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INFLUENCE OF IMPURITIES ON DEFECT FORMATION AND
OXYGEN DIFFUSION IN TiN

A. V. Bakulin and S. E. Kulkova UDC 544.034

The effect of substitutional impurities on the formation energy of nitrogen vacancies and the oxygen defect on
the N-sublattice as well as on the oxygen migration energy in TiN is studied using the projector augmented
wave method. It has been shown that 4d transition metals with the exception of Zr and elements of 1114 and IVA
groups excluding Al and Si reduce the formation energy of nitrogen vacancies. At the same time, regardless of
the impurity, the formation energy of the oxygen defect has a negative value. The oxygen migration energy
within the first coordination sphere is increased by almost all impurities, while metals of the middle of the 4d-
period slightly lower the migration barrier of oxygen, which allows it to move away from the impurity atom.
The lower and upper limits of the temperature-dependent diffusion coefficient of oxygen in the doped titanium
nitride are estimated. It has been revealed that almost all considered impurities reduce the diffusion coefficient
mainly due to a change in the migration energy.
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INTRODUCTION

Titanium nitride is a material of great technological importance because of its extreme hardness, wear
resistance, chemical stability, high melting point, golden color, metallic conduction, good thermal and electrical
conductivity, as well as biocompatibility [1-5]. It has many special uses ranging from reflect and hard coatings to
microelectronic devices [6—7]. Titanium nitride films can be formed at the oxide—substrate interfaces during the
oxidation of titanium and its alloys due to the nitrogen penetration into the oxidation region from the atmosphere. For
example, the formation of the TiN layers at such interfaces observed in works [8, 9], according to the authors’ opinion,
leads to an increase in the titanium oxidation resistance. A similar conclusion was made in works [10-13], where the
oxidation of Ti—Al alloys was considered. It is believed that TiN acts as a diffusion barrier, slowing down the oxygen
penetration into the alloy and the oxide growth.

It is well known that to improve the oxidation resistance of the y-TiAl alloy, different techniques are used
including alloying with one or more elements (see works [14—17] and references therein). Most authors agreed that Nb,
Ta, W, and Si are the most suitable elements for increasing the oxidation resistance of this alloy [17]. However, the
results of different studies are often contradictory regarding the effect of the same impurities on the oxidation
resistance. During the oxidation process, alloying elements can either remain in the alloy or incorporate into the
resulting titanium nitride and oxide scale. The presence of impurities in TiN, which replace titanium, can affect its
stability, the concentration of defects, as well as the oxygen diffusivity. In our previous work [18], the oxygen diffusion
in pure TiN was studied within vacancy and interstitial mechanisms. It was shown that, depending on the chemical
potential of nitrogen and oxygen, the temperature-dependent diffusion coefficient (D) of the latter in TiN varies in
a wide range, but remains higher than that in AL,O; and is comparable to the oxygen diffusion coefficient in TiO,. The
effect of substitutional impurities on the oxygen diffusion in TiN has not been previously studied.
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It is well known that experimental study of the impurity diffusion requires solving a number of problems
related to the purity of samples, the capabilities of indicator elements, surface oxidation, etc. Experimental study of the
mechanisms of atomic diffusion is difficult or even impossible. In addition, there is a significant scatter in the
experimental values of the temperature-dependent diffusion coefficient and activation energy (Q). At the same time,
modern methods for calculating the electronic structure within the density functional theory [19] in combination with
the transition state theory [20] make it possible to estimate the diffusion coefficient in various materials with sufficient
accuracy. Thus, the main goal of this work is theoretical study of the effect of substitutional impurities on the formation
energy of point defects in TiN, which are necessary for oxygen diffusion, and on the oxygen temperature-dependent
diffusion coefficient.

