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Abstract

:

In this work, to investigate the physical vapor deposition (PVD)-deposited TiN coating on the TiN(001) substrate, the process was simulated using the molecular dynamics (MD) method with the 2NN-MEAM (nearest-neighbor modified embedded atom method) potential. The results revealed that the growth mode of TiN film is determined by incident energy. When the incident energy is low, the deposited atoms have weak mobility after momentum transfer with the substrate and cannot fill the vacancy in the TiN film, and thus the TiN film eventually grows in an island shape. When increasing the incident energy, the vibration of atoms on the deposited surface is intensified, and some atoms on the film surface jump. Therefore, the non-thermal diffusion occurs, resulting in defect reduction on the TiN film and forming a lamellar growth with a more continuous and complete film. The growing incident energy continuously reduces the surface roughness of the TiN film.
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1. Introduction


Titanium nitride (TiN) of face-centered cubic structure possesses good thermal stability, high wear protection, and corrosion and oxidation resistance [1,2,3], which is often deposited on the die steel surface as a coating material by physical vapor deposition (PVD) to effectively improve the surface hardness, wear resistance, and service life of the die steel [4,5]. To reduce the residual stress and improve the mechanical properties of the film, it is of great significance to study the interaction between deposited particles and substrate on an atomic scale and reveal the deposition behavior of the film at the initial growth stage, which can be used to adjust the production process and improve the production quality of the film.



Limited by current experimental instruments, there are few studies on the microstructure growth and deposition mechanism of TiN thin films [6]. With the development of computer theory and technology, the molecular dynamics method has been applied more and more to simulate the interaction between atoms and molecules in various systems [7,8,9]. The micro-information, such as kinetic energy, potential energy, and the interactions of particles, can be extracted from the simulation results, which are hardly provided by the existing experimental conditions.



The performance of the deposited film is determined by various PVD conditions, among which the incident energy of deposited particles is a major one. Under the impact energy of the charged particles, some of the target atoms will leave the target after gaining energy and become incident atoms, which carry a certain amount of incident energy and may move to the base. By simulating the deposition process of TiN film, Xu et al. [10] found that the reflection number of N atoms increased significantly with the increase of incident energy, and sputtering appeared when the incident energy of atoms increased to 6 eV. The deposition efficiency of Ti atoms is close to 100% when the incident energy is 0.5–10 eV. Zheng et al. [11] performed MD analysis on the deposition process of Al atoms on Cu(001) under different incident energies. The result showed that increasing the initial incident energy of deposited particles can significantly reduce the surface roughness of an Al film on a Cu(001) substrate. Hwang et al. [12] studied the deposition of Cu clusters on a Si substrate, and found that the film surface roughness was the lowest when the incident energy was 15 eV. With the increase of incident energy, the energy exchange frequency between deposited atoms increases, and the biaxial stress decreases. When the incident energy is greater than 40 eV, large-scale sputtering occurs. The deposition of Fe and Co on Cu substrate was investigated by Hong et al. [13]. The average stress of the deposition layer and the base layer alternated from compressive stress to tensile stress when the incident energy increased from 1 eV to 5 eV due to the influence of island aggregation in the film-forming process. Regardless of the incident energy, the surface roughness of the Fe–Cu system is better than that of the Co–Cu system, and the interfacial atom mixing degree of the Fe–Cu system is lower.



In order to reveal the particle deposition behavior and microscopic growth process of TiN film in the PVD process, this paper established a TiN deposition model based on molecular dynamics simulation. The effects of different incident energies on film coverage, surface quality, density, and film stress were investigated.




2. Simulation Method


2.1. Model and Potential


The interatomic potential is a key element that is significant for predicting structural properties and determines the feasibility and reliability of the MD modeling. The second nearest-neighbor modified embedded-atom method (2NN MEAM) considers the directivity of bonds and the interaction between the 2NN atoms. Therefore, it is suitable to describe the atomic deposition process. The 2NN MEAM potential parameters for the Ti, N, and Ti–N binary systems are taken from Kim et al. [14] and Xu et al. [15].



