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Abstract: In this study, TiN films doped with different copper contents (TiCuN) were prepared
by using direct current magnetron sputtering method. The effects of Cu doping on composition,
structure, and mechanical properties of TiN films were studied by energy-dispersive spectroscopy
(EDS), X-ray diffraction (XRD), a Vickers microhardnessmeter, and density functional theory (DFT).
The results of experimental and DFT study showed that Cu mainly replaced Ti atoms in TiN to form
replacement solid solution doping. When Cu replaced Ti in TiN, a weak Cu-N (bond population
varied from 0.06 to 0.11) covalent bond formed; meanwhile, the bonding strength of Ti-N (bond
population varied from 0.29 to 0.4) bond adjacent to Cu increased. When Cu content was low, a small
number of weak Cu-N bonds were formed, with strengthened Ti-N bond near Cu atom, resulting
in an increased hardness of Cu doped TiN films. According to the theory of weak bonds, when the
Cu content was increased further, the number of weak Cu-N bonds increased and TiCuN hardness
decreased. With an increase in Cu content, it was found the toughness of TiCuN also increased. The
results of this study will provide a theoretical and experimental guidance for improving the toughness
and deformation resistance of TiN, which has a potential application in the surface modification of
medical devices.

Keywords: TiN films; Cu doping; crystal structure; mechanical properties; DFT

1. Introduction

Titanium nitride (TiN) films are widely used in manufacturing and industrial fields
due to their hardness, wear resistance, electrical conductivity, and thermal stability [1,2].
The corrosion resistance and chemical inertness of TiN films have important application
prospects in the field of medical implants [3]. Several studies have shown that TiN films
used for surface modification of nickel-titanium alloy (NiTi), 316 L stainless steel (316LSS),
Co-Cr-Mo alloy, and other medical metal materials can effectively prevent the release of
nickel (Ni), chromium (Cr), and other toxic metal ions, improving the corrosion resistance
and biocompatibility of these medical metals [4–6]. Some medical devices are subject to
stretching and bending deformation during and after implantation. For instance, NiTi
self-expanding vascular stents undergo a compression process during implantation, and
a shape recovery process under the influence of body temperature. Moreover, long-term
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pulsating fatigue caused by periodic changes in blood pressure during service has been
observed [7]. Therefore, if the NiTi self-expanding stent is modified through a TiN coating,
the coating must withstand these deformations without spalling and/or cracking. However,
TiN has inadequate inherent toughness and poor resistance to deformation. To ensure that
their advanced physical and chemical functions are fully realized, the toughness of the TiN
coating need be improved.

Metal doping is an effective method used to improve the toughness of ceramic materi-
als and decrease the fracture tendency of films. Siddheswaran et al. [8] investigated ZnO
doped with Co and Al, and found that the fracture toughness of the material improved
after doping. Islahudin et al. [9] synthesized Cu doped CdS nanoparticles and observed
changes in the particle size of CdS after Cu-doping through scanning electron microscopy.
The results demonstrated that the particle size decreased after Cu doping of CdS. The de-
crease in grain size and the corresponding increase in the number of interface increases the
hardness and toughness of the coating. Zhang et al. [10] doped an a-C film with aluminum
through co-sputtering graphite and an aluminum target, which significantly improved the
toughness of the film.

For ceramic coatings used in the biomedical field, the biological properties of the
doped metal should be considered. Cu is an essential microelement for the human body,
and Cu ions promote adhesion and proliferation of endothelial cells. Recently, Cu doped
Ag clusters, Diamond-like Carbon (DLC), TiN, and other ceramic materials have been re-
ported [11–13]. Researchers have carried out experimental studies on the hardness [14–16],
corrosion resistance [17], tribological properties [18,19], and biocompatibility [20–23] of Cu
doped TiN films. However, the micro-mechanism involved in the effect of Cu-doping of the
crystal structure and mechanical properties of TiN has not been studied comprehensively.