1. COMPUTATIONAL DETAILS

Atomic and electronic structures of ideal and defective TiN were calculated by the projector augmented-wave
(PAW) method [21, 22] in the plane wave basis. We used the generalized gradient approximation (GGA) for the
exchange-correlation with Perdew—Burke—Ernzerhof (PBE) functional [23]. The cutoff energy of the plane waves from
the basis set was 550 eV. Optimization of the atomic structure of the defective titanium nitride was carried out using the
conjugate gradient method with accuracy of ~0.01 eV/A. Titanium nitride has a NaCl-type structure (space group
Fm3m No. 225). The equilibrium lattice parameter, equal to 4.255 A, differs from the experimental value of 4.238 A
[24] by ~0.4%. To study the effect of substitutional impurities on the defect formation energy in TiN, the cubic
supercell (3 % 3 x 3) containing 216 atoms was used. Integration over the Brillouin zone was carried out using
a5 x5 x5 k-point grid generated by the Monkhorst-Pack scheme [25]. Test calculations showed that the use of a finer
k-point grid leads to a change in the total energy of the system within 1.5 meV/atom.

The formation heat of the doped titanium nitride per formula unit was estimated using the following formula:

H' = [E(TiN +Me) - 107E(Ti) - E(Me)-108E(N,) /2] /108, (1
where E(TiN + Me) is the total energy of the doped TiN supercell; £(Ti) and E(Me) are the energies of titanium and
impurity in the ground state per atom; E(N,) is the energy of an isolated nitrogen molecule, calculated in the empty cell
of size 15 x 15 x 15 A*. The numerical coefficients in Eq. (1) are determined by the size of the supercell and the fact
that an impurity atom occupies a Ti position.

The formation energies of a nitrogen vacancy (Vy) and an oxygen defect (Oy) on the N-sublattice were
estimated using the following formulas:

E"(Vy) = E(TiN+Vy)+1/2E(N,) - E(TiN) 2)
and
Ef(ON) = E(TiN+Oy)—-1/2E(0,)+1/2E(N,) - E(TiN), 3)
where E(TiN + Vy) and E(TiN + Oy) are the total energies of the TiN supercell with the vacancy and the oxygen defect,
respectively; E(TiN) is the energy of the ideal titanium nitride; £(O,) is the energy of an isolated oxygen molecule,
calculated in the same way as E(N,). The interaction energy of any two defects (X and Y) was estimated as

E™(X-Y)=E(TiN+X+Y)-E(TiN+X)— E(TiN+Y) + E(TiN), )

where E(TiN+ X +Y) and E(TiN + X/Y) are the total energies of the TiN supercell with two and one defect,
respectively. According to Eq. (4), a positive value of £™ indicates the repulsion interaction between the defects, and
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Fig. 1. Changes in the formation heat of TiN after doping.

a negative value means their attraction. The overlap population and charge transfer between atoms in TiN was estimated
using the density derived electrostatic and chemical (DDEC6) method [26].

2. RESULTS AND DISCUSSION

The change in the TiN formation heat upon doping is shown in Fig. 1. It can be seen that all considered
impurities increase the formation heat of TiN reducing its thermodynamic stability, while zirconium has the least effect
on H' This result is typical for compounds with ionic-covalent bonds, such as oxides, nitrides, etc., and for their
interfaces (for example, see works [27, 28]), since impurities induce a local distortion of the atomic structure and the
electron density distribution; the farther an impurity element is located from Ti in the periodic table, the stronger its
influence. The isoelectronic elements of the VB and VIB groups have almost the same effect on the formation heat of
TiN. At the same time, a more pronounced effect of the IVA group elements compared to the IIIA group ones is due to
both their higher valence and electronegativity. Note that the electronegativity of all considered s, p-elements is higher
than that of titanium. In the series of isoelectronic elements of the IITA and IVA groups, AH" growth with increasing
impurity period is due to the weakening of the Me-s, p—N-p interaction compared to Ti-d—N-p.

