sensors must have cold-junction compensation and precision amplifi
cation due to low output signals [12], and the calibration procedures for 
the TFTC with cold-junction are often absent in the studies [5,8]. In 
contrast, resistive sensors, like an NTCR thermistor, do not need 
compensation, and signal acquisition can be accomplished by a simple 
voltage divider [12]. Thin film thermistors can be deposited in one step 
instead of the two steps required for TFTC [9], but due to their high 
sensitivities and non-linearity, the range of temperature is limited. This 
can be the main reason for the missing of studies on the application of 
sensor coatings using thermistors in manufacturing applications [13]. 
To overcome this limitation, recent studies have been conducted on the 
electrical properties of the titanium aluminum nitride (TiAlN) [14,15], 
state-of-the-art PVD coating for cutting tools, to understand their 
behavior as thermistor sensors. TiAlN films with specific chemical 
compositions display semiconductor behavior and can have thermistor 
functionality [15]. Overall, temperature acquisition through sensor 

coatings is established; however, there still are limitations which are 
delaying the scale-up of those sensors from laboratory environment to 
industrial applications. Specifically, there is a critical need to address 
the practical challenges associated with the interfaces within these 
multilayer coatings, such as the complexity introduced by using multiple 
deposition techniques and the dependence on photolithography for 
patterning. In addition, a notable gap in the literature is found regarding 
integrating three distinct layers in sensor coatings, each serving different 
functions, including insulation, sensing, and wear resistance. 

To address the limitations above, this study focuses on the deposition 
of a TiAlN thermistor sensor integrated within a multilayer system, 
including aluminum nitride (AlN) acting as an insulator layer and 
another of TiAlN used as a wear-resistant layer. All the layers were 
deposited by magnetron sputtering, resulting in a fully nitride sensor 
coating. The thermistor layer was developed based on previous work 
reported by the current authors [15], and its functionality as a sensor 
was tested up to 750 ◦C. The sensor patterning was accomplished using 
Kapton® tape, which is traced accordingly by means of a UV laser cut
ting equipment. The interfaces between the sensor and the adjacent 
layers were thoroughly analyzed, as this was the most critical step due to 
the patterning process. Considering the significance of temperature in 
cutting applications, the multilayer coating was deployed in a conven
tional cutting tool substrate and used for calibrating the system – sensor 
coating including acquisition system – against a reference thermocouple 
up to 400 ◦C. However, it is our understanding that this sensor coating 
architecture can be applied in various components working under 
high-temperature solicitations. To demonstrate the seamless integration 
of this system into the context of Industry 4.0, an Arduino® board 
equipped with Wi-Fi and Bluetooth® connectivity was used as a signal 
acquisition system. 

2. Experimental 

2.1. Sensor deposition and patterning strategy 

The sensor coating composed of four films – AlN (insulator) + TiAlN 
(sensor) + AlN (insulator) + TiAlN (wear resistance) – was deposited 
using a PVD equipment equipped with four targets in a closed-field 
magnetic configuration, using two titanium and two aluminum tar
gets, as shown in Fig. 1. This layering design was planned to ensure 
proper electrical insulation and wear protection. According to the pre
vious study of the current authors [15], it is possible to attain a TiAlN 
temperature sensor with a cubic crystal structure within adequate 
chemical composition. The wear-resistant layer’s TiAlN was deposited 
using the same sputtering parameters employed for the TiAlN sensor, 
starting with AlN and subsequently transitioning to TiAlN through a 
gradual increase in the power density of the Ti targets. A thin Ti adhe
sion layer was intentionally introduced to enhance the final layer’s 
adhesion to the multilayer system. A mixture of argon and nitrogen (the 
reactive gas) was used to allow the formation of the desired compounds. 
The principal deposition conditions for the AlN and TiAlN are presented 
in Table 1. It is important to note that the comprehensive character
ization of the AlN compound is beyond the scope of this study and will 
be presented in a separate work. The sensor coating procedure involved 
five steps: (1) deposition of the AlN layer in a conventional cutting tool 
substrate; (2) patterning of the TiAlN sensor; (3) masking and deposition 
of the second AlN layer; (4) deposition of the TiAlN wear-resistant layer 
according to the mask design; (5) masking and deposition of TiN con
tacts for signal acquisition. A meander design was considered for the 
sensor to achieve the desired room temperature resistance (R25) within 
10 kΩ range. To pattern the sensor, Kapton® tape was utilized as a 
shadow mask and tailored using a UV laser equipment. Initially, the tape 
was laser-cut in accordance with the sensor design, and by removing any 
residual adhesive within the traces to ensure a clear path for the coating. 
Finally, the Kapton® mask was placed in the substrate using transfer 
tape with a magnifier to ensure precise positioning. The masking 
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procedure adopted closely resembles the xurography method [16]. 
Sapphire, Si (111), and tungsten carbide substrates (WC–Co, cutting 