Atomic simulation was carried out by using the parallel MD code LAMMPS. The three-dimensional model of the simulation box is indicated in Figure 1. The blue atom represents Ti, and the yellow atom indicates N. The entire substrate is composed of TiN(001), where the x, y, and z directions correspond to the crystal directions of [0,0,1], [0,1,0], and [0,0,1], respectively, with dimensions of 16 aTiN × 16 aTiN × 6 aTiN (aTiN is the TiN lattice constant, values 4.264 Å). The boundary conditions are set as p p f, that is, the x and y directions are periodic boundary conditions, and the z direction is a fixed boundary condition, so the matrix can be regarded as an infinite plate on the x-y plane. The bottom two layers of atoms are fixed layers to avoid interaction between incident atoms and the matrix, resulting in momentum transfer and eventual migration of the whole system. In addition to the fixed layer, the other atoms in the matrix are isothermal layers controlled by an NVT ensemble. The substrate temperature was initially set at 700 K [16], and the substrate atomic velocity was corrected every ten time steps to ensure a constant temperature for TiN film growth.



The distance between the incident layer and the surface layer is 20 Å. According to different deposition parameters, an equal number of N and Ti atoms are emitted to the substrate at random locations in the incident layer. In order to level up the deposition efficiency and avoid the invalid simulation, a virtual wall is found at the upper part of the simulation box. If the incident atom is reflected after hitting the base, the normal velocity component will reverse as −vz after hitting the virtual wall in the reflection process, and other velocity components will remain unchanged, making it continue depositing. A total of 32 × 32 × 32 = 32,768 atoms were deposited. In this simulation, four different incident energies were considered in magnetron sputtering [17,18], which were 0.1 eV, 1 eV, 4 eV, and 10 eV, respectively. The visualization of the model was realized by OVITO.




2.2. Calculation and Analysis Method


Surface roughness is commonly used to describe the surface quality of the thin film. In general, the smaller the surface roughness is, the better the wear resistance and oxidation resistance of the film can be obtained. In this molecular dynamics simulation, the surface roughness of the film can be calculated from the z coordinates of the atoms on the film surface, which can be expressed by the root mean square (RMS) roughness Rq.


   R q  =      ∑  i = 1  N     (   z i  −  z ¯   )   2   N     



(1)




where i denotes the surface atom on the film, N represents the number of atoms exposed on the surface, zi means the height of atoms on the surface, and   z ¯   is the average height of all surface atoms.



The layer coverage function at the interface reflects the intermixing of incident atoms and base atoms on the deposition surface, and it can also characterize the bonding properties of the film. Layer coverage function γ can be defined as:


  γ =  n M   



(2)




where n represents the number of Ti and N atoms deposited in the layer, and M represents the total number of atoms contained in the layer.



In order to study the stress variation trend of deposited Ti and N atoms during the growth of TiN film, the average stress    σ  a b   a v g     of each atom in TiN film is defined as:


   σ  a b   a v g   =  1 L    ∑  j = 1  L    σ  a b  j     



(3)




where    σ  a b  j    represents the stress tensor of the jth atom at the layer, a and b are the stress tensor indices, and L indicates the number of atoms at this layer.



Due to the influence of the growth environment and production process, as well as the properties of its own materials, the residual stress of the TiN film has two sides. On the one hand, the residual compressive stress can improve the mechanical properties of TiN film to a certain extent. On the other hand, when the residual stress is too large, it will seriously affect the fracture toughness of the film. Since the shear stress is one order of magnitude lower than the normal stress in the case of deposition [19], the average biaxial stress   (  σ  x x   a v g   +  σ  y y   a v g   ) / 2   of TiN film is often taken into account and applied to characterize the residual stress of the layer.





