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Titanium nitrides are important materials with many industrial applications. However, the structure and
properties of nitrogen-rich compounds are not well established. Basab onitio calculations, stochiometric
titanium nitride compounds;-TisN, and c-SiTi,N,, with a spinel structure were predicted. This result is
different from the accepted model that TiMith x>1 has a rocksalt structure with Ti vacancies. Electronic
structure calculations show that these are highly covalent superhard matefTaidl, is a narrow gap semi-
conductor ana-SiTi,N, is a metal. By doping Ti at the octahedral site of the spa&izN,, the direct band
gap can be adjusted. An insulator-to-metal transition-i8i[ Si, _,Ti,] ;N4 is predicted to occur at=0.44. A
process of preparing these compounds is suggested, and several promising applications contemplated.

. INTRODUCTION with the A ions to form BAB]O,. It is also possible to have
mixed spinels of the form (A 5B, )[ A2, Bo_2,104, Where

Titanium compounds are widely used because of thein is the inversion parameter ranging from O for the normal
many outstanding structural and electronic propertiEsey  spinel to 0.5 for the inverse spinel. The notable examples for
can be metals, semiconductors, or ionic insulators dependirigverse and the mixed spinels are ;B¢ and
upon the Ti valence state. Among them, TiC, TiN, and TIOMgo 1F& 1(Mgo oFe, )0,  respectively’’ Recently, Zerr
with a rocksalt structure, exhibit extremely high hardnessgt al. reported the successful synthesis of spinejNgi
high melting points, and chemical stability, and are referred c-SisN,) by applying high-pressure and temperature of 15
to as refractory compounasOther than the rocksalt com- GPa and 2000 K! The occurrence of spinel nitrides with a
poundS, TiOg and T|Q are the other well-known phases_ formal anion valence of-3 is a Significant diSCOVEry since it
Nonstoichiometry in the Ti compounds is common. For ex-0pens the door for an entirely new class of nitride com-
ample, TiG with 0.47<x<0.95, TiN, with 0.39<x<1.0  Pounds. Soon after the discovery, we have repdftéht
and TiQ, with 0.54<x<1.2 are amply documentédThese C-SisN4 is a wide gap semiconductor having a direct band
known Ti compounds are illustrated in Fig. 1 according to9ap of 3.45 eV. We have also proposed that the transition
the formal valence of Ti. As can be noticed, the anticipatedPressure from hexagong-SisN, to the c-SizN, might be
compound between Ti wita +4 valence or TilV) and N lowered by doping with Ti.
which should have a chemical formula of;Nj, is conspicu-
ously missing. Based on a critical review of 56 studies, C N 0
Wriedt and Murra§ established the binary phase diagram of
Ti-N for Ti:N ratio up to unity. There were several reports on Formal
the synthesis and properties of Tilms with x>1.0 using SUHEEROLS
techniques such as dual ion beam depositiand metallor- [ A e o e o
ganic or inorganic precursor depositidi. The generally ac-
cepted view is that these are TiN in rocksalt structure with TiO
vacancies at the metal sitthe existencéor nonexistence ' TiN, -
of stoichiometric TiN, compound is a subject of great sci-
entific interest and technological significance.

The spinel phase is a major class of oxides with a chemi-
cal formula AB,O, where A and B are the tetrahedr@ét)
and octahedraloct) cation sites. In a normal spinel such as R S ——— (2 DlmmTio, ==
MgAl,O,, A has+2 valence and B has 3 valence. In the
so-called inverse spinel, half of the B ions exchange sites FIG. 1. Titanium compounds in various valence states.

1 — = =Ti,0, ==
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FIG. 2. (Color) Calculated band structure ) TiN; (b) Tis[IN,; (c) c-TigN,; (d) c-SiTi,N,. The color of each band is determined by
the percentage of atomic origin as calculated from the wave function atkga@int. The representations are red for Si, yellow for Ti, and
blue for N. The color and the degree of mixing in the band is illustrated by the color triangle. So the orange bands above-&id\y
indicate a substantial mixing of Ti and Si orbitals. Likewise, the purple bands-ea&\V show interaction between N and Si. Note that the
atomic components of the band can change along différeirections as a result of hybridization and the symmetry of the wave functions.
The width of each panel is determined by the BZ of the crystal and is inversely proportional to the lattice constant.

FIG. 5. (Colon Band structure for the solid solutian Si[ Si;_,Ti,],N, for X=15; X=15; X= 15, X= 15, X= 5. The color designations
are the same as in Fig. 2. Note the substantial mixing of Ti and Si in the CB.
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FIG. 3. Calculated DOS of A TiN: B TaN. C e-TiNs D € presented in Sec. lll. In Sec. IV, we discuss the possible
c SiTiN . TI:?eC;(frc()9 of enero is slet'at t-k%e Fgrmi(l;t;,vgl fg'r metalways of making these materials and also suggest several
2 4 nergy plausible applications in ceramic and semiconductor tech-
and at the top of VB for insulators. . . . .
nologies. The paper ends with a succinct conclusion.