In this study, a combined experimental and DFT study was used to obtain a detailed
understanding of the effect of Cu-doping on the crystal structure and mechanical properties
of TiN. This study will provide a theoretical and experimental guidance for improving
the toughness and deformation resistance of TiN, which has a potential application in the
surface modification of medical devices.

2. Materials and Methods
2.1. Preparation and Characterization of Films

TiCuN films were prepared on single crystal silicon (Si) (100) using direct current
magnetron sputtering (DCMS). The target used to prepare the film was a rectangular
titanium (Ti) (170 mm × 134 mm, 99.9%). Ti rods of equal size (ϕ = 6 mm, L = 6 mm)
were embedded in the track ring area of the Ti target to form a mosaic target. During the
preparation of TiCuN films, Ti rods were replaced with Cu rods, and TiCuN films with
different Cu contents were prepared by controlling the number of Cu rods. As shown
in Figure 1, the number of Cu rods was set to 0, 4, 8, 16, and 32, and the corresponding
prepared samples were labeled as TiCuN-0Cu, TiCuN-4Cu, TiCuN-8Cu, TiCuN-16Cu, and
TiCuN-32Cu, respectively.
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The DCMS equipment and film deposition process have been described in our previous
report [24]. The TiCuN film was prepared under a mixture of Ar and N2, the ratio of Ar/N2
was set to 40/6 (sccm), and the vacuum chamber pressure was set to 0.4 Pa. The target
current was 2 A, the distance between the target and substrate was 80 mm, the substrate
bias was −50 V, and the deposition time for all the samples was set to 10 min.

The chemical composition of the prepared films was analyzed using an energy-
dispersive spectroscope- (EDS) equipped field emission scanning electron microscope
(SEM, JSM 7800F, JEOL, Tokyo, Japan). The thickness of the TiCuN films deposited on the
Si substrate was measured using a stylus profiler (XP-2, AMBIOS, Santa Cruz, CA, USA) by
measuring the height of a step fabricated by shielding a small part of the substrate with a
silicon slice. The crystal structure of the films was characterized using an X-ray diffraction
(XRD) (PANalytical, X’pert, Almelo, The Netherlands), with Cu acting as an anode target
(λ = 1.54060 A). The X-ray tube voltage was 40 kV, and the current was 40 mA. In this study,
the conventional scanning mode was adopted, and the scanning range was 25–80◦.

TiCuN films were subjected to micro-indentation experiments (YZHV-1000P, Shanghai,
China), with a load of 4.9 N and a dwell time of 10 s. The indentation diagonal length was
measured using an optical microscope to evaluate the toughness of the film. Film hardness
was determined using a dynamic ultramicro hardness tester (DUH-211S, SHIMADZU,
Kyoto, Japan). The load–unload operating mode was selected, with a normal load of
10 mN and a loading speed of 0.89 mN s−1. During the tests, the load–unload curves were
recorded, and the hardness levels of the fabricated TiCuN films were estimated using the
Oliver–Pharr method [25].

2.2. Calculation Model and Method

In this study, TiN had a NaCl-type face-centered cubic structure and a space group
of Fm-3m (group 225) [26], having four Ti atoms and four N atoms in its cell structure,
as shown in Figure 2a. The data used for the modeling were obtained from the litera-
ture [26,27], as shown in Table 1.
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Figure 2. Crystal cell structures of (a) Ti4N4; (b) Ti3CuN4; and (c) Ti4N3Cu.

Table 1. Unit cell parameters of TiN structure.