3. Results and Discussion


3.1. Surface Quality


The surface morphologies of the TiN film at the end of the MD simulation are presented in Figure 2, with the incident energies of 0.1 eV, 1 eV, 4 eV, and 10 eV, respectively.



The film configuration of the material deposited at the incident energy of 0.1 eV is shown in Figure 2a. It can be observed that the film has obvious island deposition, resulting in a rough surface and poor film quality due to the low mobility of the incident atoms. Before reaching the base, the injection atom is easy to gather and nucleate with the nearby deposited atoms, forming several small clusters. The spacing between small clusters is large, and TiN film grows in an island shape. In addition, atoms with low incident energy have a poor ability to fill vacancies, resulting in many gullies between islands and a large number of gaps and vacancies in the film.



When the incident energy exceeds 1 eV, the latent heat of condensation is released, and part of the adatom’s kinetic energy is transferred to the surface atoms during the interaction between the deposited and the surface atoms. These powers exacerbate the thermal vibration of the sedimentary surface atoms and make some surface atoms bounce, forming the thermal diffusion and reducing the space between the islands. Finally, a continuous film with a smooth surface is generated, as shown in Figure 2b–d. Therefore, the thin films are gradually thickened in a lamellar growth way instead of the island growth mode in cases of low incident energy.



By substituting the z coordinates of the surface atoms into Equation (1), the RMS roughness of the film surface can be obtained, which is listed in Table 1.



As can be seen from Figure 2 and Table 1, when the energy of incident atoms Ti and N is low, the island deposition phenomenon of TiN films is serious. With the increase of incident energy, the island growth effect is weakened and the film grows in layers. When the incident energy is 0.1 eV, the film surface is relatively rough, with an RMS roughness of 18.27 Å. As the incident energy goes to 1 eV, the roughness of the film becomes 7.03 Å, with a significant decrease of 61.52%. The surface roughness continues to decrease with the growing incident energy. However, the decrease rate reduces. When the incident energy reaches 10 eV, the roughness descends to 5.97 Å, which is 15.08% lower than that at 1 eV.



To deeply investigate the overall morphography of the thin film, the surface topography fluctuations are reflected by liner root mean square roughness. The film was cut apart at 0.5 aTiN intervals along the x direction of the film to obtain 32 sections, and the linear root mean square roughness was calculated and depicted in Figure 3.



When the incident energy is 0.1 eV, the film grows in an island shape, resulting in large surface topography fluctuations, large RMS roughness values, and large oscillation amplitudes. The maximum RMS roughness is 24.55 Å and the minimum is 15.01 Å, meaning it oscillates with an amplitude of 9.54 Å. With aggrandizing the incident energy, the film grows to be lamellar, the root mean square roughness becomes smaller, and the fluctuations decreas to 1.78 Å, with 81.3% smoother than that of 0.1 eV. The oscillation of the simulated surface roughness is also consistent with the simulation results of Chu et al. [20]. When the thin film grows in layers, the surface roughness of the Fe deposited on the Cu(001) substrate also shows an oscillation of 0.6–1.0 Å.




3.2. Interface Mixing


In order to study the intermixing phenomenon, the layer coverage function expressed in Equation (2) was introduced to describe the ratio between the numbers of a type of atom and all layer atoms. Figure 4 gives the layer coverage ratio of deposited atoms at the TiN(001) substrate interface under different incident energies, where layer 0 represents the upper surface interface of the TiN(001) base. The positive and negative indices denote the sedimentary layers above the interface and the substrate layers below the interface.



