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Resumo 

Este trabalho visa apresentar todo o processo de produção e resposta de um conjunto de filmes finos 

multifuncionais com capacidade de sensorização de temperatura e/ou de humidade relativa produzidos 

através da técnica de deposição física em fase de vapor (Physical Vapor Deposition, PVD) com auxílio do 

sistema Glancing Angle Deposition - GLAD. Neste sentido, foram preparados dois conjuntos de filmes 

finos: filmes de nitreto de crómio (CrN) e oxinitreto de crómio (CrNxOy). Durante a preparação dos filmes 

nanoestruturados em ziguezague, foi variada a quantidade de oxigénio e azoto com a finalidade de se 

obter uma variação na resposta elétrica quando sujeitos a uma variação de temperatura ou humidade 

relativa. Os filmes produzidos foram sujeitos a diferentes técnicas de caracterização com o intuito de 

avaliar as propriedades estruturais, morfológicas e elétricas.  

Para os sensores de temperatura foram usados os filmes finos de CrNx, nos quais, as técnicas de difração 

raio-X e de microscopia eletrónica de varrimento permitiram a avaliação das propriedades estruturais e 

morfológicas das amostras de CrNx em função do fluxo de N2 durante a deposição. Efetuou-se um estudo 

sistemático do efeito termorresistivo dos filmes finos de CrNx, de modo a determinar o coeficiente de 

resistência de temperatura (TCR). A resposta termorresistiva foi avaliada medindo a resistividade elétrica 

em função da temperatura através do método de duas pontas. Os filmes finos depositados com um fluxo 

de N2 entre os 4 e os 8 sccm apresentaram um TCR negativo, com uma variação de 9.18×10-4 ± 2.47×10-

6 ºC-1 até 1.48×10-2 ± 1.74×10-5 ºC-1 e uma resposta elétrica estável ao longo do tempo para diferentes 

estágios de temperaturas. O modelo teórico de fronteira de grão foi usado para descrever os resultados 

experimentais obtidos.  

Para os sensores de humidade foram utilizados os filmes finos de CrNxOy. Os resultados obtidos 

demonstraram que com o aumento de oxigénio, à medida que o fluxo da mistura N2+O2 aumenta, ocorre 

uma transição de fase de nitreto de crómio para oxido de crómio. Ao mesmo tempo ocorre uma mudança 

na estrutura cristalina de cubica de corpo centrado do crómio (BCC-Cr) para uma estrutura cubica de 

face centrada (FCC-CrN). A quantidade de O2 presente na composição dos revestimentos faz com que 

exista um aumento da resistência elétrica, variando de 1.27×10-6 ± 5.02×10-8 .m para a amostra com 

uma percentagem atómica de O2 de 16 % até 4.50×109 ± 4.20×107 .m para a amostra com uma 

percentagem atómica de O2 de 60 %. A maior resposta do transdutor à variação de humidade relativa 
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(RH) entre 40 % e 80 % foi de 1.87×10-2 ± 7.00×10-5 (RH%)-1 . Os resultados obtidos demonstram o potencial 

de CrNx e de CrNxOy para aplicações de sensorização. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras chave:  Revestimentos duros multifuncionais; pulverização catódica em corrente continua; 

Coeficiente de Resistência de temperatura; propriedades térmicas; sensorização de temperatura; nitreto 
de crómio; Oxinitreto de crómio; Humidade relativa; sensorização de humidade.  
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Abstract 

This work aims to present the entire production and response process of a set of multifunctional films 

capable of sensing temperature or relative humidity produced using the Physical Vapor Deposition, (PVD) 

with the assistance of the Glancing Angle Deposition technique - GLAD. In this work, two sets of thin films 

were prepared (chromium nitride (CrN) and chromium oxinitride (CrNxOy) grown with a zigzag like 

nanostructure, varying the amount of nitrogen and oxygen in order to obtain a variation in the electrical 

response when subjected to a variation in temperature or relative humidity. The films produced were 

analyzed by different characterization techniques in order to evaluate their structural, morphological and 

electrical properties.  

In order to obtain thin films with the capability to sense variations in temperature, a systematic study of 

the thermo-resistive effect of chromium nitride (CrNx) thin films with negative temperature coefficient of 

resistance (TCR) has been carried out. A systematic study of the thermoresistive effect of chromium nitride 

(CrNx) thin films with negative temperature coefficient of resistance (TCR) has been carried out. CrN x 

nanostructures were grown by reactive magnetron sputtering, with oblique angle deposition, under distinct 

Ar+N2 conditions. This experimental setup enables to confer a zigzag columnar morphology to the CrNx 

thin films and thus modify the structural, morphological and physical properties of the samples. X-ray 

diffraction and Scanning Electron Microscopy allowed to evaluate the evolution of the structural and 

morphological properties of the samples as a function of the N2 flux during the deposition. The thermo-

resistive response was evaluated by measuring the electrical resistivity as a function of temperature by 

the two-point method. The thin films with N2 flux between 4 and 8 sccm presented a negative TCR with 

values ranging from 9.18×10-4 ± 2.47×10-6 ºC-1 to 1.48×10-2 ± 1.74×10-5 ºC-1, respectively, and a very stable 

time response at a given temperature. The grain-boundary model was used to describe the experimental 

results and, in particular, the negative TCR values of the samples.  

In order to obtain thin films with relative humidity sensing capability, thin films based on chromium 

oxynitride (CrNxOy) were prepared with zigzag nanostructures and varying the amount of nitrogen and 

oxygen in order to enhance the humidity response. The obtained CrNxOy thin films show an increasing 

amount of oxygen as the N2+O2 mixture flux increased, leading to a transition from chromium nitride to 

chromium oxide. Further, a change from a BCC-Cr to a pure FCC-CrN phase is obtained as the oxygen in 

the sample increases. The amount of oxygen present in the composition of the coating leads to high 
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electrical resistivity, raging from 1.27×10-6 ± 5.02×10-8 Ω.m for the sample with 16 at.% of O2 to 4.50×109 

± 4.20×107 .m for the sample with 60 at.% of O2. The highest sensibility to the relative humidity (RH) 

variation from 40 % to 80 % was 1.87×10-2 ± 7.00×10-5 (RH%)-1. The obtained results demonstrate the 

potential of CrNx and of CrNxOy for sensor applications. 
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1. Introduction 

The introduction of this work aims to contextualize and indicate reasons for the 

importance of this study, the entire process which involve the production of thin films by 

PVD techniques and their characterization in terms of physical, chemical and thermal 

properties, in order to assess its applicability and functionality. 

Since the industrial revolution, the industry has had a growing need to control production variables, such as 

temperature, pressure and humidity [1]. This necessity was further increased with the beginning of the fourth 

industrial revolution, denominated by Industry 4.0 [2]. Industry 4.0 is inherently a symbol of connectivity between 

things and people throughout the manufacturing process. Some of the goals for Industry 4.0 are quite ambitious, 

the hope is that it can evolve into artificial intelligence and automated decision-making, near-perfect mechanical 

automation and symbiotic human integration, and have manufacturing facilities that are completely 

interconnected and ‘smart’, from raw materials to finished goods. While this change may seem overwhelming, it 

can be achieved by working incrementally, starting small by identifying pain points of facilities and scaling when 

success is shown [2].  

Manufacturers are able to make strides toward Industry 4.0 through three pillars of thought: digitization, 

sensorization and optimization. This work is based on the second industry pillar of thought: the sensorization. 

Sensors are cost-effective ways to measure and control production variables, in this new production 

standardization. Control devices and industrial machinery should be able to make decentralized decisions in order 

to control the production in a semi-independent way [2]. These decisions are adapted to the manufacturing 

process variables since the quality and the economic viability of the product will be affected by the production 

conditions [3]. Therefore, sensors should not only have a good sensibility to the intended variable, but also, they 

should have stability [4], durability [4], reduced size [4], easily transferable results [4], low price and be able to 

be applicable in different environments [4]. For that, the development of a skin-like thin film needs to be optimized 

according to the basic requirements of each kind of sensing [5,6]. 

For the development of functional and multifunctional thin films, Physical Vapor Deposition (PVD) is one of the 

preferred techniques as it allows the control of the process parameters and stoichiometry of the deposited 

coatings [7]. The synergy between PVD technologies and Glancing Angle Deposition (GLAD) has attracted 

increasing interest due to the precise control of the microstructural (isotropic and anisotropic) and physical-

chemical properties [8]. The GLAD takes the advantage of the shadowing effect and diffusion of the particles on 
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the growing film [9]. The basic features of this deposition technique consist in depositing thin films under an 

oblique incident flux of the sputtered particles, using a mobile substrate (Fig. 1). In the columnar films, the 

substrate holder was static, while for the zigzag coatings the substrate was periodically rotated in the Φ direction. 

The growth of thin films through GLAD enables to develop advanced materials and devices with unique 

morphologies aiming to high-performance technological applications [10,11], with tailored functionalities [12,13]. 