tool ISO SPGN120308) underwent a cleaning process in ultrasonic 
baths, including sequential immersions in ultrasonic baths of acetone, 
alcohol, and distilled water for 10 min each. Subsequently, the samples 
were dried using compressed air, followed by compressed N2. Due to the 
inclusion of the vacuum interruption steps, additional precautions were 
taken. Outside the vacuum chamber, following each deposition, the 
masking material was removed from the substrate and then cleaned with 
a soft cloth mildly soaked in acetone to eliminate residual glue from the 
Kapton® tape. The substrates were then cleaned in an ultrasonic bath of 
alcohol followed by distilled water for 5 min each. Lastly, the substrates 
were dried using compressed air and nitrogen. After cleaning, the cor
responding mask was positioned on the substrate’s surface. Then, the 
substrates were placed in the substrate holder and inserted into the 
vacuum chamber. An initial heating step-by-step procedure up to 100 ◦C 
was conducted inside the vacuum chamber until the ultimate vacuum 
was reached. The goal was to facilitate the surface degassing of residual 
adsorbed water. After 10 min at 100 ◦C, the heater was switched off, 
allowing to proceed with the physical etching of the surface. The etching 
conditions were carefully selected to activate the surface without 
damaging it. The time and bias voltage were considerably reduced, as 

depicted in Table 1, for the TiAlN (sensor and wear-resistant) and for 
TiN. Similar etching conditions were used for the deposition of AlN over 
the sensor film. 

2.2. Characterization of the TiAlN temperature sensor 

The TiAlN sensor’s electrical resistance response to temperature, 
deposited in sapphire substrates, was evaluated up to 750 ◦C using the 
four-point measurement (4PM) method under vacuum to prevent sur
face oxidation. The 4PM analysis was performed using a four-point 
probe Ossila instrument conceived to measure the sheet resistance 
within a range spanning from 100 mΩ⋅sq− 1 to 10 MΩ⋅sq− 1. The instru
ment was connected to a temperature bench with four tungsten probe 
tips coated with gold. The heating was provided by a high-speed SiC 
heater PID (proportional – integral – derivative) controlled and installed 
in the temperature bench. The temperature bench was equipped with 
two calibrated thermocouples; one to regulate the SiC heater, ensuring 
precise temperature control, while the other served for measuring the 
reference temperature. The Ossila Sheet Resistance V2.0.7.1 software 
automatically applied the correction factors accounting for the sample 
geometric parameters [17]. The tungsten tips were positioned to comply 
with the 1.23 mm probe pitch of the instrument, and the measurements 
were taken with 50 ◦C temperature increments upon reaching the 
maximum temperature of 750 ◦C. The sheet resistance was measured 
only during the heating-up sequence of the tests. The three experiments 
were conducted without changing the setup, and the cooling procedure 
used was a spontaneous one (the heating system was shut down). 