Subsequent investigations lead us to the conclusion that

spinel TN, (c-TisN,) should also exist. This further leads Il METHOD AND APPROACH

to the idea that mixed nitrides in the Si-Ti-N system should We used the first-principles orthogonalized linear combi-
be stable. Indeed, we find that spinel $Njj (denoted as nation of atomic orbital§OLCAO) method® within the local
c-SiTi,N, with Si at the tet site and Ti at the oct site is stableapproximation of the density-functional thedtyfor elec-

but not vice versa. This implies that Si likes to be in a tettronic structure and ground-state property calculations. A full
environment as irB-SisN, and Ti prefers an oct setting as in basis set consisting of core orbitals of Si and N, valence
TiO,. electron orbitals of Si-8, Si-3p, N-2s, and N-2, and ad-

TABLE I. Calculated physical properties of SizN,, c-TisN,, Tis[IN,, andc-SiTi,N,. a is the lattice
constant andi is the internal parameter.

c-SisN, c-TizN, Tiz0N, c-SiTi,N,
a(A) 7.8367 8.4459 4.1327 8.2109
u 0.3843 0.3833 - 0.3758
Eq. Vol. (A%mol) 60.160 75.309 70.535 69.196
Eq (eV) 3.45 0.25(dir.) metal metal

0.07 (ind.)

Q2 (electron
Si or Ti (tet) 2.63 3.05 - 2.52
Si or Ti (oct) 2.54 3.22 3.11 3.31
N 6.05 5.63 5.54 5.72
Bond orderp;;
Si or Ti (tet)—(N) 0.361 0.349 - 0.366
(bond length (1.830 4 (1.956 A - (1.790 A
Si or Ti (ocH)—N 0.241 0.236 0.224 0.257
(bond length (1.885 A (2.04 A (2.076 A2 (2.045 A
Crystal bond order 8.670 8.465 8.048 9.094
B (GPa 280 266 254 278

@Averaged value.
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level for x=x; X= 2 X= 5, X= 15, X= .
- . _ o HereC}, is the coefficient for the eigenvector of statevith
ditional ~ excited  states  orbitals  (SEAi-4p,  atomic specificatiom and orbital specification S,z is the
Si-3d,N-3s,N-3p) is employed. For each phase and com-gverlap matrix between the Bloch functions. Separate calcu-
position, the total energ§TE) of the crystal is minimized by  |ations using a minimal basis set were invoked in order to be
varying both the lattice constants and internal parametersnost effective in applying the Mulliken scheme.
The Computational procedure is the same as in Ref. 12 for To exp|0re the properties of solid solutions between
c-SigN, and c-CgNy, except that in the present case muchc-sj;N,, a wide-band-gap semiconductor aadSiTi,N,, a
more k pOintS in the irreducible part of the Brillouin zone metaL we used a “Superce”(the full cubic Spine' Ce)|W|th
(IBZ) must be used for metallic systems to achieve adequatss atoms forc-Si[Si,, Ti,] N, and a progressive substitu-
convergence. We have used the same method to study tgn of Si by Ti at the oct sites. In these fully self-consistent
electronic structure of normal, inverse, and partially inverseajculations, we used the scaled lattice constants and internal
spinels in the MgAJO, system'® As a point of reference, our parameters between Si;N, andc-SiTi,N,. Ideally, as many
calculation predicts the lattice constant of TiN to within gifferent substitutional configurations should be considered
0.1% of the measured valié.241 A. The TE of TiN con-  for eachx, and the results averaged. Such extensive calcula-
verges to better than 0.0002 eV by using 250oints in the  tjon is still quite prohibitive and a single representative con-
IBZ. We used 44 and 6B points in the IBZ forc-TizN, and  figuration is used for eack
c-SiTi,N,, respectively for their TE calculations and geom-
etry optimization. An important finding is that the final re- Il RESULTS
laxed c-TisN, structure is lower in energy than that of
3(TiN)+0.5 N, by 1.25 eV per TjN, unit. This strongly The band structures of TiN, JiN, c-TizN,, and
suggests that the spinel phase is stable at least at low tero-SiTi,N, are shown in Fig. 2. We used a color graphic
peratures. To investigate the current defect model fglfi scheme for the bands,(k) which can better illustrate the
and TiN,, we carried out the TE calculation of TiN in a atomic origin and interatomic mixing for each band las
rocksalt structure with an ordered Ti vacancy, which we devaries.(see caption of Fig.)2In TiN, states within 1.7 eV of
note as T{{IN,. When fully relaxed and with a converged the Fermi levelEr are almost exclusively from Ti. For
result using 68k points in the IBZ, Ti(IN, has a higher c-TizN, the top of the valence bariB) is at X consisting
energy thanc-TizN, by about 0.93 eV per TN, unit, and  purely of theN-2p nonbonding orbitals, and the bottom of
the lattice constant reduces to 4.133 A. The small differencéhe conduction ban@CB) is atI" with a small indirect band
in TE and equilibrium volume(see Table )l of the two  gapEj of less than 0.1 eV. The dire& atI"is 0.25 eV. In
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contrastc-SigN, has a direcEy of 3.45 eV atl’.*2 The fact  grow and merge with the CB with a concomitant reduction in
that c-TigN, is a semiconductor and TiN is a metal can beEg. This brings the exciting possibility of adjusting the di-
simply understood by the number of valence electrons pef€CtEg in this system by proper mixing. At=0.44, the gap
formula unit. The most conspicuous feature in TiN is andisappears and an insulator-to-metal transition is realized.
almost pure Ti band alon§-X extending down to 3 eV Beyondx=0.44, the solid solution is a meftal e}ll the way up
below Er . The band structure of JiIN, resembles neither {0 X=1.0. Thex dependence d&, is shown in Fig. 7, which
TiN nor c-TizN,. There is a substantial portion bderived shows the relationship is not linear. Since the local density-

