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Abstract

We present in this work the results of our study on the physical and mechanical properties of TiN. This work consisted in
determining the physical and mechanical properties of the different crystallographic structures (B1, B2 and B3) of TiN using
the MEAM (Modified Embedded Atom Method) as well as the MEAM potentials of titanium and nitrogen. We used the
calculation code LAMMPS, based on classical molecular dynamics, to determine the most stable structure of TiN which
remains the B1 structure with the crystal parameter a=4.24 A°, stable structure verified by the mechanical stability relation,
for the cubic structure, given by the relation C;; — C;,> 0, C;,> 0, C,,> 0, C;; + 2C,, > 0. The elastic constants found also
allowed us to evaluate the anisotropy of the cubic system of TiN, the directions [110] and [111] are anisotropic in terms of
wave progation velocity, unlike the one on the direction [100] whose propagation velocity remains the most important. The
results obtained in this study were compared with the theoretical results and show considerable agreement.

Keywords: MEAM, LAMMPS, Molecular Dynamics, Elastic Constants, Elastic Modules, Ovito, titanium nitride, debye

temperature, anisotropy.

Introduction

Titanium nitride is a chemical compound with the formula TiN.
It is a very hard and corrosion resistant ultra-refractory ceramic.
It is used as a coating in mechanical engineering and remains an
important area of application to increase the service life of
cutting tools and their working performance. These tools are
generally coated with a protective layer of TiN to improve wear
and abrasion resistance, hardness, chemical stability, coefficient
of friction and thermal conductivity for faster heat removal.
Titanium nitride is also very commonly used in microelectronics
where the miniaturization of electronic devices to nanometric
dimensions requires the use of diffusion barriers**. Indeed, the
metallization of integrated circuits and MOS (Metal Oxyde
Semiconductor) transistors is generally ensured by aluminum
and copper deposits, because of their excellent electrical
conductivity and their good adhesion on SiO2. In order to
prevent diffusion between these metals and the silicon, during
the development or use, it is necessary to interpose an anti-
diffusion barrier generally consisting of refractory metal
nitride®”.

Due to its very good electrical conductivity, adhesion and
chemical stability, titanium nitride is an ideal material®. These
properties are also exploited in the design of other electronic
devices such as gate electrodes in MOS transistors, low-barrier
Schottky diodes and many other applications where silicon is
used as a substrate®.
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It is also worth mentioning the use of titanium nitride as an anti-
gas diffusion barrier for ultra-high vacuum chambers where TiN
deposits allow to reduce the hydrogen permeability and thus
improve the ultimate vacuum®.

Finally, the optical properties of TiN are exploited for the
selective transmission of light but also for aesthetic and
decorative reasons. Since stoichiometric titanium nitride has a
golden yellow color, it is widely used in jewelry where it
replaces gold***2. Its high resistance to scratching and corrosion
are additional advantages™.

Titanium nitride has a face-centered cubic structure (space
group 225/Fm®m, mesh parameter equal to 4.24 A)*. It belongs
to the class of interstitial nitrides, i.e. the nitrogen atoms occupy
preferentially the octahedral interstitial sites of the metal crystal
(titanium here). This structure, namely 6-TiN, is stable at high
temperatures (T rsi0n=2950°C) Professor Nsongo Timothée made
a study of the structure and adhesion of thin layers of titanium
and titanium nitride prepared by sputtering. He also
characterized the adhesion of titanium and titanium nitride on
the different substrates used by the "scratch" method in order to
relate the growth conditions and the resulting structural
characteristics to the adhesion”.

Stéphane GROSSO has worked on Ti, TiN and TiOx
architectural coatings developed by sputtering on stainless steel
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wires. The main objective of his thesis was to understand the
effects of the architecture of the deposits and of the elaboration
parameters on the physicochemical characteristics of Ti, TiN
and TiOx coatings and thus on their properties of use™.

MERIEM Fodil, AMINE Mounire et al have worked on the
structural and elastic properties of TiN and AIN compounds by
studying first principles. Their work showed that the structural
transition at 0°K from B1 structure (CFC type NaCl) to
Wourtzite phase (B4) for TiN occurs at -26.34GPa and from
wurtzite phase to B1 occurs at 10.48GPa for AIN*.