Structure Methods or Literature a (Å) b (Å) c (Å)

TiN This study GGA-PBE 4.247 4.247 4.247

Other studies GGA-PBE
[26] 4.270 4.270 4.270

Experiments [27] 4.245 4.245 4.245

To explore the occupying situation of Cu atom doping in a TiN lattice, the Cu sub-
stitution Ti doping model, shown in Figure 2b, and the Cu substitution N doping model,
shown in Figure 2c, were constructed. Vesta software was used to simulate the XRDs of
the two models. The parameter used in the simulation was the Cu target Ka1 = 1.54056 Å.
The occupied potential energy of the two models was calculated using a first principles
program package, based on DFT. According to the XRD experimental and simulation
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results, and the calculation of occupied energy, Cu mainly replaced Ti to form substitution
solid solution doping in the TiCuN film (see Sections 3.1 and 3.3 for details). On this
basis, the 2 × 2 × 2 supercell model of TiN was established, with a structure of Ti32N32, as
shown in Figure 3a. Subsequently, 2, 4, 6, and 8 Cu atoms were used to replace Ti atoms in
supercrystal cells, and four TiCuN doping models were established, as shown in Figure 3.
The structures corresponding to the four doping models were Ti30Cu2N32, Ti28Cu4N32,
Ti26Cu6N32, and Ti24Cu8N32, and their corresponding Cu atom doping concentrations were
3.13 at%, 6.25 at%, 9.38 at%, and 12.5 at%, respectively.

Coatings 2022, 12, x FOR PEER REVIEW 4 of 17 
 

 

The occupied potential energy of the two models was calculated using a first principles 
program package, based on DFT. According to the XRD experimental and simulation re-
sults, and the calculation of occupied energy, Cu mainly replaced Ti to form substitution 
solid solution doping in the TiCuN film (see Sections 3.1 and 3.3 for details). On this basis, 
the 2 × 2 × 2 supercell model of TiN was established, with a structure of Ti32N32, as shown 
in Figure 3a. Subsequently, 2, 4, 6, and 8 Cu atoms were used to replace Ti atoms in su-
percrystal cells, and four TiCuN doping models were established, as shown in Figure 3. 
The structures corresponding to the four doping models were Ti30Cu2N32, Ti28Cu4N32, 

Ti26Cu6N32, and Ti24Cu8N32, and their corresponding Cu atom doping concentrations were 
3.13 at%, 6.25 at%, 9.38 at%, and 12.5 at%, respectively. 

 
Figure 3. Supercell models of (a) Ti32N32; (b) Ti30Cu2N32; (c) Ti28Cu4N32; (d) Ti26Cu6N32; and (e) 
Ti24Cu8N32. 

In this study, all DFT calculations were performed using Cambridge Sequential Total 
Energy Package (CASTEP) [28]. In these calculations, the electron exchange correlation 
energy adopted a generalized gradient approximation (PBE-GGA), the interaction be-
tween valence electrons and the real ion was described by ultra-soft pseudopotential 
(USPP), the electron wave function was expanded by the plane wave basis vector group, 
and the cut-off energy and k-point spacing were set to 500 eV and 0.02 Å−1, respectively. 
The calculations were carried out in the reciprocal lattice space under periodic boundary 
conditions. The convergence accuracy of self-consistent calculation was 2.0 × 10−6 eV/atom, 
the force requirement on each atom was less than 0.1 eV/nm, the tolerance deviation was 
less than 5.0 × 10−5 nm, and the stress deviation was less than 0.02 GPa. First, the crystal 
structures of TiCuN systems were geometrically optimized, and then the total energy, 
elastic coefficient, and electronic structure were calculated. It can be seen from Table 1 that 
the TiN crystal cell parameters calculated using the parameters set in this study are largely 
in agreement with the literature and experimental results [26,27], indicating that the pa-
rameters selected in this study are reasonable. 

3. Results and Discussion 
3.1. EDS and XRD 

EDS was used to analyze the types and contents of elements in the film, and the re-
sults are shown in Table 2. The thickness of prepared films is also listed in Table 2, and it 
can be seen that all the samples have approximately the same thickness, which is im-
portant to eliminate the effect of film thickness on hardness measurements. The main com-

Figure 3. Supercell models of (a) Ti32N32; (b) Ti30Cu2N32; (c) Ti28Cu4N32; (d) Ti26Cu6N32; and
(e) Ti24Cu8N32.