The electrical resistance variation of TiAlN with temperature was 
also analyzed using the two-point measurement (2PM) method in a 
vacuum environment. A high-resolution multimeter continuously 
monitored the electrical resistance signal with an acquisition rate of 10 
samples per second. The TiAlN was deposited onto a sapphire substrate 
according to the mask design and utilized as reference against the TiAlN 
integrated into the multilayer system (referred also as sensor coating). A 
TiN film was deposited to form the electrical contacts. To determine the 
signal stabilization of the sensor, a series of temperature steps were 
conducted involving heating and cooling cycles between room temper
ature and 500 ◦C, while the electrical resistance was recorded. This 
approach allowed pinpointing the stabilization temperature at which 
the material’s resistance reached a consistent value. Finally, a test where 
the sensor was heated up to 400 ◦C confirmed its stability. In these ex
periments, the heating rate was around 40 ◦C.min− 1. The thermal index 
β or thermistor sensitivity, and the TCR were calculated over the tem
perature range of 50–200 ◦C. To compute the sensitivity, the following 
equation was used: 

Fig. 1. (a) Target configuration for the deposition of the multilayer system; (b) Masking procedure to deposit the sensor coating in a cutting tool.  

Table 1 
The main deposition parameters used to produce the single TiAlN temperature 
sensor and the multilayer coating.   

TiAlN/Sensor/Wear AlN TiN 

Ultimate vacuum (Pa) <5x10− 4 <5x10− 4 <5x10− 4 

Substrates in-situ cleaning – physical etching 
Substrate bias (V) − 300 − 650 − 300 
Time (min) 15 60 15 
Ar pressure (Pa) 0.1 0.1 0.1 
Targets power density (W⋅cm− 2) 0.15 0.15 0.15 
Pulse frequency (kHz) 245 245 245 
Reverse time (μs) 1.8 1.8 1.8  

Deposition procedure  

TiAlN AlN TiN 

Working pressure (Pa) ≈0.21 ≈0.25 0.22 
Table speed (RPM) 1 10 1 
Satellite speed (RPM) 5 – 5 
Al Power density (W⋅cm− 2) ≈3 ≈6 (x2) – 
Ti Power density (W⋅cm− 2) ≈4 – ≈5 
Substrate bias (V) − 40 − 60 – 
Bias pulse frequency (kHz) 250 250 – 
Bias reverse time (μs) 0.5 0.5 – 
Deposition time (min) 60 60 20 
Target-substrate distance (mm) 100 150 100 
Substrate temperature (◦C) ≈180 ≈200 ≈100  
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β[50− 200̊C] =

ln
(

RT1
RT2

)

(
1

T1
− 1

T2

) (1)  

In equation (1), β is in K, and RT1 and RT2 are the respective sheet re
sistances at temperatures T1 and T2. TCR was calculated within the same 
temperature range as the sensitivity, according to equation (2): 

TCR=
R2 − R1

R1(T2 − T1)
(2)  

where TCR is expressed in K− 1 units. 
The chemical composition and morphology were analyzed by field- 

emission scanning electron microscopy (FE-SEM) by using a ZEISS 
Merlin® instrument, equipped with energy-dispersive X-ray spectros
copy (EDX) technique from Oxford Instruments. The crystal structure of 
the compound was assessed by X-ray diffraction technique in a Pan
alytical X’pert equipment featuring a Co Kα radiation (λ = 0.178897 nm) 
source in conventional Bragg-Brentano geometry, from 30 to 80◦ (2θ). 
The analysis was performed in the as-deposited sample, and a baseline 
correction was applied to the XRD pattern. The peaks were fitted using a 
Pseudo-Voigt function to calculate the peak position (2θ) and the full 
width at half maximum (FWHM). Joint Committee on Powder Diffrac
tion Standards (JCPDS) cards were used for peak identification: TiN 
087–0628; AlN 46–1200. The interplanar spacing dhkl-spacing was 
calculated using Bragg’s law formula. 

2.3. Characterization of the sensor coating for temperature measurement 

The micro and nanostructure, morphology and elemental composi
tion of the multilayer stack were analyzed by electron microscopy 
techniques. The cross-sectional analysis of the multilayer system 
deposited onto the cutting tool was conducted in a FEI Titan Themis 
Cubed microscope operated at 200 kV equipped with a Super-X system 
for EDX analysis. Previously, a lamella (5 μm x 4 μm x 0.1 μm – Length x 
Depth x Thickness) of the sample was prepared by using a Dual Beam 
FIB-SEM FEI Helios NanoLab 450S equipment, which combines a SEM 
with a Focused Ion Beam, in order to have an electron-transparent 
specimen (≤100 nm thickness) to be analyzed by Scanning Trans
mission Electron Microscopy (STEM) and EDX. 