Local densities of electronic states (DOS) of some impurities as well as the nearest nitrogen atoms, in
comparison with those of titanium and nitrogen in the ideal TiN, are shown in Fig. 2. Figure 2a shows that the main
peak of the occupied part of the Y valence band is shifted toward the Fermi level (Er) compared to its position on the Ti
DOS, which is also reflected in the shift of the peak of the nitrogen valence band. The positions of the DOS peaks in the
occupied part of the valence band of Zr and Ti are in good agreement (Fig. 2b), and with the filling of the d-band of the
impurity, these peaks shift toward low energies (Fig. 2c—f). At the same time, in the case of metals of the second half of
the 4d period, the main peak of the nitrogen DOS remains at the same energies as in undoped titanium nitride, and these
impurities induce new peaks located both closer to the Fermi level and farther from it (Fig. 2e and f). For example,
substitution of titanium by rhodium leads to the appearance of a peak in the N DOS at energies of —5.8 and —2.0 eV
(Fig. 2e), at which the sharp Rh peaks are located. The interaction of nitrogen with silver leads to the appearance of
three new peaks on the DOS curve of the latter (Fig. 2f). Besides, substitution of titanium also causes some distortion of
the TiN atomic structure: in the case of 4d metals, the displacement of the nitrogen atoms closest to the impurity away
from it first decreases from 0.10 A (Y) to 0.03 A (Ru), and then increases to 0.12 A (Ag and Cd). Note that such change
in the Me—N bond length is consistent with a change in the lattice parameter of 4d metal mononitrides [29].

The formation energies of a nitrogen vacancy near a substitutional impurity are shown in Fig. 3. It can be seen
that almost all transition metal impurities with the exception of Zr reduce the formation energy of the N-vacancy, which
is consistent with an increase in H'. As the d band of the impurity is filled, the Me—N interaction becomes weaker that
leads to a stronger decrease in £ (Vy). In the case of s, p-elements, a more pronounced change in the vacancy formation
energy with increasing impurity period also correlates with the change of the formation heat of titanium nitride. At the
same time, the increase in E7(Vy) caused by Al and Si is due to a combination of structural and electronic factors. In
both cases, the substitution of titanium causes a displacement of the nearest nitrogen atoms by 0.07-0.16 A toward the
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Fig. 2. Local densities of electronic states of some impurities of 44 metals and the nearest N atoms
in comparison with the DOS of Ti and N in the ideal titanium nitride shown by filling.
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Fig. 3. Formation energy of the nitrogen vacancy near the impurity atom. The
horizontal dashed line corresponds to the value obtained for undoped TiN.

impurity atom, which enhances the Me—N interaction. The electronic mechanism for strengthening these bonds depends
on the impurity group. In particular, the aluminum atom gives up 0.17 el. larger than titanium that enhances the bond
ionicity, while the overlap population of the AI-N bond is 0.08 el. lower than Ti-N. On the contrary, in the case of
silicon, the overlap population of the Si—N bond increases by 0.09 el., and the charge transfer from the Si atom to N
decreases by 0.08 el.

It should be noted that the formation of the nitrogen vacancy in the second coordination sphere (CS) of
an impurity atom requires almost the same energy as in the case of undoped TiN. The maximum decrease in E (V) for
Pd is only 0.10 eV, so we can assume that the impurity effect does not extend beyond the first CS. In general, the
obtained results from the viewpoint of their influence on the oxygen diffusivity can be interpreted in two ways: on the
one hand, almost all impurities contribute to the formation of nitrogen vacancies in their local environment, thereby
increasing the average concentration of the vacancies in TiN, which is favorable for the oxygen diffusion along the N
sublattice; on the other hand, impurities create a potential well for a vacancy, the depth of which is equal to the change

in its formation energy, and since diffusion proceeds through the vacancy mechanism, the oxygen atom can be trapped
by the impurity.
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Fig. 4. Interaction energy between the impurity and oxygen (a) as well as nitrogen vacancy
and the impurity + oxygen complex (b). The horizontal dashed line shows the value
obtained for undoped TiN.

As was shown in our previous work [18], depending on the specific values of the chemical potential of oxygen
and nitrogen in TiN, both interstitial and vacancy mechanisms of oxygen diffusion can dominate. In this case, the
diffusion coefficient corresponding to the vacancy mechanism changes over a wider range. In this regard, below we
discuss the influence of substitution impurities only on those energy characteristics that need for estimation of the
temperature-dependent diffusion coefficient of oxygen over the N sublattice. For example, some impurities, due to the
Me-O interactions, can locally slow down or accelerate the oxygen diffusion in titanium nitride.