 

Figure 1: Schematic diagram of the Oblique Angle Deposition set-up.  is the applied angle of the substrate 
relative to the Cr particle flux,  is the column growth angle, and  is the angular direction.  

 

1.1. Thin films based on chromium 

Coatings based on transition nitride materials have received a great technological attention in the field of the 

cutting tools or components subjected to wear and corrosion as they provide high protections to the materials on 

which they are coated [14,15]. Among various nitrides, and to explore the possibility of developing hard coatings 

with sensing capabilities, chromium nitride (CrNx) is among the most interesting ones based on its good 

mechanical properties [16], corrosion resistance [17], excellent wear behavior [18], electrical conductivity [19] 

and is widely used in bearings, machine parts and polymer injection molds [6]. To extend the range of applications 

of the CrNx materials, and to turn possible the implementation of coatings with multifunctional capabilities, it has 

been increasingly recognized that hard coating materials with sensing capabilities are needed [6,20–23] being 

temperature the most relevant parameter to be monitored in a variety of applications and processes [24]. 

Additionally, among the various chromium oxides, Cr2O3 is the most stable under ambient conditions, and it is 

characterized by its chemical inertness, stability, mechanical strength and relatively high hardness [25]. Previous 

research shows that the hardness of chromium oxide coatings strongly depends on the stoichiometric 
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polycrystalline Cr2O3 phase present in the coating [26–29], with high-quality Cr2O3 stoichiometric coatings reaching 

nearly 30 GPa combined with good scratch resistance. As chromium oxide is an insulating antiferromagnetic 

material it is also suitable as a tunnel junction barrier [30]. Depending on its stoichiometry CrNx shows a metallic-

like (ρCrN ≈ 6.4×10-4 Ω cm) or semiconducting behaviour (ρCrN > 1×10-2 Ω cm) [31] while chromium oxide is a 

wide-bandgap semiconductor (Eg ≈ 4 eV) [32–34]. Combining both nitrogen and oxygen (oxynitride) opens the 

possibility to tune the energy bandgap and hence the electronic properties in a wide range.  

In this scope, it is to notice that few studies report on the relation between the relative humidity and temperature 

sensibility of chromium oxynitride (CrNxOy), the deposition process and the possible morphologies to obtain 

relative humidity sensors. CrNxOy is an interesting material system since it can combine the properties of 

chromium nitride and chromium oxide, being harder than CrN [35,36] and corrosion resistant like Cr2O3 [37]. 

Moreover, it is to notice that a nanostructured material with high porosity and large surface area will facilitate the 

adsorption of water vapor on its surface giving great scope for enhancement in the sensitivity of a relative humidity 

sensor. 

 

1.2. Main goal of the work 

 

Thus, the present work focuses on the investigation of the relationship between the: i) the thermoresistive 

response of the CrNx thin films and ii) the relative humidity response of the CrNxOy thin films prepared under 

different processing conditions. The variation of the film's geometry and deposition parameters allows to modify 

not just the structural properties of the Cr-based thin films, but also, the thermoresistive properties and the relative 

humidity response, leading to interesting multifunctional characteristics for a variety of technological applications 

[21–23]. 

 

1.3. Thesis structure 

This thesis is divided into 6 different chapters: Introduction, State-of-the-Art, Materials and Methods, Results and 

discussion, Conclusion, and finally Future work.  
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This thesis addresses two separate types of transducers based on CrNx and CrNxOy thin films to be used as 

temperature and humidity sensors. Because of that, we chose to present the results and discussion divided into 

two subchapters: temperature sensors and relative humidity sensors.  

The first chapter, “Introduction”, aims to present the problem which we, in some way, pretend to contribute to 

solve, the main goal and the thesis structure. 

The second chapter, “State-of-the-art”, aims to give the reader a general knowledge about temperature sensors 

and relative humidity sensors, the sensors that are available in the market and some of the sensors that were 

already made or explored. 

The third chapter is devoted to the experimental details. The basic principles of the technique selected for the 

thin film’s preparation are explored, in a first stage. Then, an introduction of the methods used to produce and 

characterize the samples and a presentation of the conditions in which these methods were performed are given.  

The fourth chapter is assigned to the results of the characterization introduced in the third chapter and the 

discussion of these results. In this chapter, the chemical, structural, morphological, electrical, thermoresistive 

and humiresistives properties are analysed.  

The fifth chapter states the conclusions achieved by the reported characterization and evaluates the quality of 

the achieved sensors. 

The sixth chapter aims to present future steps to increase the knowledge about this area of work and to increase 

the functionality of these sensors. 
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2. State-of-the-Art 

This chapter aims to give to the reader the state-of-the-art on sensors to measure relative 

humidity and temperature. The chapter is divided into 2 subchapters: one on 

temperature sensors and the other on relative humidity sensors. 

2.1. Temperature sensors 

In terms of temperature control, temperature is one of the most important factors to human comfort, development 

and survival. Since the first device, developed by Galileo Galilei in the year of 1592 [38], there has been an 

increasing evolution to control the temperature measurements [39] due to the fact that temperature control is a 

critical aspect in several processes such as chemical reactions [40,41], energy measurement [41], combustion 

[40], extrusion processes [40], separation [40] and storage. Nowadays there is a wide range of sensors to be 

used in industry control such as thermocouples [42], resistance temperature detectors (RTDs) [42], thermistors 

[42], infrared pyrometers [42], diode temperature sensors [42], bi-metallic thermometers [42] and liquid 

thermometers [42], among others [42,43]. Independently of the application, for the industry, the most commonly 

used temperature sensors are thermocouples and RTDs making around 99% of temperature sensors in use [40]. 

The transduction mode of the thermocouples is based on the Seebeck effect and are made with two metals of 

different electrical conductivities [39,44]. When a temperature gradient is applied over the metal, electrons will 

migrate from the hotter region to the colder region producing a voltage between both regions. The difference 

between the voltage measured will be proportional to the temperature gradient [39,44]. The most common 

thermocouples reported are based on SiC-SiC, W-CNi, PtRh-Pt, C-C, C-W, W-Mo, and SiC-C [44,45]. The RTDs 

are made from one metallic element material such as platinum, copper or nickel [39,44]. Metallic materials 

possess a positive resistive variation with temperature due to the increase in vibrations amplitude of the metal 

atoms which will decrease the electrons mobility [44]. The metal most used in RTDs is platinum since it is 

resistant to high temperatures, is chemically inert and the electrical response are practically linear with the 

temperature [39,44]. 

Another attractive temperature sensors are the thermistors [44]. Thermistors are commonly made by 

semiconductors materials such as metal oxides and may have a positive resistance variation with temperature, 

called PTC (positive temperature coefficient) thermistors, or have a negative resistance variation, called NTC 

(negative temperature coefficient) thermistors [44]. Between this two, the most appealing thermistors are the 

NTC thermistors since they possess a much larger sensibility than both RTDs and thermocouples. Additionally, 
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they are also smaller and have a higher electrical resistance than RTDs making it less affected by the problems 

associated with the connection between the RTD and the wires [44]. The principal characteristics of the available 

commercial temperature sensors are presented in Table 1.  

Table 1: Characteristics of the most widely applied temperature sensors, platinum RTDs, thermocouples and 
thermistors, adapted from [40]. 

Quality RTD Thermocouple Thermistor 

Sensitivity 0.001 K 0.05 K 0.0001 K 

Minimum size 2 mm 0.4 mm 0.4 mm 

Repeatability 0.02K  –  0.5K 1K  –  8K 0.1K  –  1K 

Temperature range 73K  –  1123K 73K  –  2273K 173K  –  573K 

Drift 0.01K  –  0.1K 1K  –  20K 0.01K  –  0.1K 

Signal output 1V  –  6V 0V  –  0.06V 1V  –  3V 

 

Thermistors are widespread in the market with a great variety of shapes and sizes [43,46] as demonstrated in 

Fig. 2. However, thermistors have some weakness related to the corrosion, wear and oxidation [43,46,47]. To 

reduce these drawbacks, they need to be encapsulated to have a good chemical, physical and electrical stability. 

Yet, one of the advantages of the thermistors and also the RTDs is the fact that they can be produced into the 

form of thin film increasing the functionality and the wide range of applications. If the metal-based material used 

has good properties to chemical, physical and electrical properties, they could be a good choice to implement as 

a sensor in several harsh applications. 

 

Figure 2: Some thermistors shapes and sizes [43].   
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2.2. Relative humidity sensors 

Water vapor is a natural component of air, and it plays an important role in a wide range of practical measurement 

situations [48,49]. Hygrometry, measurement of water vapor content of a gaseous atmosphere, is in fact a 

“branch of applied physics in which the multitude of techniques is an indication of complexity of the problem, 

and of the fact that no one solution will meet all requirements at all times and in all places” [50]. Currently, 

humidity sensors have been used intensively in several areas such as medicine, agriculture, meteorology, cuisine, 

storage, civil engineering and naturally in industry processes [4,51]. The need to control humidity has been 

promoting a continuing development of new and improved humidity sensors to enhance the selectivity, sensibility 

and stability, while also striving to decrease the response time, the size and the price of the sensors [51]. Humidity 

sensors can be separated into five categories: optical, electrochemical, electrical, thermometric, and mass 

sensitive sensors [4]. From these, electrical humidity sensors, particularly capacitive and resistive humidity 

sensors, have received a great deal of attention due to their properties. Table 2 shows the advantages and 

disadvantages of capacitive vs resistive humidity sensors. Apart from these two, there is also thin film and field-

effect transistors, hetero junction-based humidity sensors and Kelvin probe humidity sensors [52].  