The electrical resistance variation of the sensor coating to tempera
ture was evaluated using the same apparatus mentioned above for the 
2PM method. The signal stabilization followed the same procedure for 
the sensor layer deposited in the sapphire substrate. Four temperature 

evaluation cycles (heating-cooling) between ambient temperature and 
400 ◦C were performed to calibrate sensor coating, and the fit was done 
using the equation one and R25 value. The heating steps used were of 
20 ◦C⋅min− 1, whereas the cooling was performed naturally (heating 
system was shut down). The calibration was executed under vacuum to 
prevent surface oxidation of TiN and substrate. After the calibration, the 
sensor coating was tested for temperatures of 200 ◦C. For that purpose, 
an Arduino® board Nano 33 IoT was used for acquiring the signals. An 
operational amplifier (Op Amp) – Microchip® Rail-to-Rail Input/Output 
MCP6042 – in conjunction with a 10 kΩ variable resistor were used for 
signal amplification and setpoint tuning. The temperature was main
tained at 200 ◦C for 10 min to assess the accuracy of the complete 
system. 

3. Results and discussion 

3.1. TiAlN sensor electrical characterization four-point method 

Fig. 2 (a) shows the variation of the sheet resistance with tempera
ture variations (R-T), for three successive runs up to 750 ◦C, whereas 
Fig. 2 (b) and (c) show the schematic of the apparatus and an image of 
the apparatus at elevated temperatures, respectively. The observed 
behavior of electrical resistance is typical for a semiconductor material, 
as it shows a decrease in resistance with an increase in temperature [18]. 
After each run, the R25 reveals variability, suggesting the need to sta
bilize the electrical signal. The film’s sensitivity diminishes from 594 to 
76 K, accompanied by a corresponding decrease in the TCR value from 
− 2.95 × 10− 3 to − 4.81 × 10− 4 K− 1(the negative sign shows the ten
dency of the resistance). Simultaneously, the resistivity falls from 2.1 ×
104 to 6.0×103 μΩ cm. Since at the third run, the R25 closely resembles 
the previous run, it indicates that after the signal stabilization, the 
sensitivity tends to decrease. The electrical properties of the first run are 
within the values reported by Martins et al. [15] for similar chemical 
compositions. However, the compound developed in this study reveals 
lower resistivity. The direct comparison is challenging since the authors 
did not delve into the stabilization of the signals in their work. The 
observed TCR, lower than documented for traditional oxide thermistors, 
aligns closely with conventional platinum resistance temperature de
tectors (RTDs) [9]. 

In the work by Fujita et al. [19], authors state that materials with β 
below 1000 K pose challenges for thermistor applications; yet, the same 
authors acknowledge the necessity for low β values to be able to measure 
broader temperature ranges [20]. While sensitivity is advantageous in 
capturing subtle temperature changes, obtaining reliable readings at 

Fig. 2. (a) Sheet resistance response to temperature (up to 750 ◦C) with three successive runs; (b) schematic description of the experimental apparatus to retrieve the 
electrical signal with temperature variation; (c) image capturing the experimental setup at elevated temperatures. 
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high temperatures becomes challenging due to the exponential decay of 
resistance. In addition, the high sensitivities often come together with 
high resistivities [21], which adds additional complexity to electronics 
design for handling low-bias currents. For instance, TiAlN films with β 
close to 3000 K exhibited resistivities around 1.0×109 μΩ cm [19]. 

3.2. TiAlN sensor layer structural and chemical analysis 

The TiAlN single layer deposited on the sapphire substrate was 
analyzed by SEM-EDX before the sheet resistance experiments. The 
chemical composition returned a result in close agreement with the 
previous study [15], for Al/(Al+Ti) ratio ~ 0.56. The chemical elements 
content, including the light elements coming from surface contamina
tion and Si from the substrate are presented in Table 2. 