This work is a simulation conducted under the Lammps code
based on the Modified Embedded Atom Method and using
MEAM potential.
Methodology

We performed a simulation under the LAMMPS code version
2020 with the executable Imp_mpi, under the Windows

Table-1: MEAM parameters of Ti, N and TIN.
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operating system, using the MEAM potentials found in the
database at https://www.ctcms.nist.gov/potentials/system.

The MEAM potentials of titanium, nitrogen, and titanium
nitride used in this work were developed by Y. M. Kim and B.
J. Lee™® whose parameters are aligned in the Table-1,2.

These potentials were used to calculate the cohesive energies
under different crystallographic structures using the MPCV4
software. The calculations were simulated for periodic
crystallographic structures for the 5x5x5 mesh under the
calculation code lammps.

The different crystallographic structures studied in this work
are: the B1 structure of the NaCl type, the B2 structure of the
CsCl type as well as the B3 structure of the cubic ZnS type.

The input files allowed us to illustrate the different
crystallographic structures through several visualization tools.

Parameters Ti N TiN
Rc (A°) 4.8 4.6 4.6
Delr 0.1 0.1 0.1
Augtl 0 1 0
Erose_form 2 0 2
lalloy 2 2 2
zbl (1,1) 0 1 0
Nn2 (1,1) 1 0 1
RhoO (1) 1.00 1.00 18
Ec (1,1) 4.870 4.880 6.615
Re (1,1) 2.920 1.10 2.121
Alpha (1,1) 4.71945 4.330 5.092
Repuls (1,1) 0.00 0.00 0.00
Attrac(1,1) 0.00 0.00 0.00
Cmin(1,1,1) 1.00 2.00 0.16
Cmax(1,1,1) 1.44 2.80 2.80
Table-2: Complementary parameters of titanium and nitrogen.
elt | atwt | alat B, B, | B, B, to t, t, ts esub | asub o Z lat | ibar | rozero
Ti| 4788|292 | 27 | 10|30 |10 | 10| 68 2?0 -12.0 | 487 | 066 | 471 | 12 | hep | 3.0 1.0
N | 1400 | 110 | 275 | 40 | 40 | 40 | 10| 005 | 1.0 | 0.00 | 488 | 1.80 | 596 | 1 | Sun | 3.0 18
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Figure-1: Rose energy of Titanium.

(a) (b)
Figure-2: Different crystallographic structures of TiN: a) B1(NaCl) b) B2 c) B3.

Results and Discussion

In the following paragraphs we present the results obtained
under the LAMMPS code using the MEAM potentials. These
results were also calculated by the MPCV4 application under
Windows 10, 64 bits. The crystalline parameters, elastic
constants and moduli translating the structural stability for
different TiN structures are presented in Table-3,4 and Figure-
3,4.

Crystalline parameters: The presented crystal parameters and
volumes have been calculated for the structures B1(NaCl),
B2(CsCl), B3(ZnS) and are presented in Table-3. The most
voluminous structure is the B3(ZnS) structure followed by the
B1(NaCl) structure and finally the B2(CsClI) structure.

Table-3: Crystal parameters by structure and crystallographic
volume.

Structures | a(A) b (A) c(A) V‘("z‘\”)‘les
BL(NaCl) | 4.24 4.24 4.24 76.23
B2(CsCl) | 2.68 2.68 2.68 19.25
B3(ZnS) | 454 4.54 4.54 93.58
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Cohesive energy: We calculated the cohesive energies in
different crystallographic structures for titanium nitride TiN; we
realized that structure B1(NaCl) is the most stable with a
cohesive energy of -6.62eV followed by structure B3(ZnS) with
a cohesive energy of -5.97eV.

Table-4: Cohesive energy by structure.

Structures Parameters Total Ecoh(ev) Number
(A) energy (ev) of atoms
8 (More
B1(NaCl) 4.24 -52.92 -6.62 stable)
B2(CsCl) 2.68 -11.53 -5.77 2
B3(ZnS) 4.54 -47.78 -5.97 8

The evolution of the cohesion energy per structure is
represented in Figure-3,4. We notice that the number of atoms
in the TiN structure plays an important role in the sense that the
more the atoms increase the more stable the structure is.