bands near the Fermi level. At the poMt aN-derived band functional the(_)ry generally underestimates Egof an in-
. sulator, and since the calculated result can also be affected
actually crossesEg. Despite the same formal charge,

c-SiTi.N, is a metal. From the colored band scheme. we ca by a variational and basis set effect as demonstrated recently
24 PSR, S 'E)y Bagayoko, Zhao, and Williams in several crystdlshe
see that the metalization ¥ SiTi,N, is due to the increased

; : o X recise value of x for metal-insulator transition in
Ti band width as the result of the modified mtergcﬂons, suchsirsi Ti ],N, may be somewhat uncertain.
that the bottom of one of the Ti band overlap with the2p
band. The Fermi levek is slightly below the top of the VB
atI', resulting in a small hole pocket. Doping with electron

donor elements in-SiTi,N, may shift theE slightly up and The theoretical prediction of the spinel phaseceTisN,
eliminate the hole pocket at The color-coded scheme also and SiTyN, naturally leads to the question on how they
shows that Si has little influence on the states near the Fermight be prepared in laboratory. On the basis of past expe-
level in c-SiTi,N,. The densities of statd®OS9) of the four  rience in the synthesis of related materials, it is our opinion
crystals are shown in Fig. 3. For TiN, our calculated DOSthat a high-temperature route is probably not feasible since
and band structure are the same as other regbninitio  direct nitridation of metallic Ti at high temperatures usually
calculations-"*8 In c-SiTi,N,, Eg lies near a minimum in  ends up with TiN in rocksalt structure. Even for the ptes-
the DOS which is an indication for the stability of the mate- sure above 100 MPa as in the case of self-propagating high-
rial. On the other hands in TizCIN, is near a local maxi- temperature synthesis, no higher nitrides of Ti, Zr, and Hf
mum in DOS. have been synthesizé%1In the traditional “heat and beat”
The results for the effective charge and bond order calcumethods, it is difficult for the Ti ion to settle in a tet envi-
lations are listed in Table I. It is remarkable that the bondronment. Physical vapor deposition process as represented
orders of Ti-N at both tet and oct sites are comparable t®dy reactive sputtering is not likely to succeed either because
those of Si-N, in spite of the much longer Ti-N bonds. Init will create too many defect structures and the materials
particular, we find that-SiTi,N, has a higher crystal bond more likely will end as T{(IN, rather tharc-TisN,. Johans-
order (sum of all bond orders in the unit cell per molecular sonet al. had tried to synthesize higher nitrides of Ti, Hf and
unit) than eitherc-Si;N, or c-TigN,. This implies that with ~ Zr by dual beam deposition proces3hey obtained HN,
Si at the tet site and Ti at the oct site, an optimal bondingand ZgN, in a defective rocksalt structure, but not;Nj.
configuration is created. The defectiveydiN, has the low- Fix et al. have shown that 4N, and HgN, films can be
est crystal bond order. prepared by chemical vapor deposition on various
The bulk moduliB of the predicted crystals and that of substrate$.There were several other reports on the synthesis
Tis[IN, are obtained by fitting the TE data to the Murnaghanof TiN, with x>1 by metallorganic or inorganic precursor
equation of states and are listed in Table I. The TE at eightlecomposition, but no spinel ;N4 have thus far been re-
different crystal volumes were calculated with the internalported. A trial to prepare Si-Ti nitrides from precursors was
parameter optimized in each caseTi;N, and c-SiTi,N,  reported by Narul@t al?* They obtained a mixture of rock-
have bulk moduli of 266 GPa and 278 Gpa, respectivelysalt TiN with - and 3-SisN,, not the spinel phase. If these
These results again show that both spinel crystals are supegrystals can ever be synthesized, it probably has to be at low
hard materials with a high degree of covalent bonding. Théemperatures and with a very careful control of partial
bulk modulus for Ti(IN, is somewhat smaller, 254 GPa, pressure using suitable precursor agents. The use gRINH
which is consistent with the smaller value of the crystal bondaser illumination or plasma treatment of fay enhance the