The structural analysis of the as-deposited TiAlN sensor layer is 
presented in Fig. 3. The film exhibits a highly textured cubic B1–NaCl 
crystal structure with a (111) dominant orientation at 43.73◦ and a weak 
diffraction of the (200) plane at 50.90◦. Additional diffraction peaks 
were not detected from 30 to 40◦ and 55 to 80◦. A similar chemical 
composition of Al/(Ti+Al) ratio has been found elsewhere [15,22] with 
similar 2θ positions. The prominent peak is situated between the stan
dard positions of the (111) TiN and (111) AlN cubic crystal phases. The 
peak shifting to higher angles regarding the (111) TiN position can be 
explained by the substitution of the Ti atoms for the smaller Al atoms in 
the TiN crystal structure [23,24]. The weak phase (200) shows a similar 
shift. As expected, the interplanar spacing dhkl computed for the plane 
(111) decreased from the standard 0.245 nm (interplanar spacing for 
TiN according to the standard position provided in the reference card) to 
0.241 nm. The crystal structure of AlN is shown in Fig. A1 of the sup
plementary material. 

3.3. TiAlN sensor layer signal stabilization 

The electrical resistance changes of the TiAlN temperature sensor 
layer under varying cycling temperatures is presented in Fig. 4 (a). The 
sensor layer was deposited on a sapphire substrate with a meander 
design (Fig. 4 (b)) and subjected to temperatures ranging from room 
temperature to 500 ◦C within a vacuum environment. The meander 
design was thought to increase the film’s length and the R25 value [21]. 
Each intermediate temperature step was held for approximately 10 min. 
As the temperature increases, the sensor’s resistance decreases as ex
pected, following the semiconductor’s negative temperature coefficient 
of resistance (TCR) characteristic. However, upon closer examination, 
during the holding steps, and after each temperature rise, the resistance 
signal does not stabilize and increases by about 90 Ω. Ferreira et al. [9, 
25] have reported the need to stabilize their resistive film sensors. They 
demonstrated that signal stabilization could be achieved through ther
mal treatment at low temperatures and mentioned several factors that 
can contribute to the stabilization, such as grain refinement or grain 
growth and recrystallization. In this case, the resistance increase is 
attributed to the buildup of stresses in the TiAlN film as it undergoes 
thermal expansion and contraction. When the temperature decreases, 
the resistance value stabilizes due to structural relaxation, i.e., the film’s 
microstructure gradually adjusts to accommodate substrate contraction. 
The variation in the electrical properties due to structural relaxation was 
also experimented by Kearney and colleagues [26], where a variation of 
the electrical properties of TiN films was observed. Since ΔΩ is roughly 
300 Ω, which can lead to significant errors in temperature readings, 
post-deposition annealing was employed to promote structural 

relaxation and stabilization of the resistance values. 
Fig. 5 (a) shows the resistance changes during temperature applied 

cycles between 300 and 400 ◦C. Here, the resistance exhibits a signifi
cant improvement regarding stability, after being subjected around 15 
min at 300 and 400 ◦C, as evidenced by the decrease in the resistance 
change (ΔΩ) of approximately 10 Ω (0.5% full range) after temperature 
cycling. This outcome suggests that a thermal treatment at these con
ditions allows the film to fully relax and eliminate any residual stresses 
that could affect its electrical properties, which is completely feasible in 
situ in modern PVD equipment (possible to heat the substrates up to 
600 ◦C). Fig. 5 (b) shows the R-T experiment results after signal stabi
lization, highlighting the absence of hysteresis within the heating and 
cooling curves. The sensitivity and TCR values calculated were about 65 
K and − 4.1 × 10− 4 K− 1, respectively, in coherence with what is observed 
in Fig. 2. As mentioned before, the sensitivity of the nitride film is far 
from what is observed in the conventional thermistor sensors; however, 
low sensitivity means that the material has an almost linear resistance 
response to temperature variations. A recent study shows a growing 
demand for linear thermistors to reduce instrumentation complexity, 
where our material presents a promising solution [27]. 