Although the number of atoms per cell increases in some
structures, the cohesion energy becomes very large, reflecting
the instability of the structure beyond eight (8) atoms per cell.
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The structures B1 and B3 are very close, although having the
same number of atoms they present very close cohesive energies
as well as the mesh parameters.

Ecoh of TiN
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6 3.1 3.6 4.1 4.6

Figure-3: Evolution of the cohesive energy by crystal structure
of TiN.
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Figure-4: Evolution of the cohesive energy per atomic number
of TiN.

The MEAM potential of TiN allowed us, thanks to the MPCV4
application, to represent the cohesion energies for different
structures as shown in the Figure-5.

TiN_B1
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Figure-5: Pink energy of titanium in structure: a. B1 b. B2 c.
B3.

Mechanical properties: We have calculated for the
temperature of 298°K, the elastic constants of TiN under three
different structures B1, B2 and B3 as well as the corresponding
elastic moduli.

Elastic constants: The elastic constants C;; are essential
parameters for predicting the elastic properties and mechanical
stability of materials'®®°. The elastic and mechanical properties
of solids reflect their reactions to the intervention of certain
external factors. In the simplest case such factors are mechanical
actions: compression, traction, bending, shock, torsion. In
addition to mechanical actions, they can be thermal, magnetic,
etc... These properties are determined, in the first place, by the
forces of bonds which intervene between the atoms or the
molecules constituting a solid.

When subjected to a stress, a crystal deforms linearly with
respect to this stress as long as the deformation generated is
small. When the stress is removed, the material returns to its
standard state reversibly. This behavior observed for all
materials is called "elastic".

In order to understand the mechanical stability, we studied the
elastic constants at room pressure of TiN for three different
structures such as NaCl (B1), CsCl (B2) and ZnS(B3). The
cubic system is characterized by three independent elastic
moduli: C11, C12 and C44.

The elastic constants are determined by the stress-strain method
based on Hooke's general law?"%,
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For elements that have a cubic structure, the criterion for
predicting structural stability is as follows:

C11 —C12>0,C43>0,Cy4>0,Cyy +2C4, >0

The cubic system is characterized by three independent moduli
of elasticity: C11, C12 and C44, and the Cij matrix can be
written as: i. The constant Cy; is the measure of the resistance to
deformation produced by a stress applied to the (100), (010) and
(001) planes along the <100> directions (length elasticity). ii.
C44 represents the measure of resistance to deformation in the
case of a shear stress applied on the (100), (010) and (001)
planes along the diagonals (shape elasticity). iii. C;, has no
simple physical interpretation, but these linear combinations
with Cy; give us the compressive modulus B and the shear
modulus G.

€y Co Co O 0 01
C Cq C2 O 0 0
co|Ge G2 o0 0 0
i=lo 0o o0 €, 0 O
0 0 0 0 Cp O

[0 0 0 0 0 Cyul

The elastic constants for TiN structures B1, B2 and B3 were
calculated and are presented in the Table-5.

By performing this calculation on the elastic constants of the
TiN alloy in three structures B1, B2 and B3, we found that only
structure B1 which has theoretical and experimental data and
our computer simulation results are consistent with the
literature. In conclusion, the most stable structure is B1.

The exploitation of these data allowed us to compare the elastic
constants between them and between the theoretical and
experimental data that we represent through, with series 1 for
B1 and series 2 for B2 and series 3 for B3 (Figure-6,7).

Res. J. Physical Sci.

The order of magnitude is well defined by Cy; > Cy, and is
preserved in the theory as well as for experimental data.

Comparing the data, we find that the elastic constants are in the
same order of magnitude as the experimental data.

Elastic modules: In this paragraph we present the
corresponding elastic moduli in different Reuss Hill and Voigt
systems.