In this study, all DFT calculations were performed using Cambridge Sequential Total
Energy Package (CASTEP) [28]. In these calculations, the electron exchange correlation
energy adopted a generalized gradient approximation (PBE-GGA), the interaction between
valence electrons and the real ion was described by ultra-soft pseudopotential (USPP), the
electron wave function was expanded by the plane wave basis vector group, and the cut-off
energy and k-point spacing were set to 500 eV and 0.02 Å−1, respectively. The calculations
were carried out in the reciprocal lattice space under periodic boundary conditions. The
convergence accuracy of self-consistent calculation was 2.0 × 10−6 eV/atom, the force
requirement on each atom was less than 0.1 eV/nm, the tolerance deviation was less
than 5.0 × 10−5 nm, and the stress deviation was less than 0.02 GPa. First, the crystal
structures of TiCuN systems were geometrically optimized, and then the total energy,
elastic coefficient, and electronic structure were calculated. It can be seen from Table 1
that the TiN crystal cell parameters calculated using the parameters set in this study are
largely in agreement with the literature and experimental results [26,27], indicating that
the parameters selected in this study are reasonable.

3. Results and Discussion
3.1. EDS and XRD

EDS was used to analyze the types and contents of elements in the film, and the results
are shown in Table 2. The thickness of prepared films is also listed in Table 2, and it can be
seen that all the samples have approximately the same thickness, which is important to
eliminate the effect of film thickness on hardness measurements. The main components in
the film are Ti, N, Cu, Si, and O. It is clear that Si originated from the Si substrate, and the
presence of O is attributed to residual gas in the vacuum chamber during film deposition or
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O adsorption upon ambient air exposure. The content of Cu in the film gradually increased
with an increase in the number of Cu rods in the target. When the number of Cu rods was 4,
8, 16, and 32, the corresponding Cu content was 1.09 at%, 2.21 at%, 4.1 at%, and 11.08 at%,
respectively. When the number of Cu rods increased from 16 to 32, the content of Cu in the
film approximately doubled, induced by the presence of a single crystal Cu phase in the
film [23,29], which was confirmed by subsequent XRD results.

Table 2. EDS component analysis of TiCuN with different Cu contents.

Sample Thickness (nm) Ti (at%) Cu (at%) N (at%)

TiCuN-0Cu 1048 ± 31 51.24 / 48.76
TiCuN-4Cu 959 ± 10 48.40 1.09 50.51
TiCuN-8Cu 1011 ± 20 49.41 2.21 48.38

TiCuN-16Cu 946 ± 18 50.83 4.10 45.07
TiCuN-32Cu 947 ± 37 32.15 11.08 56.77

Figure 4a shows the XRD of the prepared film. It can be seen from the XRD that when
the Cu content was between 1.09 at% and 4.1 at%, the Cu-related peak was not observed
and no new peak appeared in the XRD, indicating that the film still had a TiN crystal
structure. When the Cu content was 11.08 at% (TiCuN-32Cu), the diffraction peak of Cu
(200) appeared in the XRD, indicating that a small amount of Cu nanocrystals appeared
in the film. It can be seen from Table 3 that with the increase in Cu content, the half peak
widths of TiN (111) and TiN (200) peaks increase. According to Scherrer’s formula [30], the
larger the full width at half maximum, the smaller the grain size. Therefore, the grain size
of the TiCuN film decreased with an increase in Cu content.
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Table 3. Half width and height of TiCuN films with different Cu contents.

Sample (111) FWHM (◦) (200) FWHM (◦)