Table 2: Capacitive and resistive humidity sensors comparison [52]. 

Humidity sensor type Advantages Disadvantages 

Resistive humidity sensors  Easier to use, cheap, small, mass 

reproducible, high sensitivity,  

Non-linear, limited range, poor 

stability, drift, high-temperature 

dependence, 

Capacitive humidity sensors Low maintenance, cheap, small, 

mass reproducible, tolerate 

condensation, fast response, 

linearity, broad humidity range 

Loses accuracy at low humidity, 

high humidity and high 

temperature, need for 

electronics, drift 

However, there are a wide variety of resistive humidity sensors as reported in [4,48,52]. For both capacitance 

and resistive humidity sensors, ceramics have been widely explored due to their promising results such as their 

high mechanical strength, high corrosion resistance and thermal stability [53,54]. Table 3 shows the advantages 

and disadvantages of each material base used as a humidity sensor. 
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Table 3: Advantages and disadvantages of resistive humidity sensors made from different materials [4,48,52] 

Material Advantages Disadvantages  References 

Polymer Low cost, small, no calibration 

needed, long life, fast response, 

high accuracy, broad range, and 

excellent reproducibility 

Chemical contamination may 

cause failure, temperature 

dependency 

[55–58] 

Metal Oxides High sensitivity, low cost, fast 

response, broad range, high 

mechanical strength, high thermal 

capability, physical stability and 

high corrosion resistance, high 

versatility 

Need for periodic cleaning, drift, 

temperature dependency, 

hysteresis, contamination 

See Table 3 

Black 

phosphorus 

Ultra-sensitive, short response 

time, broad range 

Short-term stability, low 

repeatability, temperature 

dependency 

[59–62] 

Carbon-based 

sensors 

Flexible, elastic, high hardness, 

broad range, may have fast 

response and recovery 

Temperature dependency, high 

hysteresis, may have a slow 

response and recovery times 

[63–67] 

Chalcogenides Fermi-level at the surface can be 

changed, very fast response 

Low selectivity, drifts at high 

temperatures 

[68–72] 

Like temperature sensors, thin films for relative humidity sensors have the advantage of improving the 

functionality of the component surface with a very reduced size and cost. Chromium oxide, Cr2O3, is a very hard 

coating and has high corrosion, oxidation, and wear resistance. In this sense, Cr2O3 is a perfect candidate to be 

used in humidity sensor applications. Chromium-oxide based materials such as MgCr2O4 [73], ZnOCr2O4 [74], 

PANI–Cr2O3 [75], PPy-Cr2O3(PCO) [76], Cr2O3-WO3 [77] have also already been proved to be an excellent alternative 

to the commercial humidity sensors. Table 4 summarize the commonly used materials to produce resistive 

humidity sensors.  
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Table 4: Metal oxides used on resistive humidity sensors adapted from [4] 

Type of oxides Oxides 

Binary oxides CeO2 [78]; SnO2 [79]; CuO [80]; ZnO [81–83]; WO2 [84,85]; TiO2 

[86–92]; VO2 [93]; V2O5 [94]; MnO2 [95]; Mn2O3 [95]; Mn3O4 [95] 

Mixed oxides, complex 

oxides, and composites 

Sr0.95La0.05SnO3 [96]; MnWO4 [97,98]; Ba0.99La0.01SnO3 [99]; MgO-Al2O3 

[100]; MnO-ZnO-Fe2O3 [101]; Zn1-xCoxMoO4 [96]; SnO2:MgO [102]; 

PbWO4 [103]; La2O3-TiO2-V2O5 [104]; Fe2O3/SiO2 [105]; ZnMoO4-ZnO 

[106]; La2CuO4 [107], MgCr2O4 [73], ZnOCr2O4-LiZnVO4 [74], Cr2O3-

WO3 [77] 

Perovskites and Perovskites 

based oxides 

BaTiO3 [108–114]; CoTiO3 [115]; KNbO3 [116]; SrTiO3 [117]; 

BaPbTiO3 [118]; Ba0.5Sr0.5TiO3 [119]; PbSrxZr0.3Ti0.7O3 [120]; CaCu3Ti4O12 

[121] 

Alkali-doped metal oxides BaTiO3:Na,K [122]; (Mn-Co-Ni-O):Li [123]; CaxPb1-xTiO3:Li [124]; 

Fe2O3:Li [125] 
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3. Experimental details 

This chapter aims to provide a guided path through the production of Cr-based thin films, 

designed to enhance temperature and relative humidity sensing. The basic principles of 

the technique selected for the thin film’s preparation are explored, in a first stage. Then, 

an introduction of the methods used to produce and characterize the samples and a 

presentation of the conditions in which these methods were performed are given. 

3.1. Thin film production 

3.1.1. The magnetron sputtering technique 

Cr-based thin films were produced by DC (direct current) magnetron sputtering, which is one of the most common 

processes of Physical Vapor Deposition techniques (PVD). In PVD processes, the particles (atoms or groups of 

atoms) of the material to be deposited are vaporized by a physical process. Then, the particles are transported 

from the metallic target, with an aleatory direction, in the form of vapor through a low-pressure gaseous 

environment (plasma) to the substrate and deposited by condensation, in the form of a thin film [126], Fig. 3. 

Sputtering is a typical multiple collision process that consists in the ejection of particles from the surface of a 

solid material due to the momentum exchange with energetic projectile particles impinging in a target, usually, 

ions of a noble gas - Argon [126]. Then, the sputtered atoms of the target are deposited on some other surface, 

the process is called sputter deposition. 

 

Figure 3: Nuclear processes during the sputtering process. 
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In the sputter deposition, the vacuum environment is essential to increase the mean free path of the gas 

molecules and to reduce vapor contamination during processing. The sputtering process begins with the partial 

ionization of a gas - Argon - at low-pressure by applying a discharge voltage between the electrodes, originating a 

Plasma. In our work, before the deposition, the chamber is pumped by a turbomolecular pump, Adixen/Alcatel, 

model ATP 400 (pumping speed of 400 L/s), backed by a primary rotary pump AEG, model AMME 80ZCA4, in 

order to reach an ultimate pressure lower than 6 × 10-4 Pa, before each deposition. CrNx thin films were DC-

sputtered from a bulk chromium target (20 cm length, 10 cm width and 0,6 cm thickness; 99.96 at% purity) 

placed at 70 mm from the substrate using a customized vacuum chamber, Fig. 4.  

 

Figure 4: Vacuum chamber used in this work. 

 

3.1.1.1. GLancing Angle Deposition - GLAD 

With adequate operating conditions, GLAD technique allows obtaining columnar microstructures with specific 

architectures by controlling the orientation of the substrate relative to the impinging vapor flux [8], as illustrated 

in Fig. 5. In the observed columns, when the incident angles of the particles flux  increase with respect to the 

sample surface, the angle  of the column with respect to the sample surface, increases the same way [8]. In 

this work, the intended morphology is the zigzag columnar growth. This growth is achieved by changing 
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periodically (rotated in the Φ direction) the angle of incidence from 60º to -60º and vice versa during the 

deposition process. The deposition is separated in 4 cycles as demonstrated in Figure 4. 

 

Figure 5: Schematic diagram of the GLAD Deposition set-up. α is the applied angle of the substrate relative to 
the Cr particle flux, β is the column growth angle, and  is the angular direction. 

 

3.1.1.2. Deposition conditions 

Cr-based thin films were sputtered at room temperature. Before all depositions, the samples (glass ISO norm 

8037−1 microscope slides and (100) p-type silicon wafers) were placed in a reactor from Diener electronic, 

model Zepto, to clean the substrates using a pure Argon atmosphere at a RF power of 100 W during 900 s. Then 

the Cr-based thin films were deposited according to the table 5. For that, a constant Argon flow rate of 25 sccm 

was applied and the work gas atmosphere was composed of Argon and reactive N2 or mixture of N2+O2 gas (85/15).  

The maximum voltage was limited at 400 V as well as the current intensity at 1 A. All depositions were done for 

8 min., two minutes each chevron as demonstrated in Fig. 5.  

In order to obtain a stable electrical response, an annealing protocol was carried out after all depositions. The 

protocol involves an in-air annealing process of the films from room temperature to a maximum temperature of 

523 K, with a constant rate of 10 K min-1. This maximum temperature was then held for 120 min, followed by a 

cooling stage at a constant rate of 10 K min-1 to room temperature. 