These moduli translate the rigidity and flexibility of the
material, against external excitations; they translate the
directions of the resulting deformation or the resulting stress.
We also speak of elastic coefficients which are none other than
the moduli of the engineer for the properties of nanomaterials,
we give here the mathematical relationships between Young's
modulus, compression, Poisson's ratio and shear with the elastic
constants. i. The modulus of compression B is defined as the
ratio of the hydrostatic pressure to the fractional change in
volume produced by that pressure (the volume elasticity). ii.
The second modulus G is the resistance to deformation
produced by a shear stress applied to the plane (110) along the
direction [110]. iii. The elastic moduli (Bulk modulus B, Shear
modulus G and Young's modulus E) are estimated by the Voigt-
Reuss-Hill method. Generally, the larger the B, the greater the
resistance of the material to change in volume. iv. The elastic
anisotropy A" plays a vital role in the physical/mechanical
process such as fracture behavior and phase transformations®>. It
can be deduced from the universal anisotropy index whose

. G; B,
formula is as follows®: A=Y522 4 =2 _ ¢
GR  Br

Where: G, and Gy represent the shear modulus of Voigt and
Reuss, B, and By are the Voigt and Reuss bulk modulus.

The set of elastic moduli in different systems of approaches for
a cubic crystallographic structure are present in Table-6 *’. The
results obtained from the expressions of the previous modules
are presented in Table-7.

Table-5: Elastic constants comparison with theory and experiment.

Elastic constants of TiN structures B1, B2 and B3 (GPa)
. Our work Theory®® Exp.(298°K)**
Elastic y P )
moduli
Bl B2 B3 Bl B2 B3 B1 B2 B3
C11 602 486.19 279.81 610 - - 625 - -
C12 135 116.24 121.39 137 - - 165 - -
C44 153 25.19 91.03 158 - - 163 - -
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Figure-6: Elastic constants of the B1 B2 B3 structures of TiN.
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Figure-7: Order of magnitude comparison with experimental data(4).
Table-6: Mathematical expressions of elastic moduli for a cubic structure.
_ 9BG _3B-E B_C11+2C12
~3B+G V= 6B -7 3
. - Ciq—Cip +3Cyy _ 5(C11 — C12)Cyy _Gp+ Gy
. 5 B 4Ce, +3(C — C1) T2
1 1 1
By = E(BReuss + BVoigt) Bgr = Bg = § (Ciq +2C12) Guiy = E(GReuss + GVoigt)
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Table-7: Elastic Modules.

Res. J. Physical Sci.

Elastic modules (Gpa) of B1, B2 and B3
Voigt Reuss Hill
Size Symbols
Bl B2 B3 Bl B2 B3 Bl B2 B3
m(?(;ﬂll(us B 256.09 | 23956 | 174.19 | 256.09 | 239.56 174.19 256.09 239.56 174.19
Shear G 193.45 89.10 86.30 187.36 38.48 85.90 190.41 63.79 86.10
modulus
n;%tr;gs E 463.62 | 237.82 | 222.20 | 451.89 | 109.58 | 221.32 457.77 175.77 221.76
Elastic AY B1=0.1625 B2=0.01765 B3= 0.0232 -
anisotropy
Fish ratio A% 0.1982 | 0.3345 | 0.2874 | 0.2059 | 0.4237 | 0.2882 0.2020 0.3777 0.2878
properties of materials such as entropy, thermal expansion, and
internal vibrational energy.
500 B1
450 463.62 In this paragraph we present the results for the Debye
400 temperature and the wave propagation velocities in the [100],
350 [110] and [111] directions.
300 B1
250 5 (’)9 B2, Once we have calculated the Young's modulus E, the stiffness
200 B 239.8¢ 535%%2'2 modulus B and the shear modulus G, we can obtain the Debye
150 193:45 174.19 temperature 0 which is a parameter of fundamental importance
100 closely related to several physical properties such as the heat of
50 B2789:% B3,86.3 heat and the melting temperature.
0
0.9 1.4 1.9 24 29 3.4 A standard method for calculating the Debye temperature from
B G E the elastic constants is the formula that relates the average
Figure-7: Modules according to the timestep. elastic wave velocity Vm and 6y given by the following
relation?’.
_ h[3n (Nap)]"/?
0.7 B2 Op = k[4n( M )] Vin
0.65765
06 C[ifz 1\
05 Ym=3\Etve
o B2, .
0.3 0.3345 B3, V, = (_)
0.2874 p
-+
0.1 B:18%8 3B + 4Gy /2
B3 Vi = ( )
J 3
0 0.0232 P
0.9 14 Y 2T 2.9 3.4