TiCuN-0Cu 0.660 ± 0.054 0.700 ± 0.006

TiCuN-4Cu 0.663 ± 0.004 0.830 ± 0.007

TiCuN-8Cu 0.668 ± 0.006 0.878 ± 0.007

TiCuN-16Cu 0.793 ± 0.012 0.987 ± 0.011

TiCuN-32Cu 0.940 ± 0.025 1.150 ± 0.013

3.2. Hardness and Indentation Morphology

The experimental hardness values of the film are shown in Figure 5. The figure shows
that with an increase in Cu content, the hardness of the TiCuN film increases first and
then decreases. When the Cu content was 4.1 at%, the hardness of the TiCuN film was
the highest at approximately 20 GPa. The XRD results show that an increase in the Cu
content in a certain range (0 at%→ 4.1 at%) refined the TiCuN grain, so that the hardness
of the TiCuN film increased with the increase in Cu content in the film. When the Cu
content in the film reached 11.08 at%, the Cu phase was formed in the film, which can be
detected through XRD. The hardness of the film decreased with the incorporation of the
soft metal phase. Zhang et al. [31] also observed a similar trend, whereby adding Cu into
TiN film resulted in a TiCuN solid solution with a Cu content of 5.2 at% and a TiN/Cu
nanocomposite coating with a Cu content of 12.6 at%. In the film, the formation of a TiCuN
solid solution led to the lattice distortion of TiN, which promoted the formation of a stress
field interacting with dislocations and hindering their motion, thus increasing the hardness
of the thin film. For TiN/Cu nanocomposite coatings, the hardness of the film decreased as
the number of Cu nanoclusters increased.
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Figure 6 shows the typical microindentation morphology of TiCuN-0Cu and TiCuN-
16Cu. It can be seen from the figure that the pure TiCuN-0Cu indentation diagonal produces
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a long crack, which was caused by TiN being a ceramic material with insufficient toughness.
The crack length of TiCuN-16Cu was much shorter under the same load, indicating that Cu
doping improved the toughness of TiN. Although it has been experimentally proven that
the doping of Cu improves the toughness of TiN, the micromechanism of the toughness
enhancement requires further study. Therefore, in this study, the first principles calculation
based on density functional theory was used to study the microscopic mechanism of Cu
doped TiN films.
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3.3. Calculation Results and Analysis
3.3.1. Cu Occupying Position in TiN Lattice

It is known that two types of impurities exist in crystals: interstitial and substitutional.
It has been experimentally demonstrated that interstitial doping is suitable for systems
with rsolute/rsolvent < 0.59 [32], where rsolute and rsolvent denote the radius of the solute atom
and the solvent atom, respectively. It is known that substitution impurity occurs when the
atomic radius and valence electron structure of the doped atom are similar to those of the
crystal atom. In this study, the radii of Ti, N, and Cu were 1.45 nm, 0.80 nm, and 1.28 nm,
respectively. Therefore, the possibility of Cu forming an interstitial solid solution in TiN
is low, and the substitution doping is mainly formed. To further determine that whether
Cu tends to occupy the Ti site or N site when doped in TiN, the formation energies of two
doped models, as shown in Figure 2b,c, were calculated. The formation energies of the
two models are used to calculate the Esite (occupation energy) of Cu in TiN crystal. The
equation to calculate the occupation energy is as follows [32]:

Esite = HTi − HN (1)

In Equation (1), HTi represents the formation energy of the Cu occupying the central
Ti atom, HN represents the formation energy of the Cu occupying the central N atom, and
Esite represents the occupation energy. The occupation energy was negative, indicating that
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Cu was easier to replace in the Ti site in practice, whereas the positive value indicated that
Cu was easier to replace in the N site. The formation energy is expressed as follows [33]:

H =
Etot − aEsolid(Ti)− bEsolid(Cu)− cEN(N)

a + b + c
(2)

In Equation (2), Etot is the total energy of the doped model as shown in Figure 2b,c,
and Esolid(Ti), Esolid(Cu), and EN(N) represent the ground state energies of single Ti, Cu, and
N atoms in the crystal cell, respectively. In addition, a, b, and c represent the number of
atoms of Ti, Cu, and N in the doping system, respectively. The calculated results showed
that the formation energies of Cu substitutions for Ti and N were both negative (−2.08 eV
and −1.38 eV, respectively), indicating that the substitutions were theoretically possible.
However, the occupation energy calculated using Equation (2) was negative (−0.7 eV).
According to thermodynamic theory [34], the substitution of Cu for Ti sites is easier to
achieve in practice. To verify this result, the XRD of three models, shown in Figure 2a–c,
were simulated using Vesta software. The results are shown in Figure 4b.