3.4. Chemical, morphological, and electrical characterization of sensor 
coating 

After validating the usage of the TiAlN layer as a temperature sensor, 
hereafter, the characterization of the TiAlN film embedded in a multi
layer system, which is termed sensor coating, was performed. Fig. 6 
provides a HAADF-STEM cross-sectional view of the multilayer archi
tecture deposited over the cutting tool, revealing the columnar 
morphology of the coating. The complete stack image, including the Zr 
adhesion interlayer, is presented in the supplementary material as 
Fig. A2. The spatial distribution of the main elements (Ti, Al, and N) 
throughout the coating thickness is also displayed. The presence of a 
droplet (marked as 1 in Fig. 6) and voids (marked as 2 in Fig. 6) can be 
observed. Based on the elemental map, the droplet is identified as Ti- 
rich, suggesting its formation from arcing events during the deposition 
of AlN. The low bias applied to the substrate and the absence of heating 
during the deposition likely contributed to the reduced mobility of 
adatoms, i.e., low kinetic energy, hindering the formation of dense 
columns. Iqbal and Yasin [28] elaborated on the relevancy of the 
deposition conditions to form AlN thin films by reactive sputtering 

Table 2 
Chemical composition for TiAlN temperature sensor layer as-deposited, given 
Al/(Ti+Al) ratio ~ 0.53, taken at 10 KeV.  

Ti (at%) Al (at%) N (at%) Si (at%) C (at%) O (at%) 

17.7 ± 0.4 19.8 ± 0.2 56.0 ± 0.3 0.8 ± 0.1 3.3 ± 0.2 2.5 ± 0.1  

Fig. 3. TiAlN sensor XRD pattern in an as-deposited state. The standard planes 
displayed are assigned to AlN (111) (200) and TiN (111) (200). ICDD card 
numbers considered: TiN 87–0633 (pale yellow), AlN 46–1200 (green). 
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processes, which can be used as a general guide for optimizing nitride 
deposition. The intermediate ion etching steps performed between 
vacuum interruptions were beneficial for promoting good interlocking 
between the different layers. However, they were insufficient to 
completely disrupt the extension of the columns and the presence of 
voids between them. Above the Ti-rich droplet, the Ti thin adhesion 
layer is clearly observable, followed by the wear-resistant layer that 
transitions into TiAlN through a controlled gradient, as detailed in the 
experimental methods section. 

Further optimization of the deposition process may help minimize 
void formation and improve the overall microstructure of the multilayer 
coating. Nevertheless, protecting the underlying layers must always be 
considered when developing a new one, which was accomplished in this 
study. Independently of the waviness aspect of the multilayer layers a 
continuation growth of the columns can be observed. Changes in the 
microstructure, such as voids and cracks, may disrupt film’s continuity 
causing electrical resistance and signal variations. These defects can act 
as scattering centers, hindering the efficient transport of charge carriers 
[29]. The presence of voids, with a significantly higher number than the 
one of the droplets, implies that their role in the overall resistance is 
more pronounced and may lead to the electrical failure of the system. 
For instance, some of the prepared samples did not function as sensors 

by exhibiting low electrical resistance (~10 Ω). 
A detailed view of the embedded TiAlN sensor and its interface 

arrangement with AlN is presented in Fig. 7. Upon a closer examination 
of the sensor layers, it is possible to discern a clear multilayer structure, a 
feature not readily apparent in Fig. 6. The layers exhibit alternating light 
and dark contrasts, including thin sublayers, on the order of a few 
nanometers. This thinness is attributed to the simultaneous sputtering of 
Ti and Al from four targets, coupled with the movement of the substrates 
within the deposition chamber. The alternating light and dark bands in 
the TiAlN sensor correspond to Al-poor and Al-rich zones, as depicted in 
the EDXS maps presented in Fig. 8, suggesting a controlled growth 
process. The two-fold rotation mode, widely employed in the industry 
for cutting tools and replicated in this study, plays a crucial role in 
achieving uniform coatings over complex shapes [30]. However, sub
strates travel through different plasma zones, leading to intricate 
multilayer systems like the one presented in this study. 

The TiAlN multilayer layer exhibits a columnar morphology, with 
well-defined columns perpendicular to the AlN layer. The columnar 
morphology is attributed to the shadowing effect of the incoming atomic 
flux, which causes the adatoms to be deposit preferentially on the top of 
the growing columns. The limited adatom mobility contributes to the 
formation of sharp columnar boundaries and to the creation of voids or 

Fig. 4. (a) Electrical resistance response of the TiAlN sensor, under varying cycling temperatures, reaching a maximum of 500 ◦C within a vacuum environment and 
deposited in a meander pattern. (b) A meander pattern was designed for the TiAlN sensor deposited in the sapphire substrate and respective overall dimensions. 

