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Abstract

In this work, sub-stoichiometric titanium carbides TiC, 4, nitrides TiNy,s and carbonitrides TiC,;5Ny3s have been
synthesized by multiple energy ion implantation at the surface of pure titanium. Changes in the binary and ternary alloy
electronic properties versus defect impurity and vacancy concentrations have been studied by valence X-ray Photoemission
Spectra (v-XPS). Moreover, self consistent Tight Binding-Linear Muffin Tin Orbital (TB-LMTO) calculations with empty
spheres in place of the missing nitrogen and/or carbon atoms gives, among other information, the total density of occupied
states in comparison with observed v-XPS. © 1997 Elsevier Science S.A
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1. Introduction

It is well known rhat titanium carbides, nitrides and
carbonitrides cxhibit rather exceptional physical
properties. Their zlectrical and thermal conductivities
are close to pure metals. Their melting points allow
them to be considered as refractory metals. The
chemical stability at room temperature and the corro-
sion resistance of these compounds are very high and
the corresponding hardness is amony the highest after
diamond [1,2]. However, it is virtually impossible to
produce these refractory compounds as single phases
with their nominal formulae. The electronic structure
of the corresponding stoichiometric and near stoichio-
metric metal compounds has been studied by many
authors for quite a long time (see e.g. [3,4])) because of
the following two reasons. The first one is related to
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the synthesis methods which allow us to prepare these
compounds quite easily near the stoichiometry. The
second one is the fact that the properties of these
materials were believed, so far, to be most interesting
near stoichiometry. Hence, much more is known about
the properties of these stoichiometric and near-
stoichiometric binary matcriais rather than far from
stoichiometry. In particular, the low carbon and nitro-
gen concentration limit of TiC, and TiN, compounds
as well as carbonitrides TiC,N, have not yet been
studied systematically as far as we know. In the pre-
sent work, using multiple energy (180, 100, 50, 20
keV) ion implantation at a surface of titanium, sub-
stoichiometric titanium carbides TiC, 4, nitrides
TiN, 45 and carbonitrides TiC, 35N, ;s have been syn-
thesized. For other concentrations we refer to a forth-
coming paper [20]. Several techniques were used in
order to characterize the layers thus synthesized [5-3].
All of the corresponding physical properties are re-
lated to their electronic structures. However, in this
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paper only our valence X-ray Photoemission spectra
(v-XPS) of Ti carbides, nitrides and carbonitrides are
compared to the corresponding total density of states
(DOS). The calculations presented here for the elec-
tronic siructure in the case of stoichiometric (and
non-stoichiometric) TiC,, TiN, and TiC,N, com-
pounds are performed within a self consistent Tight
Binding-Linear Muffin Tin Orbital (TB-LMTO)
method. For stoichiometric TiC, TiN and non-
stoichiometric TiC, and TiN, compounds, there are
many v-XPS results in the literature [9-13]. For stoi-
chiometric TiC and TiN compounds, peak positions
and widths agree fairly well with band-structure calcu-
lations [10,11], whereas for sub-stoichiometric TiC,
and TiN, some discrepancies were found [12] between
experimental and theoretical results [14a,b). Let us
emphasize that the v-XPS spectra of TiN, has already
been measured over the entire composition range of
the rocksalt structure (with 0.5 <x < 1) and analysed
in terms of various theoretical results [9]. The great
difficulty in theoretical calculations of the electronic
structure of non-stoichiometric materials is mainly
due to the problem of taking proper account of the
lattice vacancies. To treat the vacancy problem some
appropriate approximations have been made
{14a,b=17]. Recently, using a TB-LMTO method
[18,19] with ordered empty spheres for the vacancies,
we were able to analyse the experimental v-XPS spec-
tra for various concentrations of TiC, obtained from
ion implantativi. [8]. Here, we extend this work to
TiN, and TiC N, compounds in comparison with our
recent v-XPS data, Our calculations introduce empty
spheres, if necessury, in the place of the missing
nitrogen and/or catbea atoms, The paper is organ-
ised as follows, In Sec. 2 we present some experimen-
tal data for TiC,, TiN, and TiC,N, compounds with
a special emphasis on v-XPS spectra. Next (Section 3)
we give the results of our electronic structure calcula-
tions for a series of Ti carbides, nitrides and carboni-
n:ides. Section 4 is devoted to discussion and conclu-
sion,