When the XRD simulation results were compared to the experimental results, it was
found that peak position of the XRD simulation spectrum of the Cu substitution Ti doping
model was very similar to that of the experiment results, whereas peak position of the XRD
simulation spectrum of the Cu substitution N atom doping model was very different from
that of the experimental results. This result indicates that in the preparation process of
the film, replacing Ti with Cu is more reasonable, which is consistent with the calculation
results of occupation energy.

It was also found that the full width at half maximum (FWHM) of the XRD simulation
spectrum is significantly smaller than that of the experiment spectrum. As described in
Section 2.2, When simulating the XRD spectrum, the ideal single crystal model was used.
Ideal single crystal has infinitely repetitive and symmetric structure. It is also believed that
an ideal single crystal has a larger crystal size. However, the prepared thin film is usually
composed of nanocrystals, and the practical size of nanocrystals is very small. According
to the Scherrer’s formula [30], the bigger the grain size, the smaller the FWHM. Thus, the
FWHM of the XRD simulation spectrum is much smaller than that of the experimental
spectrum because the former has larger grain size than the latter.

According to the experimental results of XRD, the simulation results, and the calcu-
lation of occupation energy, Cu should mainly replace Ti atoms in TiN to form a solid
solution doping. Therefore, the subsequent doping model considered only the case of Cu
replacing Ti atom doping, with the specific model shown in Figure 3.

3.3.2. Forming and Binding Energies

According to the doping model of Cu replacing Ti, shown in Figure 3, the structure was
optimized, and the formation energy and binding energy were calculated. The equation for
the binding energy is as follows [33]:

E =
Etot − aEatom(Ti)− bEatom(Cu)− cEatom(N)

a + b + c
(3)

In Equation (3), Etot is the total energy of the doped model, and Eatom(Ti), Eatom(Cu),
and Eatom(N) are the free-state energies of single Ti, Cu, and N atoms in the crystal cell,
respectively. Moreover, a, b, and c represent the number of atoms of Ti, Cu, and N in the
doping system, respectively.

The calculated formation energy and binding energy of the doped structures are
shown in Figure 7. As shown in Figure 7a, the formation energies of all Cu doped TiN
systems are negative, indicating that these systems can be prepared under certain exper-
imental conditions. However, with an increase in Cu content, the absolute value of the
system formation energy decreases, indicating that the increase in Cu content decreases
the structure stability of TiN. It was found in the experiment that when the Cu content
exceeded 11.08 at%, there was a single crystal phase of Cu in the coating [23]. It is simply
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the instability of the doping system that caused the precipitation of Cu. It can be observed
from Figure 7b that with an increase in Cu content, the binding energy (absolute value) of
the doping system decreases, indicating that Cu doping will cause a change in TiN bonding
state, resulting in the decrease in average bonding strength, which can be confirmed by
conducting density of states and Mulliken population analysis.
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3.3.3. Elastic Coefficient and Mechanical Properties

The elastic coefficient was calculated for the doping system model shown in Figure 3.
The calculation results are shown in Table 4. The mechanical stability of TiCuN was
determined using the elastic coefficient. For cubic systems, the elastic constants must satisfy
the following relation to obtain mechanical stability [35]:

C11 − C12 > 0, C11 + 2C12 > 0, C44 > 0 (4)
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Table 4. Elastic coefficients of TiCuN with different Cu contents.

Structure C11 (GPa) C12 (GPa) C44 (GPa)

Ti32N32 525 140 163

Ti30Cu2N32 531 125 161

Ti28Cu4N32 495 132 155

Ti26Cu6N32 435 134 148

Ti24Cu8N32 443 164 141

The calculation result showed that the four TiCuN models, shown in Figure 3, meet the
mechanical stability conditions. Using the elastic coefficient and the Voigt–Reuss–Hill (VRH)
theory [34], the calculation results of bulk modulus B, shear modulus G, and Poisson’s ratio
v of the system were obtained, as shown in Table 5. It can be seen from Table 5 that with an
increase in Cu atomic concentration, the modulus B and the shear modulus G of TiCuN
decrease, and the decrease in G is more apparent, which increases the ratio B/G.