Fig. 5. (a) Signal stabilization experiment performed under vacuum; temperature cycling range between 300 and 400 ◦C. (b) R-T test after stabilization performed 
under vacuum up to 400 ◦C. 
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Fig. 6. High-Angle Annular Dark-Field STEM images of the multilayer stack coating deposited on WC-Co substrate, showing the presence of some growth defects 
(labels 1 and 2). EDX spectroscopy maps show the elemental distribution of Al, Ti, and N along the thickness. The FIB cut (lamella) was performed in the area 
depicted with * in the top view of the cutting tool. 

Fig. 7. High-Angle Annular Dark-Field STEM images of the sensor layer TiAlN and the interface with AlN deposited on W/C–Co substrate, from lower to higher 
magnification (a–c). (c) The inset shows the orientation of the (111) planes and interplanar distance. 

Fig. 8. Detailed High-Angle Annular Dark-Field STEM image of the sensor layer TiAlN with the respective EDX Spectroscopy maps. EDXS maps show the elemental 
spatial distribution of Al and Ti elements. 
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to the separation between the columns, which is detected in Fig. 7 (a) 
and (b). During the R-T experiments, the elongation of the film could 
amplify the spaces between the columns, compromising the conductiv
ity of the sample. During the cooling phase, the relaxation of the film 
may reduce the space between columns, stabilizing the electrical signal. 
This process is assumed to occur for signal stabilization during the 
thermal experiments. The interface between the TiAlN and AlN layer is 
sharp, but the nanolayered structure of TiAlN has diffuse interfaces; that 
are not considered as superlattices (Fig. 7 (c)). Additional defects are 
detected in the sensor layer, where a stacking fault is distinguished due 
to the void formation between the AlN columns. Before the deposition of 
the TiAlN sensor layer, the intermediate ion etching step did not cause 
any microstructural alteration to the AlN layer, suggesting that the 
process was well controlled. Additionally, in the inset of Fig. 7 (c), the 
magnification of the multilayered plane (not to scale), which covers the 
thickness, suggests the same preferred orientation with an interplanar 
spacing close to 0.241 nm [31], showing a total coherency across all the 
interfaces. This agrees well with the XRD information and supports the 
classification of the Ti(Al)N as a fcc solid solution alternating with 
Al-rich/poor zones. 

3.5. Sensor coating electrical characterization and temperature sensor 
functionality 

The validation of the sensor coating usage for temperature readings 
was addressed in this study using a popular developer platform for 
electronics – Arduino board. Signal stabilization was first performed to 
assess the sensor coating. The multilayer coating was submitted to 
400 ◦C for 20 min, while a multimeter was used to monitor the electrical 
resistance. Fig. 8 (a) depicts the experiment, where it is possible to 
observe the increase in the resistance when maximum temperature is 
reached again. The cutting tool was allowed to rest in place until the 
signal started to dampen, which started around 20 min after the 
beginning of the experiment. As mentioned in the experimental methods 
section, this test was performed under vacuum to avoid oxidation of the 
TiN contacts and the substrate. We understand that these temperatures 
(above 400 ◦C) can promote surface oxidation and affect the sensor 
readings. As the TiAlN sensor is protected by AlN and TiAlN outer layers, 
oxidation of the sensor layer is not expected in an atmospheric envi
ronment. In addition, in metal-cutting applications, TiN is positioned far 
from high-temperature locations where the tool and workpiece come 
into contact; therefore, it is not susceptible to oxidation in usual use 
cases [8,11,32]. 

Fig. 8 (b) shows the outcome of the four heating-cooling cycles for 
which the average and standard deviation were computed after stabili
zation. The sensitivity was higher than reported for the single layer; 
however, it is known that different substrates originate different elec
trical properties [33]. The fit was performed using the equation dis
played in Fig. 8 (b) since utilizing the Beta value simplifies the 
calibration method, at the expense of slightly increasing the measure
ment error. The fit stays well within the average and standard deviation 
found for the sensor coating. The multilayer coating exhibited good 
sensitivity and stability, indicating its potential for temperature mea
surement applications up to 400 ◦C. 