Figure 4a shows the calculated interaction energies between the impurities and oxygen located in the nearest
position on the N sublattice. It can be seen that almost all considered impurities, with the exception of Nb, Mo, and their
isoelectronic elements Ta and W, attract oxygen. The character of the interaction depends on the specific element, but in
general is determined by the competition of structural and electronic factors. For example, in the case of Y and Zr,
despite their atomic radii are larger than the Ti atomic radius, the Me—O bond length decreases only slightly (by 0.01—
0.02 A) compared to the Ti-O bond length, which compensates the lattice expansion caused by the replacement of
titanium by these impurities. Although the radii of Ag and Cd are also larger than the titanium radius, they interact
weakly with oxygen, which leads to an increase in the Me—O bond length (by 0.14-0.17 A) and a decrease in the Me-N
and Ti—O bond lengths (by 0.04-0.12 A). Note that the 44 metal atoms from Tc to Pd, as well as V and Cr, are smaller
than titanium, but the Me—O bond length is larger than Ti—O in undoped TiN. Thus, the strengthening of the interaction
between Me—N and Ti—O is sufficient to compensate for the weakening of Me—O relative to Me—N upon doping with
the elements mentioned above. Moreover, from the viewpoint of the interaction energy calculated by Eq. (4), the
impurity and oxygen interact attractively. Positive values of the Me—O interaction energy in the case of Nb, Mo, Ta, and
W are explained by a more significant enhancement of the Me—N interaction in doped TiN compared to similar bonds in
the presence of oxygen or with Ti-N in ideal titanium nitride. This leads to an increase in E™(Me-O). It can be
concluded that those impurities for which £™ < 0 can trap oxygen, thereby slowing down its average diffusion rate. At
the same time, impurities with positive value of the interaction energy create a region into which oxygen does not
diffuse. Therefore, such elements should have virtually no effect on the oxygen diffusion rate by changing the migration
energy.

As can be seen from Fig. 4b, the interaction energy of the nitrogen vacancy with an impurity + oxygen complex
is also negative for the most impurities. Positive values of E™ were obtained only for Zr (0.04 eV), Al (0.29 eV), and Si
(0.28 eV). Note that in the case of undoped TiN, this energy is also positive and equals to 0.08 eV (the dashed line in
Fig. 4b). The repulsion between the nitrogen vacancy and Al/Si atoms, found in TiN without oxygen (E™ = 0.23/0.21
eV), is not only maintained in the presence of oxygen, but also increases by 0.06/0.07 eV, respectively.

Let us discuss changes in the migration energy of oxygen near thee impurity atom. There are two possible
options: 1) the initial and final positions are located in the first neighbors of the impurity atom; 2) only the initial
position of oxygen is located near the impurity. Figure 5a shows that in the first case, all considered impurities, except
V, Cr, Al, and Si, increase the oxygen migration barrier, but the effect of d3—d6 impurities is less pronounced. In spite
of the fact that Al and Si reduce the migration energy, their isoelectronic elements increase it. In general, the change in
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Fig. 5. Change in the oxygen migration energy: the initial and final positions are in
the first neighbors of the impurity atom (a), and only the initial position of oxygen
lies near the impurity (b).

the migration energy of oxygen within the first coordination sphere of the impurity atom (Fig. 5a) correlates with the
change in the Me—O interaction energy (Fig. 4a): an increase in the attractive interaction induces the increase of the
migration barrier. The effect of titanium substitution impurities on the oxygen migration energy from the first to the
second neighbors has of a slightly different character (Fig. 5b): only Nb, Mo, Tc, Ta, and W lower the barrier, the effect
of Ru and V is negligible, and all other considered elements increase the migration energy. In general, the influence of
the impurities on the oxygen migration barrier from the first to the second neighbors of the impurity atom is less
pronounced than that within the first CS.