Table 5. Bulk modulus, shear modulus, Poisson’s ratio, and the ratio of B/G for TiCuN with different
Cu contents.

Structure B (GPa) G (GPa) Poisson ratio Ratio of B/G

Ti32N32 268.18 174.39 0.23 1.54
Ti30Cu2N32 260.15 176.60 0.22 1.47
Ti28Cu4N32 252.68 165.32 0.23 1.53
Ti26Cu6N32 234.52 148.94 0.24 1.57
Ti24Cu8N32 257.20 140.74 0.27 1.83

Usually, bulk modulus B reflects the average strength of chemical bonds in materials,
and shear modulus G is the ratio of shear stress to strain, which reflects the ability of
the material to resist the change in the chemical bond under external force. The result of
this study indicates that Cu doping decreases the average bonding strength within TiN.
However, Cu doping also increases the ductility and toughness of TiN. According to the
Pugh criterion [36], the ratio of B/G can be used to characterize the ductility and brittleness
of the material. When B/G > 1.75, the material is ductile, and the greater the B/G ratio,
the better the ductility of the material. Table 5 presents that the undoped TiN is a brittle
material. With an increase in Cu concentration, its ductility increases. When the doping
concentration reaches 12.5 at%, TiN becomes a ductile material.

Poisson’s ratio v can also characterize the brittleness and toughness of the material.
When v > 0.26, the material is ductile, and the greater the value of v, the better the toughness
of the material. It can be seen from the data in Table 5 that undoped TiN is a brittle
material. With an increase in Cu concentration, the ductility increases. When the doping
concentration reaches 12.5 at%, TiN becomes a ductile material. The crack in the micro
indentation in Figure 6 proves that Cu doping will improve the toughness of the material.

Using the results of B, G, and Chen’s formula [37], Hv = 2
(

G3

B2

)0.585
− 3 the theoretical

hardness Hv was calculated. The results are shown in Figure 5. It can be seen from the
figure that although the simulation results of hardness are different from the experimental
results, there is a common trend that with the increase in Cu content, the hardness of the
doped system first increases slightly, and then decreases.

Due to the anisotropy of crystals, microcracks and distortions are often formed under
external loads, resulting in the film peeling off the substrate. The 3D Young’s modulus
diagram of the system can clearly show the anisotropy of the crystal. In this study, the
3D Young’s modulus distribution of TiCuN was calculated in Matlab software using the
elastic coefficient script [38]. As shown in Figure 8, when the Cu content is 0 at% (Ti32N32)
and 3.13 at% (Ti30Cu2N32), the 3D surface is anisotropic and deviates from being spherical.
When the Cu content reached 12.5 at% (Ti24Cu8N32), the 3D surface was approximately
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spherical and isotropic. Therefore, Cu doping decreases the elastic anisotropy of TiN, which
also helps to improve their toughness and crack resistance [39].
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3.3.4. Density of States and Mulliken Population Analysis

Figure 9 shows the total and partial density of undoped TiN. It can be seen that the
conduction band of TiN is composed mostly of Ti 3d and a small number of N 2p states. The
valence bands are split into two discontinuous groups, the lower part between −17.5 eV
and −13.5 eV is mostly composed of N 2s states, and the upper part between −7.5 eV and
0 eV is mainly composed of N 2p states and Ti 3d states. The composition of the upper
valance and conduction bands indicate that hybridization and strong covalent bonding
exists between the Ti atom and N atom.
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After Cu doping, the DOS distribution of TiCuN is approximately the same as that
of TiN, except that Cu 3d states peak appears in the range of the upper valance band,
as shown in Figure 9b,c. Cu 3D states appearing in the upper valance band indicated
more complex hybridization between Cu, Ti, and N. To further investigate the bonding
information between Cu, Ti, and N, Mulliken population analysis was performed, and the
results are listed in Table 6. It should be noted that the calculated bond population of Ti-Cu
is negative, indicating that no bond was formed between the copper and titanium atoms,
and this negative population is not listed in Table 6.