Nevertheless, the difference in the R25 value must be considered for 
future measurements with additional samples coming from different 
deposition batches. This is not of concern if the beta value is more or less 
stable throughout different depositions; however, if it changes consid
erably, all the coatings must be calibrated, which is unfeasible. This 
variability could be attributed to the reduction in the breakdown voltage 
after the deposition of the TiN contact over the sensor. As a consequence 
of the found voids in the cross-sectional view of the multilayer system, 
some may act as short-circuit paths after the inclusion of the conductive 
TiN, which substantially reduces the resistance. In addition, when the 
samples are subjected to temperature, these defects can cause incon
sistent behavior in the TiAlN sensor (Figure A3 in the supplementary 

material provides an example). Despite these limitations, it was possible 
to use the tool as intended, exhibiting good stability and making it 
suitable for various applications, like high-stress environments such as 
metal cutting or high-speed machining, where significant temperature 
variations are expected. 

Due to the minor sensitivity of ~100 K presented by this coating; 
amplification of the signal was implemented since the resolution of the 
Arduino board used is only of 12-bit. With the proper amplification, it 
was possible to increase the resolution (~10 times) of the system from a 
0.1 ◦C/ADC resolution to 0.01 ◦C/ADC one. Fig. 10 illustrates the signal 
acquisition system designed for this application and the respective error 
associated with the instrumentation. The variable resistor is used to tune 
the signal for room temperature, acting also as the reference resistor for 
the voltage divider. In Fig. 10 (a), it is possible to recognize, in the first 
seconds of the experiment, some noise derived from the knob adjust
ment of the variable resistor for tuning the room temperature. The test 
runs up to 200 ◦C to compute the error and confirm its functionality as a 
temperature sensor. Fig. 9 (a) insets shows in the cutting tool with the 
sensor coating and with the measurement probes connected to the TiN 
contacts. Fig. 10 (b) illustrates two OpAmps since the thinkers Tinker
cad® program used in this study does not have the OpAmp specified in 
the methods section; in reality, only one is used. By using a board with 
Wi-Fi connectivity, it is possible to use these sensors for remote appli
cations without the need for wiring. The error computed for the sensor 
coating is around 6%, which is less than the error obtained in Lian et al. 
work [10] regarding the TFTCs developed to measure the temperature 
during the cutting of titanium. 

4. Conclusion 

This study successfully integrated a TiAlN temperature sensor within 
a multilayered system considered for harsh applications, particularly 
metal cutting. The single layer exhibited semiconductor behavior up to 
750 ◦C and proved stable for temperature measurement applications 
integrated as a coating stack, validated up to 400 ◦C. While the potential 
for higher temperatures is acknowledged, further testing involving all 
layers is essential for exhaustive validation. The cross-section examined 
by STEM revealed the columnar morphology of the sensor coating, 
containing typical PVD growth defects such as voids and droplets. 
Notably, these defects did not compromise the stability of the multi
layer, although there may be implications regarding undesirable short- 
circuit situations. In addition, the intermediate conditions considered 
between the vacuum interruptions for masking procedures, including 
ion energy and temperature, proved effective in ensuring interlocking 
between the various layers. 

Despite the higher Al content, the TiAlN temperature sensor exhibits 
a cubic crystal structure defined by diffuse nanolayers – alternating in Al 
content – resulting from the selected two-fold rotational movement. The 
columnar morphology, a consequence of the shadowing effect during 
deposition, presented challenges such as voids and separation between 
columns. Nevertheless, the sensor coating exhibited promising stability 
and reproducibility for temperature measurements up to 400 ◦C. The 
signal acquisition system, comprising a variable resistor and an OpAmp, 
effectively addressed the variability in the R25 and low sensitivity 
values, yielding a measurement error of approximately 6%. In addition, 
the approach presents a solution for remote measurements with impli
cations across various industrial sectors. As future research, this study 
lays the groundwork for extending the system’s capabilities by exploring 
temperature measurements during the cutting of titanium alloy. 
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