order. A common tangent construct to the TE vs volumenitridation. Too high a pressure may result in the defective
curves as shown in Fig. 4 indicates that a transition from thetructure since the equilibrium volume of;TiN, is smaller
c-TigN, to TisON, may occur at about 35 GPa. This rela- than that ofc-TigN,. Lastly, we notice the predicted lattice
tively high transition pressure is due to the rather close equieonstant ofc-TizN, is about twice that of TiN in rocksalt
librium volume of the two phases. structure. TiN can therefore be a good substrate on which
The band structures and DOS ®fSi[Si; _,Ti,],N, fora  c-TizN, can be grown epitaxially.
series ofx values are shown in Figs. 5 and 6, respectively. At The calculated properties afTizN,, c-SiTi,N, and its
low x, a Ti atom introduces two deep impurity bands near thesolid solutions suggest a number of interesting applications.
CB edge ofc-SizN, and the direct gap is reduced to 2.1 eV. Before these materials are actually synthesized and tested,
Inspection of the wave functions reveals that the impuritythe suggested applications are admittedly speculative and
bands consist of mainly the Tid8xy,yzzx) orbitals with may even be premature. First, these are super hard materials
considerable mixing from the Sis2and Si-3l orbitals. States and as such, can be used as cutting tools and protective coat-
with significant Ti-31(x?-y?,3z°-r?) components are at a ings. They should be more oxidation resistant than TiN,
much higher energy of 5.7 efot shown in Fig. 5 and also  similar to SgN, as a structural ceramic. Another important
mix with Si orbitals. Asx increases, the “impurity bands” area is to use them as diffusion barrier and adhesion pro-

IV. DISCUSSIONS
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moter in semiconductor technologg-SiTi,N,, with its  that the existence of a stoichiometric spinel phase gflfis
strong covalent bonding and no vacancy sites, can be highlg more likely model than the currently accepted defect model
resistant to the interdiffusion of impurity ions or self- for TizN, and TiN,. Many previous diffraction analyses of
diffusion. Its metallic properties can ensure a low electricTiN, compounds failed to review the spinel structure be-
resistivity and perhaps a higher thermal conductivity. Thecause its lattice constant is almost twice of that of TiN in
presence of Si should make it easier to integrate into theocksalt structure. This situation may be the reason that they
existing Si-based device materials similar to S&Dd SiN,. missed the model reported here. We also predict that spinel
Solid solutions $iSi; ,Ti,],N, exhibit insulator-to-metal  SiTi,N, with Ti at the octahedral site and Si at the tetrahedral
transition and the direct band gap can be adjusted to thsite should be stable. Electronic structure calculations show
desired value by suitable mixing of Ti to Si. This special thatc-TizN, is a narrow gap semiconductor acSiTi,N, to
feature offers a tremendous opportunity for application inbe a metal. Both crystals are super hard materials with strong
certain semiconductor technology where the size of the gapovalent bonding. We further predict that by replacing Si by
plays a crucial role. The materials are expected to hav@i at the tetrahedral sites of the spinel structure, the band gap
higher dielectric constants since it has a small band§ap, of the solid solution can be adjusted and a metal-insulator
and may replace Si{as the insulating layer in the MOSFET transition should occur at the Ti to Si ratio of 0.44 for the
devices. The ever-shrinking submicron size of microelec-octahedral sites. We further suggest possible routes of syn-
tronic devices will eventually reach the fundamental limit of thesis for these materials and also point out some potential
SiO, as a gate oxidé and other viable alternative must be applications of these predicted materials as structural ceram-
found. Lastly, the ideal lattice matching between TiN andics as well as in semiconductor technology.

c-TizN, implies that many of the applications using TiN can

be replaced witle-TigN, which is an insulator rather than a
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