Table 6. Mulliken bond population of TiCuN with different Cu contents.

Structure Cu-N Ti-N

Number
(Population = 0.06–0.11)

Number
(Population = 0.27–0.29)

Number
(Population = 0.29)

Number
(Population = 0.29–0.4)

Ti32N32 0 0 192 0
Ti30Cu2N32 12 64 32 84
Ti28Cu4N32 24 64 12 90
Ti26Cu6N32 35 48 12 97
Ti24Cu8N32 48 48 0 96

As shown in Table 6, when Cu substituted Ti to form solid solution doping, a weak Cu-
N bond was formed, and the bond population was between 0.06 and 0.11, which is far less
than the Ti-N bond population in undoped TiN (bond population 0.29). In addition, it was
found that the strength of adjacent Ti-N bonds changed near the doped Cu atom. Some Ti-N
bond populations increased (bond population varied 0.29~0.4), whereas some populations
decreased slightly (bond population varied 0.27~0.29). The number of Ti-N bonds with
enhanced bond populations was higher than that with slightly decreased bond populations.
For the sample with less Cu content (3.13 at%), the calculated theoretical hardness was
greater than that of undoped TiN, which should be attributed to the strengthened Ti-N
bond near the doped Cu atom. Table 6 shows that with an increase in Cu content, the
number of weak Cu-N bonds increases, but the number of Ti-N bonds with strong bond
population changes minimally. This increases the proportion of weak Cu-N bonds in
the system when the Cu content increases. According to the weak bond theory [40], the
strength of the system decreases and the theoretical hardness also decreases.

4. Conclusions

In this study, the effects of Cu doping on the composition, crystal structure, and
mechanical properties of TiCuN films were investigated by combining experimental and
theoretical calculations. The key conclusions as follows:

(1) According to the experimental and simulation spectra of XRD as well as the lattice
occupation energy analysis based on DFT, Cu mainly replaced Ti atoms in TiN and
formed substitution solid solution doping in the TiCuN films.

(2) Both experimental and theoretical results of hardness show that with an increase in
Cu content, the hardness of TiCuN increased slightly at first, and then decreased after
a certain limit. The analysis of the density of states and Mulliken population reveal
the effect of Cu doping on the hardness of TiCuN films. It was found that when Cu
replaced Ti in TiN to form a weak Cu-N covalent bond, the bonding strength of some
Ti-N bonds adjacent to Cu increased concurrently. At low Cu content, the number
of Cu-N weak bonds was small, and the increase in TiCuN hardness was due to the
enhanced Ti-N bond near the Cu atom. When the Cu content increased beyond a
threshold, the number of weak Cu-N bonds also increased, while the increase in the
number of enhanced Ti-N bonds was not significant. With the increase in the Cu-N
bond beyond a certain extent, the hardness of TiCuN decreased, according to the
weak bond theory.
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(3) The DFT results also showed that the value of B/G ratio and Poisson’s coefficient
of TiCuN increased, and the isotropic elastic modulus E increased as a function of
increasing Cu content. These results indicate that the toughness of the TiCuN system
improved and the ability to resist cracks increased by increasing Cu composition in
TiN. The analysis of the indentation morphology of both TiCuN confirmed that Cu
doping improved the toughness of TiN. Therefore, the results of this study can provide
theoretical and experimental guidance for improving the toughness and deformation
resistance of TiN, which has potential applications in the surface modification of
medical devices.

In the end, we also found that Cu precipitated when the Cu content was high, and the
interface of Cu and TiCuN appeared simultaneously distinctly in the doped system. In fu-
ture, we intend to investigate how these changes in the interfacial bonding properties affect
the mechanical properties of the Cu doped TiN system. The study of the uniaxial tensile
behavior of TiCuN by combining experimental and theoretical calculations is ongoing, and
the related results will be reported in a subsequent article.
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