 



13 
 

Table 5: Varying conditions of the depositions 

Reactive gas Reactive gas 
flux (sccm) 

Voltage (V) Base pressure 
(×10-6 mbar) 

Work pressure 
(×10-3 mbar) 

None 0 290 6,9 2,6 
N2 2 286 6,6 4,1 
N2 4 286 8,0 4,1 
N2 6 288 6,6 4,2 
N2 8 291 7,4 4,2 

None 0 290 6,9 2,6 
N2+O2 2 286 6,6 4,1 

N2+O2 4 286 8,0 4,1 
N2+O2 6 288 6,6 4,2 
N2+O2 8 291 7,4 4,2 
N2+O2 10 305 9,6 4,2 

   

3.1.2. Morphological, composition and structural characterization 

3.1.2.1. Scanning electron microscopy – SEM 

The morphological properties of the Cr-based thin films were evaluated by scanning electron microscopy (SEM). 

This technique permits to acquire surface and cross-section imaging of the samples, with high resolution, that 

enable the characterization of the microstructure, the determination of the sample thickness, and the 

identification of defects, impurities and porosity [127]. This technique is based on the incidence of electron beam 

focused on a nanometric area of the substrate surface, with energies between 2 keV and 50 keV, using the 

backscattered electrons and secondary electrons to obtain images with a resolution of just a few nanometers.  

The top view and fractured cross-section of the Cr-based thin films were characterized using a NanoSEM–FEI 

Nova 200 (FEG/SEM) microscope (Center for Electron Nanoscopy, Lyngby, Denmark). At the same time, the 

composition of the CrNX samples was obtained by Energy Dispersive X-ray Spectroscopy (EDS) with an EDAX - 

Pegasus X4M (EDS/EBSD). The SEM apparatus is normally equipped with an EDS instrumentation which permits 

in a simple way to quantify the elemental composition of the samples produced [128]. It relies on the interaction 

of some source of X-ray excitation and a sample. The X-ray beam is directed into a sample and the photons 

emitted by the sample atoms are detected. The incident photons interact with the atoms and may cause the 

ionization of the lower orbits of the electron-cloud, this will create an electron-hole and since particles tend to 

their ground-state, an electron from a higher orbit transitions to a lower orbit to occupy the hole this transition 

emits characteristic radiation and its measurement enables the sample composition evaluation [129]. 
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3.1.2.2. Rutherford Backscattering Spectrometry 

The composition of the CrNXOY samples was obtained by Rutherford backscattering spectrometry (RBS).  

Rutherford backscattering spectrometry (RBS) allows quantitative compositional analysis without the use of 

reference standards [130]. For analysis, high-energy He2+ions are directed onto the sample and the yield of the 

backscattered He2+ ions at a given angle is measured (Figure 5). Because the backscattering cross section 

for each element is known, it is possible to obtain a quantitative compositional depth profile from the RBS 

spectrum [130]. RBS has the following advantages: quantitative and non-destructive surface analysis, no need 

for reference standards, measures the composition and thickness of nanoparticles, measures mass and depth 

of the target sample, can determine the ratio of one element to another, and can determine the lattice location 

of impurities in single crystals [130]. 

The ratio between the final kinetic energy, 𝐸𝑓 , and the initial kinetic energy, 𝐸𝑖 , is determined by [131]: 

𝐸𝑓

𝐸𝑖
= (

𝑟. cos 𝜃1 + √1 − 𝑟2. sin2 𝜃

1 + 𝑟
)

2

,  (3) 

where 𝜃1 is the scattering angle, and 𝑟 is the ratio between the alpha particle mass, 𝑚1, and the sample particle 

mass, 𝑚2 [131]. 

𝑟 =
𝑚1

𝑚2
 , (4) 

These equations allow the calculation of the sample atoms mass, 𝑚2, and by that, the determination of the 

sample composition [131]. 

In our work, RBS measurements were made in the small chamber where three detectors where installed: standard 

at 140º, and two pin-diode detectors located symmetrically to each other, both at 165º. Spectra were collected 

for 2 MeV 𝐻𝑒4 +and also at 2.3 MeV 𝐻1 +. The angle of incidence was 0º (normal incidence). The RBS data 

were analysed with the IBA DataFurnace NDF v10.0a [130], the double scattering was calculated with the 

algorithms given in [132], and the pileup handling was calculated with the algorithms given in [133]. 
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3.1.2.3. X-ray diffraction measurements 

The structure of the films was characterized by X-ray diffraction (XRD). This technique is used to evaluate the 

structure, crystallite size, crystallite deformation and crystallite growth preferential orientation. The X-ray 

diffraction apparatus is composed of 3 components: The X-ray source, the sample holder and the x-ray detector. 

The X-ray source and the detector will move in relation to the sample holder at the same speed maintaining the 

same angle with the sample holder (fig. 6). 

  

Figure 6: XRD schematization, the detector and X-ray source move by – 𝜃 and by 𝜃 providing the 2𝜃 
measurement. 

 

The interplanar distance of the sample was calculated by the Bragg Law [134]:     

2𝑑 ∙ 𝑠𝑒𝑛(𝜃) = 𝑛 ∙ 𝜆,  (6) 

where 𝑑 is the interplanar distance of the sample, 𝜃 is the angle obtained by the crystallography, 𝜆 is the 

wavelength of the radiation source and 𝑛 is a positive integer [134]. This equation may be understood as the left 

side of the equation being the path-length difference (figure 7 b)) and the right side of the equation as the path 

length needed in order to make constructive interference happen, in other words, a multiple of the wavelength 

(fig 7). 
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Figure 7: Bragg law a) X-rays diffracting on the sample atoms, b) path-length difference. 

 

By the relation for the cubic structure, the lattice constant, 𝑎, is calculated through [134]:  

    

𝑑2 =
𝑎2

ℎ2 + 𝑘2 + 𝑙2
, (7) 

where ℎ, 𝑘 and 𝑙 are the Miller indices [134]. 

The grain size was calculated by the Scherrer formula [134]      

𝜏 =
𝐾 ∙ 𝜆

𝛽 ∙ cos (𝜃)
, (8) 

where 𝜏 is the grain diameter, 𝐾 is the shape factor, which is considered to be 0.9 since spherical crystallites 

are assumed, 𝛽 is the full width at half maximum (FWHM) in radians [134]. 

In order to quantify  the preferential crystallite orientation, i.e., the preferred growth texture of a particular plane, 

the texture coefficient 𝑇𝑐(ℎ𝑘𝑙) was calculated after Eq. 9 [135]: 

(a) (b) 
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𝑇𝑐(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼𝑟(ℎ𝑘𝑙)⁄

1
𝑁

∑ 𝐼(ℎ𝑘𝑙) 𝐼𝑟(ℎ𝑘𝑙)⁄𝑛
𝑘=0

, (9) 

where 𝐼(ℎ𝑘𝑙) is the intensity of a particular reflection, 𝐼𝑟(ℎ𝑘𝑙) is the intensity of the reference peak obtained from 

the database (ICSD), and 𝑁 is the total number of reflections considered in the obtained diffractogram.  

In our study, the structure of the films was characterized by an XRD apparatus using a Bruker D8 Discover 

diffractometer (Bruker, Billerica, Massachusetts, EUA), operating in a θ-2θ configuration and a step of 0.02° per 

0.2 s from 30 to 75°(Cu λKα1 =1.54060 Å). 

 

3.1.3. Electrical, thermoresistive and relative humidity measurements 

 

3.1.3.1. Electrical resistive measurements 

The electrical resistivity of the samples was measured by a Four-Point Probe System (Ossila Ltd, Solpro Business 

Park Windsor Street, Sheffield, UK). The probe head uses spring-loaded contacts instead of sharp needles, with 

1.27 mm spacing between the probes, 0.48 mm probe diameter, and 60 g spring pressure. 

 

3.1.3.2. Thermoresistive measurements 

The thermoresistive properties were obtained from the electrical resistance vs temperature measurements with 

the setup presented in Figure 8. For that, the electrical resistivity of the samples was measured in two cycles 

over the range of 305 K to 473 K, regulated with a Linkam’s LTS420 stage at a rate of 10 K min-1 and the 

electrical resistivity measured with a multimeter Keithley serie 2700. 
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Figure 8: Schematic representation of the thermoresistive setup. 

Commonly, the electrical resistance of a material varies with temperature because temperature affects the 

number of carriers in semiconductors or their mobility in conducting materials. In some materials, the electrical 

resistance will decrease with increasing temperature, due to the charge carriers excitation by thermal energy, 

while for others the electrical resistivity will increase as mobility of the carriers will decrease with increasing 

temperature due to the scattering effect of lattice vibrations. Thus, when the temperature increases, the resistivity 

of the semiconductors may decrease (negative temperature coefficient of resistance - NTCR) or increase (positive 

temperature coefficient of resistance - PTCR), depending upon the change in the number of carriers and their 

mobility. 