As can be seen from Figure 4, the phenomenon of atomic penetration and atomic exchange at the basement surface is quite limited, similar to that of binary systems such as Cu–Fe [21] and Co–Al [22]. When the incident energy of the Ti and N atoms increases from 0.1 eV to 10 eV, the layer coverage function of the deposited atoms on the substrate surface increases from 0.6% to 5.1%. The layer coverage functions of the 1st and 2nd layers no longer remain 0 and 1, when the incident energy is 10 eV. This phenomenon signifies the active interpenetration between a small amount of deposit and basal surface atoms. When the deposited atom has excessive power, it may interact and destroy the chemical bonds between Ti and N atoms in the basement and then mix with the substrate. Meanwhile, it is also found that a few base atoms are bombarded during the deposition process, resulting in sputtering behavior and movement towards the deposition layer.




3.3. Internal Stress


The average mean biaxial stress computed using Equation (3) is shown in Figure 5 to explore the residual stress of TiN film on the substrate. Herein, the positive and negative stresses refer to compressive and tensile stress, meaning that the repulsion and attraction forces are borne, respectively.



It can be seen from Figure 5 that the average mean biaxial stress in the substrate is close to 0, with a relatively small fluctuation, demonstrating that the lattice structures remain well in the deposition process. The compressive stress occurs underlying the substrate surface (−2nd) due to the shot-peening effect of energetically deposited atoms. This stress suddenly turns to tensile at the interface. This may be caused by the fact that there is a mismatch between the substrate and the coating [23], since the absorption ability of the incident N and Ti atoms is not identical [10]. When the incident energy increases, the compression and tension peak values reduce, benefiting from the increasing diffusing of adatoms and intermixing, as analyzed in the last section [19]. With the deposition proceeding, the stress converts to compressive and then gradually reduces and oscillates with a small positive average stress. The small stress in the coating is the result of a relatively ordered arrangement with lamellar growth mode, and the fluctuation is caused by the film growth at high temperature and the formation of holes. On the film surface, the attractive force is generated due to the incomplete atomic bond constraint. As shown in Figure 2, the upper atoms cannot remain structurally coherent with the underlying lattice and thus undergo an attraction force from the lower layer [24,25].





4. Conclusions


A large-scale MD model was constructed to simulate the TiN deposition process on a TiN (001) basement. By analyzing the morphology, surface roughness, layer coverage function, and biaxial stress of TiN films, the effects of different incident energies on the deposition behavior and properties of TiN films were studied.



	(1)

	
The growth mode of TiN film is mainly determined by the incident energy. When the incident energy is low, TiN thin films grow as islands. When the incident energy is increased, the tin films grow in layers;




	(2)

	
With the increase of incident energy from deposited Ti and N atoms, the roughness of TiN films decreases, and the oscillation amplitude of line roughness decreases;




	(3)

	
The coverage of the middle layer is basically unchanged and is not affected by the incident energy, which is consistent with many binary alloy experiments;




	(4)

	
With increasing incident energy, a compressive stress existed underlying the substrate-film interface due to the atom peening. The interface presents the attraction force caused by the lattice mismatch between the ordered substrate and the initially island-grown coatings. The tensile force of the atoms on the film surface is exerted by the internal, structurally arranged atoms.







As part of the future scope of the work, the authors will delve deeper into the energy transport pathway and the atom arrangement, which help to recognize the microstructure of the deposition film.
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Figure 1. MD simulation box for TiN film deposition. 
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Figure 2. Atomic configurations of the TiN film at different incident energies. (a) 0.1 eV; (b) 1 eV; (c) 4 eV; (d) 10 eV. 
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Figure 3. Effect of different incident energies on the line RMS roughness of the TiN thin film. 
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Figure 4. Layer coverage ratio of the TiN film at different incident energies. (a) 0.1 eV; (b) 1 eV; (c) 4 eV; (d) 10 eV. 
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Figure 5. Biaxial stress of TiN thin films at different incident energies. (a) 0.1 eV; (b) 1 eV; (c) 4 eV; (d) 10 eV. 
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Table 1. Rq of the film surface at different incident energies.
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	Incident energy (eV)
	0.1
	1
	4
	10



	RMS roughness (Å)
	18.27
	7.03
	6.89
	5.97
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