Figure-8: Modules according to the order parameter.
Thermodynamic properties: Debye temperature and wave

propagation speed: The Debye temperature is a very important
parameter for a solid. It is associated with thermodynamic
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M: molar mass. p: density, Na : Avogadro number. n: atomic
number. h: Planck's constant. k: Boltzmann constant. p: ©
Debye temperature

The results are presented in Table-8.
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Table-8: Debye temperature and propagation speed.
Physical Values
Properties B1 B2 B3
Bulk modulus | 556 09360 | 230.56729 | 174.19235
(GPa)
Compressibility
topa) 0.00390 | 0.00417 | 0.00574
Elastic Debye | 919 49812 | 483.00285 | 651.96894
temperature K
Averaged sound | goqg 3055 | 3399.06171 | 5046.81698
velocity (m/s)
Dens1ty3p 5.395 5.343 4.392
(g/cm)

The calculated Debye temperature is around 558.56408K, this
value is close to the one found by Xing Liu and Hui-Qing Han.

Wave propagation speed: We have calculated the velocities of
propagation of the wave in a longitidunal way Vp, following the
compression Vp, thermal vm.

Table-9: Wave propagation speed.

Res. J. Physical Sci.

The velocity
expressions:

Gji . Bi+4’Gi/3 i
v = [2v, = [
P p

i represents voight, Hill or Reuss

relationships are given by the following

We have thus shown that the longitidunal propagation direction
is much more important than the other two.

Anisotropy: We have calculated the longitidal and transverse
propagation velocities for the TIN phase in the directions [100],
[110] and [111] which we present in Table-10 with expressions
of the velocities relative to the directions.

The long term propagation of the wave in the [100] direction
remains the most important, while the transverse propagations
[100] and [110] are equivalent and thus present the same
properties, there is anisotropy. In addition to these differences,
we can also note that the wvelocities of the long wave
propagation in the [110] and [111] directions are close.

System
Size Voight Reuss Hill
Bl B2 B3 Bl B2 B3 Bl B2 B3
Vs, 5988 4083 4432 5893 2683 4422 5940 3455 4427
vp 9761 8189 8115 9683 7378 8107 9722 7794 8111
vm 6549.5 4542.8 4897.2 6453.8 2137.9 8865.1 6501.9 3867.2 4895.2
Table-10: Speed and mode of propagation.
Value
Direction Mode of propagation Expression

Bl B2 B3
[100] Longitudinal vi =+/Cia/p 10562 9538 7981
[100] Transversal v, =[Cau/p 5325 2171 4552
[110] Longitudinal Vs = /(Caz + Cuz + 2C4)/2p 9830 7815 8145
[110] Transversal v, = +/Cas/p 5325 2171 4552
[110] Transversal Vs = m 6578 5883 4246
[111] Longitudinal Vg = \/((;11 +2Cy, +4C,,)/3p 9574 7149 8202
[111] Transversal v, = \/(611 —Cip+ Ca)/3p 6193 4965 4351
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Conclusion

During this work, we used MEAM potentials for TiN alloys as
well as for Ti and N elements found in the database for B1, B2
and B3 structures; the results obtained are from the LAMMPS
calculation code as well as from the MPCV4 application.

We have shown that the most stable structure is the NaCl type
B1 with cohesion energy of -6.62eV and a mesh parameter of
4.24A.

All modules B, G and E follow the order of magnitude such that
Xgr >Xg, >Xpz (X for module B, G, E) which is not
demonstrated by the structural stability whose order of stability
is given by B1>B3>B2.

The largest value of Debye temperature is observed for the Bx
structure followed by By, it will be beneficial to further
investigate the thermodynamic properties of these structures.

TiN is also the subject of a study on electronic properties, a
study based on DFT conducted by Dr. Alain Dzabana in the
research group on the physicochemical properties of materials.
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