For semiconductor temperature sensors, the temperature dependence of electrical resistance is generally 

represented in the following form [136]: 

𝑅𝑇 = 𝐴 ∙ 𝑒𝑥𝑝 (
𝛽𝐺

∆𝑇
) (10) 

where 𝑅𝑇  is the electrical resistance at temperature 𝑇 (K), 𝐴 () and 𝛽𝐺  (K) is the thermal indexes, which are 

used to evaluate the sensitivity of the thermo-resistive effect in thermistors, and 𝑇 (K) is the absolute temperature. 

The relationship between 𝛽𝐺  and TCR can be written as [136]: 

𝑇𝐶𝑅 =
Δ𝑅

𝑅0
∙

1

∆𝑇
=

𝛽𝐺

𝑇2
 (11) 

In Equation 11, Δ𝑅 () is the variation of the film’s resistance, 𝑅0 () is the initial resistance of the film at 25 

°C (room temperature) and ∆𝑇 (K) is the variation of temperature. Equations 10 and 11 are only valid over small 

temperature ranges, where the slope of the Ln(𝑅𝑇) versus 1/𝑇2 approximates to a linear relationship [6].  
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3.1.3.3. Relative humidity measurements  

The relative humidity measurements were done using a homemade setup using a hermetic vapor chamber (P-

Selecta) with temperature control as described in [137] and represented in Fig. 9.  

 
Figure 9: Schematic representation of the humidity chamber setup using a hermetic vapor chamber (P-Selecta) 

with temperature control. 

The humidity was created by an ultrasonic humidifier beaker with distilled water. The sensors were placed in the 

humidity chamber along with a commercial temperature and relative humidity datalogger (Amprobe TR200-A). 

The temperature within the test chamber was kept at 24 °C during the experiments. The variation of the electrical 

resistance of the developed sensors was measured using an HP 34401 digital multimeter connected to a PC for 

data acquisition. The resistance of the sensors was obtained for a relative humidity variation from approximately 

40% to 90% with an accuracy of ± 5% RH. 

The relative humidity dependence with the electrical resistance is generally represented in the following form 

[138]: 

𝑆𝑅 =
𝑆

𝑅0
=

∆𝑅

𝑅0
×

1

∆𝑅𝐻
, (12) 

where SR is the sensor response, ∆𝑅 is the resistance variation, 𝑅0 is the resistance at room temperature and 

∆𝑅𝐻 is the relative humidity variation.  
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4. Results and discussion 

In this chapter we present the results obtained for the two systems. First, the chapter 

presents the work focuses on the investigation of the relationship between the 

microstructure and the thermoresistive response of CrNx. Then, the relationship 

between the microstructure and the relative humidity sensing response of CrNxOy thin 

films under distinct amounts of nitrogen (N2+O2) in a mixture relation of 85% N2 and 

15% O2, both deposited by DC-reactive magnetron sputtering. 

4.1. Temperature sensor results 

4.1.1. Structural and Morphological Characterization 

The crystal structure and texture evolution of the CrNx thin films have been evaluated by XRD, and the obtained 

diagrams are presented in Fig. 10, which shows the phase evolution of the CrNX thin films deposited onto Si 

substrates.  

The XRD diagrams (Fig. 10) suggest that the CrNx thin films are characterized by a polycrystalline structure. In 

general, with the increase of the N2 flux, it is observed an increase of the CrNx (111)  (ICSD card no. 00–900–

8619) peak intensity [139]. The observed changes in the peak intensities and full width at half maximum (FWHM) 

as N2 flow rate vary from 0 up to 8 sccm can be attributed to differences in N2 content in the CrNX, as reported in 

Tab. 6 and verified in [139]. This feature indicates a clear transition from a Cr-type with base-centered cubic, 

BCC, structure and space group Im-3m (ICSD card no. 00 – 001–1261) to a CrN-type with face-centered cubic, 

FCC, structure and space group Fm-3m (ICSD card no. 00–900–8619). At N2 flow rates of 2 and 4 sccm, a 

coexistence of FCC cubic (ICSD card no. 00–900–8619) and hexagonal (ICSD card no. 00–003–1191) phases 

associated with CrN-type, is observed:  while at N2 flow rate of 4 the shoulder at the right of the CrN (111) peak 

can be attributed to hexagonal Cr2N (110) (ICSD card no. 00–003–1191), the peak situated at 2  45º can be 

a reminiscence of the Cr BCC phase.  
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Figure 10: X-ray diffraction diagrams for the Cr and CrN samples. The peaks are indexed by using the ISCD car 
nos. 00–900–8619 and 00–003–1191 for CrN and Cr2N, respectively.  

Additionally, EDS measurements allow to identify a low concentration of O2 in the samples which is expected due 

to some superficial contamination, as well as from the annealing protocol, but not confirmed in the XRD 

diffractograms, in terms of any oxygen containing crystalline phase. The atomic percentages of Cr are reduced 

with increasing N2 content, while oxygen contents are enhanced during the annealing protocol, Tab. 6, indicating 

the occurrence of surface oxidation around the coatings as the temperature increases up to 523 K. However, we 

observe the absence of the peaks located at 41.4° (113) and 51.3° (024), associated with Cr2O3 phase (ICSD 

card no. 00 – 38 – 1479). The formation of Cr2O3 during annealing in air has been discussed in [140] and, from 

the results, the formation of Cr2O3  phase needs an air-annealing temperature higher than 873 K. The samples 

could also include an amorphous phase, but it has not been observed within the detecting precision of the XRD. 

Table 6: Elemental composition of the CrN samples. 

N2 Flow rate 

(sccm) 

[Cr] 

(±5 at%) 

[N] 

(±5 at%) 

[O] 

(±5 at%) 

0 96.5 0.0 3.5 

2 59.0 34.9 6.2 

4 49.9 42.6 7.5 

6 46.5 45.5 8.0 

8 47.1 45.0 7.9 
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The texture coefficient calculated for the highly oriented peaks is represented in Fig. 11 (a). For a sample with 

randomly oriented crystallites 𝑇𝑐(ℎ𝑘𝑙) = 1, while higher values indicate the abundance of grains oriented along 

the (hkl) direction. Fig. 11 (a) shows that the highest Tc(hkl) value has been found for CrNx samples growth with an 

N2 flux of 6 sccm (𝑇𝑐(111) = 1.934) and 8 sccm (𝑇𝑐(111) = 1.430). On the other hand, for CrNx samples growth 

with an N2 flux of 2 and 4 sccm, the texture coefficient shows a value near the unity, Fig. 11 (b) (𝑇𝑐(111) = 

1.032) and (𝑇𝑐(111) = 0.960) respectively, which is related to the coexistence of the cubic and hexagonal 

phases. Additionally, in order to determine the crystalline size (Ds) of the studied films, the Debye–Scherrer 

method [141] was used (Figure 11 (c)), demonstrating that increasing N2 flux leads to a crystallite size increase 

from  20 nm up to  23 nm. 

 

Figure 11: (a) Texture coefficient Tc(hkl) variations of the CrN thin films at different N2 concentrations. (b) Grains 
size of the films as a function of N2 concentrations obtained from the XRD results. 

 

a) 

b) 
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SEM micrograph images for the different films are represented in Fig. 12. Showing the characteristic zigzag 

columns of the Cr and CrNx thin films. Increasing N2 flux leads to a variation of the morphological features, namely 

in the columnar arrangement (type, density, and surface aspect). For the Cr samples (Fig. 12 (b)), the shape of 

the column looks like an elliptical profile and some porosity alignment is observed. By increasing the N2 flux up 

to 8 sccm, the zigzag-like structure is maintained. On the other hand, from the top view micrographs for the 

sample with an N2 flux of 4 sccm, Fig. 12 (c), it is observed that the surface of the films seems to grow without a 

preferential alignment, as also indicated by XRD results and confirmed by a texture value near the unity. 

Increasing, the N2 flux to 8 sccm (Fig. 12 (d)) leads to a reduction of the definition of the zig-zag columns when 

compared with the Cr samples, but the porosity increase between columns and columnar gaps are easily detected 

on the surface of the films. 

 

 

 

 

 
 

 

 

 
Figure 12: Representative SEM micrographs of the Cr samples, (a) Cr cross section, (b),(c) and (d) top view of 
the Cr, CrN-4sccm, and CrN-8sccm samples, respectively. 

However, the results of the crystallite size (𝐷𝑠) of the films, calculated by the Debye–Scherrer equation, show an 

increasing trend with the increase of N2 flux, leading to a maximum average crystallite size near of 23 nm, using 

Cr layer 

(a) (b) 

Zigzag structure 

(c) (d) 
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the (111) reflection. In fact, the use of the Scherrer's approach assumes symmetric crystallites and the SEM 

micrographs show that it is not the case in the studied Cr samples, Fig. 12 (b). Actually, the micrographs show 

that the CrNx thin films are formed by short segments of columnar grains for Cr films and that these segments 

decrease with the increase of the N2 flux and only the approximate size and not the shape can be inferred using 

the Scherrer's technique. Therefore, the sizes obtained by using Scherrer's method should be considered only 

for comparison purposes among samples. 