To estimate the diffusion coefficient in doped TiN, we take advantage of the method proposed in our previous
work [18] and consider two cases: 1) there are only thermal vacancies TiN,, and 2) there are the constitutional vacancies
TiNge. Recall that the maximum deviation from stoichiometry at which TiN with the NaCl-type structure is stable
corresponds to the TiNy s composition [30]. It should be emphasized that the presence of the constitutional vacancies is
reflected only on the estimation of the total nitrogen vacancy concentration. All other characteristics are the same in
both approximations. The average value of the migration energy can be calculated as the weighted arithmetic mean of
the values obtained for ideal and doped TiN. The weights depend on the impurity concentration. It is supposed that the
atomic concentration of the impurity is equal to ¢y, and the impurity atoms are uniformly distributed in the bulk. Let us
select a certain volume of the crystal including only one impurity atom. Such volume contains 1/¢, unit cells of TiN or
1/(2¢y) sites on the N sublattice. Only six sites of them are located on the first coordination sphere, the rest sites are
located on the second CS or even farther. From each of these six sites, four jumps allow oxygen to remain on the first
CS, four jumps allow O to move to the second CS, and other four jumps allow it to be in sites more distant from the
impurity atom. Thus, only 24 atomic jumps from 12/(2¢,) occur in the selected volume within the first CS, 48 jumps
allow for oxygen to move from the first CS to second CS or even farther, and (6/cy, — 72) atomic jumps occur far from
the impurity. As a result, the average migration energy can be estimated as

<Em> = deo[ E™()+2E™(2) | +(1-12¢0) E™(0), (5)

where E™(1) and E"(2) are the oxygen migration energies within the first CS and from the first to second CS or even
farther, respectively; E™(0) is the oxygen migration energy in undoped TiN. The range of applicability of this model
corresponds to the positive value of the expression in parentheses on the right side of Eq. (5), i.e. ¢y < 8.33 at.%. All
numerical estimates are given below for a substitutional impurity concentration equal to 5 at.%. For convenience,
Eq. (5) can be rewritten in terms of changes in the migration energy shown in Fig. 5:

<Em> = 4¢y [ AE™ (1) +2AE™(2) |+ E™(0) . (6)
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The average oxygen jump rate for each impurity is calculated using the following formula:

E™ E™
(r)y= <2m12> exp _<kBT> , (7

where m is the mass of the diffusing atom, / is the jump length, kg is the Boltzmann constant, and 7 is the temperature.
Note that the numerator of the exponent must include the sum of the formation energy of the defect providing the O
diffusion and the migration energy. However, as noted above, the energy of replacing nitrogen with oxygen is negative
for all impurities; therefore, its effective value is equal to zero.

We now estimate similarly the average value of the formation energy of the nitrogen vacancy: four of the
1/(2¢¢) nitrogen sites are located near the impurity and the oxygen atom; therefore, the vacancy formation energy is
equal to the sum of its value in undoped TiN and the interaction energy with the impurity + oxygen complex:
Ef(Vy) + E™(Vx—[Me + Oy]); four sites are located near oxygen and in the second neighbors of the impurity atom,
and the remaining four sites are far from the impurity. For the last two groups, the influence of the impurity can be
neglected, and the vacancy formation energy is estimated as E'(Vy) + E™(Vy— Oy). Thus, the average value of the
formation energy of the nitrogen vacancy is equal to the following expression:

(E" V) = §c0 [E™ (Vy ~[Me+Ox )+ 2E™ (V= Oy) |+ E" (V). ®)

Taking into account the above-mentioned formation energy of the nitrogen vacancy near the impurity,
E"(Vy)me shown in Fig. 3, Eq. (8) can be rewritten in the following form:

(E" V)= %Co [E™ (Vg ~[Me+ O D+2E" (Vi e |+ [1 _§CO]Ef (Vx). ©)

Recall that the formation energy of the nitrogen vacancy in undoped TiN is 2.34 eV [18]. In the case of TiNj,
the total vacancy concentration is equal to

f f
<Sk](3T)> - _<Ekf:;N)> | W

(e(Vy)) = exp

where <S'(T)> is the average value of the formation entropy of the vacancy calculated using a formula similar to
Eq. (9). In the case of TiNgg, the thermal vacancies can be neglected, since their concentration is several orders of
magnitude lower. Therefore, we assume that <c(Vy)> = 0.4.