4.1.2. Electrical and thermo-resistive measurements 

Temperature-dependent measurements were performed to obtain quantitative information about the sensitivity 

of the CrNx thin films and to evaluate their potential as temperature sensing coatings. Before that, and as explained 

above, the samples were submitted to an annealing protocol at 523 K for 120 min in order to obtain a stable 

thermosensitive response due to the structural refinement [142]. 

Figure 13 shows the variation of the electrical resistivity as a function of temperature for the CrN x thin films 

prepared with an N2 flux in the range of 4 up to 8 sccm, Measurements are presented in the temperature range 

of 300-473 K with a holding step of 600 seconds at temperatures of 323 K, 373 K, 423 K and 473 K to evaluate 

the stability for the response.  

The thermo-resistive response of the samples is very stable for the different N2 flux conditions in which they were 

prepared. When the samples prepared with an N2 flow rate of 4 sccm, Fig. 12 (a) shows a linear response with a 

hysteresis lower than 0.14%. Increasing the N2 flow rate from 4 to 6 and 8 sccm, Figs. 12 (c) and (e), leads to a 

sharp decrease in the linearity and the hysteresis disappears for the sample prepared with 6 sccm, being less 

than 0.22% for the sample prepared with 8 sccm. Figures 12 (b), (d) and (f) present a magnified time view in the 

range between 500 s and 2300 s, where it is observed the stability of the electrical signal as a function of 

temperature and time. The resistance variation rate at a constant temperature of 373 K after 600 s is very low 

for the CrNx thin films. Thus, the samples show very good temporal stability at a given temperature as 

corresponding to a metallic conduction mechanism [143]. Further, the high resistivity and the negative TCR 

values of CrNx thin films indicate high scattering caused by a large amount of disorder due to the amorphous 

structure of the CrNx thin films [144], the latter not being confirmed by the XRD results.  
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Figure 13: Temperature dependent electrical resistivity over time. (a) Results for the N2 flux of 4 sccm. (b) Zoomed 
range of the sample deposited with an N2 flux of 4 sccm. (c) N2 flux of 6 sccm. (d) Zoomed curves for N2 flux of 6 
sccm. (e) Results for the samples deposited with N2 flux of 8 sccm. (f) Zoomed curves for N2 flux of 8 sccm. 

 

Figure 14 shows the variations of the electrical resistivity and TCR as a function of the N2 flow rate applied during 

the reactive sputtering. As the N2 flow rate increases, the electrical resistivity of the CrNx thin films increases, 

which is related to the fact that Cr has been prepared in a metal phase by the reactive sputtering method and it 

is followed by a nitrification process. In fact, for an N2 flow rate of 10 sccm, Cr suffered nitrification and became 

an insulator. 
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Figure 14: Evolution of the electrical resistivity and temperature coefficient of resistance as a function of the N2 
flux during sample preparation. 

 

The TCR values, according to the procedure applied to the CrNx thin films, increase with increasing N2 flow rates. 

The lowest TCR values are obtained for the lower N2 flow rates (0 or 2 sccm), the positive TCR is low (5.74 ×10-4 

± 3.91×10-5 ºC-1 and 2.65×10-4 ± 2.51×10-5 ºC-1) due to the low resistance, 1.27×10 -6 ± 5.02×10-8 .m and 

2.43×10-6 ± 4.54×10-8 .m, respectively, and the electrical resistivity of the Cr thin films almost do not depend 

on temperature in the measured temperature range. For N2 flow rates from 4 to 8 sccm, the electrical resistivity 

increases from 1.98×10-5 ± 5.78×10-8 .m to 3.80×10-2 ± 6.20×10-6 .m and negative TCR values of 9.18×10-4 

± 2.47×10-6 ºC-1 to 1.48×10-2 ± 1.74×10-5 ºC-1 were obtained. 

A negative TCR can be caused by distinct mechanisms and described by different theoretical approaches. For 

instance, the weak localization and grain-boundary models are widely used to adjust the experimental results of 

thin films and nanostructures. In particular, the weak localization model [145] highlights the dependence of the 

TCR as a function of temperature, considering the electron localization mechanism. This approach has been used 

to describe both positive and negative TCR systems [146–148]. The Grain-boundary model considers the 

crystalline structure and the grain-size parameter (𝐷𝑆) of the samples to describe the electrical resistivity (𝜌𝑠) 

and the TCR coefficient (𝛽𝐺 ) as a function of both, grain-size and temperature. For this reason, this model is 

widely used for the analysis of thin films, where the 𝐷𝑆 parameter can be tailored by changing the deposition 

parameters.  
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4.1.3. Grain-boundary model 

The model, presented by Mayadas and Shatzkes [149] considers the inner-crystalline main free path (𝐿) and the 

main probability for electrons to pass a single grain-boundary (𝑆). From this model, the electrical resistivity 𝜌𝐺  

can be described by, 

𝜌𝐺 =
𝜉

𝐿
𝑆

𝐿
𝐷𝑆

⁄ , (13) 

where 𝜉 is given by,  

𝜉 =
𝑚𝜈𝑓

𝑛𝑒2
 , (14) 

In Eq. 14, 𝑚, 𝜈𝑓 , 𝑛, and 𝑒 are the effective mass, Fermi velocity, density, and charge of the carriers. As it is 

observed in Eq. 13, considering the 𝐿 ≪ 𝐷𝑆, i. e., the mean free path of the charge carriers is smaller than the 

grain diameter, this equation reduces to the Drude equation. In this model, 𝐿 is given by  [145,150],  

 𝐿 =
LESMLISM

LESM+LISM
 , (15) 

where  LESM   is the elastic scattering mechanism, related to the acoustic phonon scattering [145,150] LISM is 

the inelastic scattering mechanism and is approximated by the following relation,  

 LISM = 𝜒𝑇−𝑝 . (16) 

In Eq. 16, 𝜒 is a proportional constant and 𝑝 can vary from 0.8 up to 5, according to the temperature range and 

studied system. The 𝛽𝐺  coefficient can be derived from this model and described by [145], 

𝛽𝐺 = − (
1

𝐿
+

𝐿𝑛(𝑆)

𝐷𝑠
)

𝑑𝐿

𝑑𝑇
 . (17) 

There are a number of reports using the Grain-boundary model to describe an experimental system with negative 

TCR. However, each study presents distinct approximations to reach a proper fit of the experimental data. The 
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results presented in [150] consider the p-value in the range of 2.5 up to 3 to describe the electrical resistivity of 

NbN thin films. On the other hand, for a similar system in which the NbN is Si-doped [150], the best fit of the 

experimental data was obtained using p in the range of 0.84 up to 1.15.  

Focusing on the Grain-boundary model, a calculation of 𝜌𝐺  as a function of temperature was performed, for 

distinct LESM and 𝐷𝑆  values. Our goal here is to obtain the theoretical 𝛽𝐺  value and to compare it with the 

experimental data.  To this end, similar parameter values to that presented in [150] are considered, with 𝑛 1022 

cm-3 and  𝑣𝑓 1.2 × 108 cm s-1. Figure 15 (a) presents the temperature dependence of 𝜌𝐺  for distinct values of 

grain-size (𝐷𝑆). A similar plot is shown in Fig. 15 (b), which represents the temperature dependence of 𝜌𝐺  for 

distinct values of the LESM. From these figures, it is verified a strong dependence of the curve's shapes by varying 

𝐷𝑆 and LESM in a few nm. In particular, the 𝐿/𝐷 ratio plays a critical role for the validity of the model, where 

𝐿/𝐷 > 1 should be considered in the present case [150].  Using similar values employed previously in this work, 

Eq. 17 was used to infer 𝛽𝐺  at room temperature. Considering LESM = 10.5 nm and 𝐷𝑆= 2.3 nm, a value of 

𝛽𝐺= -6.4 ×10-3 K-1 is obtained. Further, by varying 𝐷𝑆 to 3.0 nm, a considerable decrease of the 𝛽𝐺= -4.6 × 10-3 

K-1 is observed showing the important influence of the grains-size in the 𝛽𝐺  coefficient. 

 

Figure 15: (a) 𝜌𝐺  as a function of the temperature for distinct values of the grain-size (𝐷𝑠). For this calculation, 
the following parameters are considered: 𝜌 = 1.04,  𝑆 =0.13, 𝑛 =40.4 × 1023, and 𝜒 =0.21 × 104 nm. (b) 
Similar plot for 𝐷𝑠 = 2.21 nm and distinct values of  𝐿𝐸𝑆𝑀 . (c) Electrical resistivity measured for the CrN samples 
growth onto 8 (Blue), 6 (Red) and 4 (Black) sccm N2 flux. The red line indicates the best fit, calculated from the 
grain-boundary model. The parameters used in this fit are shown in Tab.2. 