In general, the oxygen diffusion coefficient for single-jump mechanisms is calculated by the formula:

A
D:fcrlzd,?, (1D
Zi5

where fis the correlation factor, ¢ is the concentration of defects providing the diffusion, I is the jump rate, d; are the
lengths of the projection of the ith jump onto the selected direction, and Z is the number of possible jumps from the
initial site. Since the N sublattice forms an fcc structure, and we estimate the oxygen diffusion coefficient along the
<100> direction, then f'= 0.78145 [31], Z= 12, and d; = a/2 (a is the lattice parameter) for eight jumps and O for other
four jumps. The values of other quantities of Eq. (11) must be averaged. Thus, the final expression for the oxygen
diffusion coefficient along the <100> direction in doped titanium nitride has the following form:
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Fig. 6. Upper and lower limits of the change in the temperature-dependent diffusion
coefficient of oxygen in doped TiN at 1000 K (a and b) and of the corresponding
activation energy (c and d). Open and closed symbols show the values calculated for
TiN, and TiN, respectively.

D =0.13a* {c(Vy ))(T) . (12)

Figure 6a and b shows the interval of change in the oxygen diffusion coefficient in doped TiN at 1000 K. The
lower limit corresponds to TiN;, whereas the upper limit is for TiNy¢. It can be seen that the impurities at the beginning
and end of the 4d period (Y and Zr and Rh, Pd, Ag, and Cd) reduce the diffusion coefficient, while the effect of V, Cr,
Nb, Mo, Tc, Ru, Ta, and W is less pronounced. The impurities of the s, p-elements also predominantly reduce the
oxygen diffusivity, only Si slightly increases it, and Al has practically no effect. A comparison of Figs. 6 and 5
demonstrates that the change in D correlates with that of the migration barrier. Thus, if the impurity increases, the
migration barriers in its first CS, then it can trap diffusing oxygen, thereby reducing the average migration rate and
diffusion coefficient. This conclusion is valid for metals at the beginning and end of the 4d period and the s, p-elements
such as Ga, In, Ge, and Sn. The impurities of VB—VIIB groups, as well as Al and Ga, have the opposite effect on the
oxygen migration barrier within the first coordination sphere of the impurity and when oxygen jumps from the first CS
to the second or more distant spheres (Fig. 5). The competition of these factors leads to minor changes in the diffusion
coefficient (Fig. 6a and b). The values of the activation energy of the oxygen diffusion in the doped TiN are shown in
Fig. 6¢ and d. Since D is mainly determined by the activation energy rather than the pre-exponential factor, the
decrease/increase in D is consistent with the increase/decrease in Q.

CONCLUSIONS

For the first time, the oxygen diffusion in doped TiN has been studied by the projector augmented-wave
method in combination with the transition state theory. The upper and lower limits of the change in the temperature-

1121



dependent diffusion coefficient were estimated. Calculations of the formation energy of the nitrogen vacancy showed
that all 4d metals, including V, Nb, Ta, and W as well as Ga, In, Ge, and Sn are beneficial for its decrease. Metals at the
end of the 4d period decrease E '(Vy) more significantly than others, and in the case of Pd, this energy becomes
negative. In addition, the isoelectronic elements of the IITA and IVA groups lead to a larger decrease in the formation
energy of the nitrogen vacancy with increase of their period. At the same time, the effect of Zr is negligible. Similarly,
for almost all considered impurities, there is the attractive interaction between the impurity and oxygen as well as
between the nitrogen vacancy and the impurity + oxygen complex. The estimation of the oxygen migration barriers
showed that most impurities led to their increase. When oxygen diffuses within the first coordination sphere of the
impurity, only V, Cr, Al, and Si are beneficial to an increase in the migration energy. In the case of oxygen diffusion
from the first neighbors of the impurities to the second or more distant ones, the migration energy is reduced by V, Nb,
Ta, Mo, and Tc, but the effect of Rh is negligible. The values of the temperature-dependent diffusion coefficient of
oxygen were estimated at an impurity concentration of 5 at.% in TiN; and TiNg. It was established that changes in the
oxygen diffusivity correlated with those in the migration barrier near the impurity: almost all impurities reduced the
diffusion coefficient and increased the activation energy. The greatest effects on D and Q were found in the case of Y,
Rh, Pd, Ag, Cd, In, and Sn.
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