The model has been further used to analyze the experimental results in order to obtain the 𝛽𝐺  value of the 

samples, from the electrical resistivity. It is to notice that the experimental procedure led to varying columnar and 

grain-size parameters, modifying the mean free path of the charge carriers (𝐿). In the following, the 𝐷𝑆  values 
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have been considered as the crystallite size obtained from the XRD analysis, which are in the range of   22.6 

nm, for N2 flux of 4 sccm, up to  23 nm, for the system growth onto N2 flux of 8 sccm.  The best fit obtained 

from the model is presented in Fig. 15 (c). For the ρ𝑠 calculation, the experimental results of the electrical 

resistivity measured in the temperature range from 300 up to 500 K are considered.  Using Eq. 17, the theoretical 

𝛽𝐺  values at room temperature are obtained, as presented in Tab. 7, showing a good agreement between the 

experimental and theoretical data and thus confirming the suitability of the model to describe the observed 

behavior.  

Table 7: Parameters employed in the scope of the grain-boundary model to describe the electrical resistivity 
depicted in the Fig.15. The 𝛽𝐺  ( 10−3𝐾−1) values are obtained/calculated at room temperature (293 K). 

Parameter 4 sccm 6 sccm 8 sccm 

𝜌 1.04 1.04 1.04 

𝜒 (104 nm) 0.10 0.11 0.37 

𝐿𝐸𝑆𝑀  (nm) 17.42 28.6. 60.8 

𝑆 0.030 0.0017 0.0012 

𝐷𝑆  (nm) 22.5 23.5 23.7 

𝛽𝐺  - Exp.( 10−3𝐾−1) -0.917 -5.31 -14.76 

𝛽𝐺 - Theo. (10−3𝐾−1) -0.924 -5.18 -13.01 

 

As a conclusion, and with the main goal to produce hard coatings based on chromium nitrides for temperature 

sensing applications, the relationship between the microstructure, deposited by DC-reactive magnetron sputtering 

under distinct amounts of nitrogen (N2) tilting de deposition angle during the deposition, and the thermo-resistive 

response of CrNx thin films through the TCR values has been obtained. Increasing grain size allows to increase 

the thermo-resistive response of CrNx and, consequently, the TCR values. Thus, results show a way to explore the 

CrNx system with negative TCR for the development of multifunctional high-performance hard coatings with 

temperature sensing characteristics. 
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4.2. Relative humidity sensor 

4.2.1. Morphological and Structural Characterization 

As mentioned before, porous nanostructures are potential candidates to be used as relative humidity sensors 

[151]. Fig. 16 shows the top and fractured cross-section view of the Cr-based thin films growth by PVD-GLAD with 

increasing N2+O2 flux, in order to evaluate the zigzag morphology and surface porosity. 

   

  

  

Figure 16: Representative SEM micrographs of the CrNxOy samples: a), c) and e) are the cross section views and 

b), d) and f) top views of the samples with N2+O2 flux of 0, 4 and 10 sccm, respectively. 

(a) (b) 

(c) (d) 

(f) (e) 
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Figure 16 shows that increasing N2+O2 flux during the PVD-GLAD growth process leads to morphological feature 

variations of the CrNXOY thin films, namely the columnar arrangement, including type, density, and surface 

characteristics. For pristine Cr thin films, well-defined zigzags structures were produced, Fig.16 a). By increasing 

the amount of reactive gas flux from 0 to 4 sccm, the zigzag columns become not well-defined and the surface 

gaps reveal a highly porous material, as detected on the films surface, Fig. 16 d). Increasing, even more, the 

reactive flux until 10 sccm leads to a vanishing of the zigzag structure and the porous structure is considerably 

reduced. With the successive increase of the reactive N2+O2 flux from pure Cr to 10 sccm of N2+O2, the thickness 

of the produced columns decreases, from 138 nm to 78 nm, leading to a decrease of the grain boundaries, as 

observed in the surface images Fig. 16 b) and d). 

Figure 17 a) shows the deposition rate of the samples processed by PVD-GLAD. For samples produced with a 

reactive flux from 2 to 8 sccm, the deposition rate is practically the same, around 15 nm/min, decreasing to 

approximately 10 nm/min for the samples produced with 10 sccm. This change in the deposition rate seems to 

be correlated with the zigzag growth since for higher deposition rates there is a better zigzag like structure and 

higher porosity, which disappear for low rates. Moreover, RBS results of the composition show a high level of O2 

(16,5 at %) in the samples produced without reactive gas, Figure 17 b). This fact can be attributed to the 

processing of the samples where the annealing protocol in-air from room temperature to a temperature of 200 

ºC can induce an oxidation layer on the surface of the samples [152]. Excluding the Cr sample, the addition of 

N2+O2 reactive gas leads to an increase in the amount of O2. Besides, the N2 also shows initially the same trend 

than the O2 up to a maximum of 4 sccm. After that, the presence of N2 starts decreasing as the mixture flux 

increases. It is worth noting that although the mixture was composed by a ratio of ~0,18 O/N, increasing the 

amount of N2+O2 from 2 sccm to 10 sccm leads to an increase of the O/N ratio from 0.55 to 7.27. This behaviour 

is expected since oxygen shows a higher reactivity than nitrogen due to the chromium oxide higher binding 

enthalpy (-564 kJ/mol) when compared with chromium nitride (-125 kJ) [153,154], occupying the nitrogen 

position in the CrNX lattice. 
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Figure 17: a) Deposition rate and b) elementary composition variation as a function of the N2+O2 flux. 

In order to evaluate whether CrNXOY combines the properties of chromium nitride and chromium oxide like Cr2O3, 

an XRD analysis was performed (Fig. 18). The results suggest that the Cr(N, O) thin films are characterized by a 

polycrystalline structure. For the sample deposited without reactive flux, the diffractograms show a very intense 

Cr (210) peak located at 2 ≈ 44.6º and a smaller one at 2 ≈ 64.8º (310), related with a Cr-type with BCC 

cubic structure (ICSD card no. 00–001–1261). For the intermediate fluxes (2 and 4 sccm) the diffractograms 

show an amorphous structure with a broad band at 2 ≈ 38.4º and 2 ≈ 44.8º, related to CrN (110) and CrN 

(002) diffraction peaks, respectively. For these fluxes, there seems to be a presence of both FCC and hcp CrN 
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phases that can be attributed to a Cr2N ditrigonal scalenohedral crystalline structure (β- Cr2N). For higher fluxes 

(6 to 8 sccm) an intense peak at 38,1º, FCC-CrN (111), and a smaller one at 64.0º, FCC-CrN (022) are observed. 

This transition from a BCC-Cr phase, a mixture of β-Cr2N and FCC-CrN phase, are in agreement with the results 

related in [154,155]. 
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Figure 18: X-ray diffraction spectra of the CrNxOy samples. 

 

By increasing the amount of N2+O2 to 10 sccm, the presence of the O2 in the composition can be confirmed in 

the XRD results with the presence of a CrO crystalline structure, identified at 2 ≈ 38.6º and 2 ≈ 44.8º as well 

as the peak tail at 2 ≈ 65º (ICSD card no. 01–078–0722). The intense Cr peak located at 2 ≈ 44.6º and the 

weak CrO peak at 2 ≈ 44.8º probably consist of a mixture of both Cr and CrO phases [156]. The oxygen may 

be integrated into the CrN cubic structure partially substituting the N atoms at low percentages since CrO is only 

known to crystallize at a temperature above 400 ºC or at oxygen atomic percentages above 40 at.% [36,157,158] 

which are in agreement with our results. The fact of the Cr has been prepared in a metal phase by the reactive 

sputtering method, the addition of N2+O2 in a first step induces a nitrification process in the produced coatings 

and, in a second step, the amount of O2 becomes most reactive than nitrogen producing chromium oxide. 
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4.2.2. Electrical properties  

The electrical resistivity of the films (Fig. 19), a key factor for the suitability of the developed materials for sensing 

applications, was determined at room temperature. The obtained electrical resistivity values allow to categorize 

the CrNxOy coatings into three different regimes, as represented in Fig. 19. The thin films prepared without reactive 

flux (absence of O2) revealed low electrical resistivity values (1.27×10-6 ± 5.02×10-8) (Zone I), typical of a common 

metallic-like behavior [159], even when the RBS results demonstrate a presence of O2 around 16.5 at.%, as a 

result of the annealing protocol [152]. The Zone II correspond to the coatings prepared with intermediate reactive 

flux and is characterized by intermediate electrical resistivity values, increasing from 2.43×10-6 ± 4.54×10-8 .m 

to 3.80×10-2 ± 6.20×10-6 .m, which can be indexed to a semiconductor type of response. Finally, the samples 

produced with the highest oxygen contents (Zone III) show higher resistivity values (in the order of 4.50×109 ± 

4.20×107 .m), typical of an insulator-type behavior. 
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Figure 19: Room temperature resistivity, grain size and amount of O2 as a function of the N2+O2 reactive flux. 

The electrical resistivity is the result of various scattering processes that can be interpreted in terms of the 

Mayadas-Shatzkes theory [149]. Thin films often present an island or grain-like structures, showing thus a 

discontinuous morphology. When these grains or islands show dimensions on the order of the conduction electron 

mean free path, the scattering at the grain boundaries leads to a very high resistivity. In fact, and using the 

Debye–Scherrer method [141] to determine the crystalline size of the coating from XRD results, it is shown that 

by shifting from the lacking to the overload oxygen content zone (Fig. 19): a) the grain size increases from  191 

nm up to  249 nm, b) the amount of oxygen in the coatings increases from  16.5 at.% to  59.1 at.%, and c) 
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the grain boundaries become denser, Fig. 16 f). It can be assumed that the contribution to the electrical resistivity 

by the grain boundaries and oxygen concentration is larger than the contribution of the grains size.  

4.2.3. Relative Humidity Sensing Characteristics 

Taking into account the main goal of this work, the CrNxOy coatings prepared with different amounts of N2+O2 were 

evaluated through the resistance variation as a function of relative humidity (RH) variation from  40% to near 

90% at a constant temperature of 25 °C. The repeatability is addressed in Fig. 20, which shows the measured 

electrical resistance plotted versus relative humidity cyclic variation. The black dots represent the raw data. These 

data represent four cycles of ultrasonic humidifier on-off switch beaker with distilled water. The purple line 

represents the raw data from a commercial sensor acquired from a commercial datalogger (Amprobe TR200-A).  
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Figure 20: Sensor response characterization by the electrical resistance variation with the relative humidity for 
the samples deposited with a flux of N2+O2 of: a) 4 sccm, c) 10 sccm and the corresponding magnifications b) 
and d) for a single cycle. 
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Fig. 20b and d show the time response and recovery of the CrNxOy thin films and the signal response of the 

commercial humidity sensor. The response times are defined here as the time it takes for the signal to reach 

from 52% of the initial humidity value to 75% of the final humidity value. The recovery times are defined as the 

time it takes for the signal to reach from 80% of the initial humidity value to 60 % of the final humidity value. 

The regions are marked with dashed green and red lines in Fig. 20, respectively. The measured response times 

are 345 s for both systems produced with a flux of N2+O2 of 4 sccm, Fig. 20 b), and 10 sccm, Fig. 20 d). The 

recovery time decreases from 60 s to 28 s with increasing amount of O2 in the CrNxOy system. The combination 

of these measurements shows that the response and recovery times of the devices are on the order of seconds 

and are possibly much faster than observed due to the limited response time of the experimental setup. However, 

if we compare the electrical evolution of the samples with increasing N2+O2 fluxes, Fig. 20 a) and c), the CrNxOy 

thin films react to the humidity, decreasing the electrical resistance with increasing relative humidity and the time 

response decreases with increasing O2 in the composition, which suggests higher sensibility to the humidity.  

Thus, Eq. 12 allows to determine the sensor response of the CrNxOy films in the presence of humidity. The results 

are presented in Fig. 20. 
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Figure 21: a) Electrical resistivity and 𝛥RH as a function of the N2+O2 flow rate applied during the reactive 
sputtering of the CrNxOy samples, b) adsorbed layers on a high humidity environment. 

Figure 21 shows that the lowest SR values are obtained for the lower N2+O2 flow rates (0 and 2 sccm). For 

chromium samples (0 sccm), the sensibility shows a value of SR = 2.36 ×10-5 ± 3.00×10-7 (RH %)-1, in the same 

order than the sample prepared with 2 sccm of N2+O2 flux (SR = 1.68×10-5 ± 1.30×10-6 (RH %)-1The low value can 

be attributed to the low electrical resistance and due to the fact that Cr was prepared in a metal phase. For N2+O2 
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flow rates of 4 to 10 sccm, the electrical resistivity increases and the highest negative SR values of 8.56×10-5 ± 

6.00×10-7 to 1.87×10-2 ± 7.00×10-5 (RH %)-1 are obtained, confirming the highest time response of the system 

with higher O2 concentration.  

The relative humidity sensitivity is closely related to the concentration of water adsorption sites and since CrN is 

hydrophobic and oxides are hydrophilic, the relative humidity sensitivity increases in the presence of O2 [4] as 

verified in our study. The behaviour of the humidity in the samples will influence the number of adsorbed layers 

of water [4,48], as represented in Fig. 21 b). For low humidity environments, only a chemisorbed layer of hydroxyl 

ions will be present at the oxide surface, resulting from the water ionization reaction of the water vapor, in which 

the water loses one H+ atoms forming surface hydroxide ions (OH). The presence of water molecules and OH - into 

the surface, covering the surface, lead to proton H+ charge carriers, occurring the proton migration by hopping 

between adjacent OH- sites, which promotes a decrease in the electrical resistivity of the sample as a result of 

the quantum tunnelling of electrons between neighbouring water molecules [4]. After the hydroxyl group 

formation, and with increasing humidity, the next water molecule layer is physisorbed (Fig. 21) by hydrogen 

double bonds on hydroxyl groups in which a proton is transferred from a hydroxyl group forming an H3O+ ion. For 

even higher humidity levels, water will be able to condense in the capillary sites of the surface, increasing the 

electrolytic conduction by proton hopping, being the protons able to tunnel between adjacent water particles  [4].   

In this sense, the sensibility of the films should be attributed not only to the presence of oxygen in the CrNxOy 

coatings but also to the porosity present in the surface of the coatings, Fig. 16, which will facilitate the adsorption 

of water vapor on its lower layers giving great scope for enhancement in the sensitivity of the relative humidity 

sensors.  

As a conclusion, coatings based on chromium oxynitrides have been developed for humidity sensing applications 

by tailoring thin film microstructure and composition. Increasing the amount of O2 in the composition allows to 

increase the sensitivity to the humidity response of CrNxOy and, consequently, the SR values. Thus, the results 

show a way to explore the CrNxOy system with negative SR for the development of multifunctional high-

performance coatings with humidity sensing characteristics. 
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5. Conclusions 

Thin film chromium nitride samples and chromium oxynitride samples were successfully synthesized by GLAD 

assisted DC reactive magnetron sputtering. 

The samples of chromium nitride allowed a set of conclusions: 

• Nitrogen increased on the samples as the nitrogen flux increased on the deposition process. 

• As the flux of nitrogen increases the structure of the samples changes from a Cr-BCC structure to a 

CrN-FCC structure with the coexistence with a Cr2N hexagonal structure at lower nitrogen fluxes. The 

increase in nitrogen flux also promotes the increase of the grain size of the samples. 

• The GLAD process promotes a zigzag microstructure on the sample. Porosity is also observed. 

• It has been found a negative TCR coefficient for the thin films produced with N2 flux of 4, 6 and 8 

sccm, which correlates with the variation of the morphological features, namely in the columnar 

arrangement (type, density, hardness and surface aspect) and with the transition from Cr to CrNx 

cubic phase. Besides, the thermoresistivity showed very stable behavior as a function of both 

temperature and time. Further, the grain-boundary model allows calculating the 𝛽𝐺  coefficients 

theoretically, which are in agreement with the experimental ones, and therefore allow to disclose the 

physical mechanism behind the obtained response.   

• Our results pave the way to explore the CrNx system with negative TCR for the development of 

multifunctional high-performance hard coatings with temperature sensing characteristics. 

On the other hand, the conclusions achieved by the characterization of the chromium oxynitride samples were: 

• The increase of the N2+O2 flux during the deposition of the Cr process increased the atomic 

percentage of N2+O2 on the samples. More, this increase also provoked an increase of O/N ratio due 

to the higher reactivity of the oxygen when compared with the nitrogen reactivity.  

• The addition of N2+O2 produces, for lower fluxes, chromium nitride coatings. On the other hand, for 

higher fluxes, the formation of chromium oxide is induced due to the high oxygen reactivity. 

• SEM images showed granular samples with high porosity with zigzag growth, this structure was more 

present on samples deposited with 4, 6 and 8 sccm of N2+O2 mixture flow. The deposition rate was 

lower in the 10 sccm deposited sample and was approximately the same to all other samples. 
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• The amount of O2 present in the composition of the coatings leads to high electrical resistivity and 

increase the relative sensitivity. 

• The films deposited with high N2+O2 flux show a higher sensor response to humidity. The sensibility 

of the films should be attributed not only to the presence of oxygen in the CrNXOY coatings but also 

to the porosity presented in the surface of the coatings, which promote the adsorption of water vapor 

on its lower layers, allowing the improvement of the sensitivity of the sensors. 

. 
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6. Future work 

The obtained results of this work allow us to open new lines of study and mechanisms for the future. The inclusion 

of nitrogen and oxygen into chromium matrices has shown to be advantageous in creating a temperature and 

humidity transductor. Further investigation needs optimization and calibration in this array of sensors. The 

implementation of a functional prototype with integrated sensor calibrated, as well with various environmental 

conditions is also needed.  

New thin films with different transition metals should also be considered and produced with inclined columns 

and spirals by Glancing Angle Deposition technique. The GLAD architectures (zig-zags) have brought excellent 

thermoresistive and humidity responses, with promising results for sensor devices applications. The possibility to 

sculpture the Cr-based thin films will expand the possibilities to control the material, at the nanometer scale, and 

hence to enhance the elasticity of the films deposited on flexible-like polymers. 

The obtained results also raise the possibility of upscaling these materials for use into a production scale.  
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