2. Experimental study of TiC,, TiN, and TIiC,N,:
XPS results.

The XPS analysis was performed with a VG Il
apparatus equipped with two chambers: a preparation
chamber where the S-keV argon ion etches were
performed with a cold cathode ion gun and an anal-
yser chamber where the photoelectrons excited by the
AlKa radiation were analysed with a hemispherical
analyser. The analyser pass-energy was fixed at 20 eV
which corresponds to approx. 0.6 eV resolution. Tak-
ing into account the AlKe,, line width, the whole
apparatus resolution was approx, 1.2 eV. The energy
calibration was carried out by setting the Au 4f7/2,

the Cu L,VV and Cu 2p3/2 peaks at energies equal
to 84.0, 568.0 and 932.7 eV, respectively. The vacuum
was maintained at 107'" torr, during the measure-
ments with a cryo-pumping system. The XPS spectra
showed that the surfaces of several samples were
mainly covered with titanium oaide (probably TiO,)
which disappears quickly under argon bombardment.
In order to reduce selective sputtering effects by
argon bombardment on the surface composition, this
cleaning procedure was carried out under small inci-
dent angle. Thus, we believe that argon bombardment
did not extensively affect the recorded spectra. In
order to compare our experimental results to the
theory (see Sec. 3), the carbide, nitride and carboni-
tride valence band spectra are shown in Figs. 1-3 for
TiCy 49, TiNyy and TiC, 35N, s together with the
theoretical results. The carbonitrides display four
characteristic structures which can also be seen par-
tially in carbides and nitrides: (i) a peak at approx.
=16.5 eV, corresponding to the N2s electron band;
(i) another peak around —12 eV corresponding to
the C2s electron band; (iii) a strong peak at —5.5 eV
cGue to the Ti3d-C2p-N2p hybridization; (iv) a shoulder
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ig. 1. Experimental valence-XPS spectrum of TiCy 44 (full line)
compared 1o the caleulated TiCy ¢ 8 <0 total DOS (dashed line).
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Fig. 2. Experimental valence-XPS spectrum of TiN ¢ (full line)
mmpuud to the calculnted TiN, 4, 0 4 total DOS (dashed line).

near the Fermi level which is also observed in the
valence XPS of the sub-stoichiometric titanium car-
bides and nitrides and which will be interpreted in
terms of ‘vacancy states’ as explained below.

3. Electronic structure calculation of Ti carbides,
nitrides and carbonitrides

For simplicity our calculations are restricted to the
NaCl crystallographic structure which is adapted to
TiC, 40 Whereas TiN, , is a mixture of hexagonal and
NaCl structures. Nevertheless, a NaCl band structure
calculation of TiN, for the whole range of concentra-
tions already gives important information to be com-
pared to the v-XPS data [20). The same remark holds
for TiC,N,. The NaCl lattice is composed of two face
centred cubic (FCO) sub-lattices, one containing the
titanium atoms and the other the metalloid atoms (C
and/or N). Let us just recall that when the z-axis of
an FCC structure is perpendicular to its (111) face,
the structure becomes hexagonal with a=b =
a,/(2)"/? and ¢ = a,(3)"/2, where a,, is the FCC-lattice
constant. If ¢ is different than a,(3)'/2, the structure
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Fig. 3. Experimental valence-XPS speetrum of TiC, 35N 4 (full
line) compared to the ealowlated TiC, 35Nyas 045y total DOS
(dashed line),

can not be treated as FCC. At the moment this value
of c#ay(3)'?, of hexagonal TiN, s for example, is
not available. Thus we limit our theoretical study io
FCC and NaCl structures only. For the electronic
structure calculation we use the TB-LMTO method:
the exchange correlation effect is included through
Local Density Approximation (LDA). For Ti, we con-
sider s, p, d orbitals corresponding to four valence
electrons (3d2ds? 4p") for C we have 25°2p? electrons
and for N, 2s*2p* clectrons. The departure from
stoichiometry in TiC,0,_,. TiN,O,_, (0<x<1)
and TIC,N,O,_,., 0<x+y<1) is described by
ordered vacancies (O) with empty Wigner-Seitz
spheres in the metalloid lattice. Configurations Ti,Z,,
Ti,2,0, Ti, 2,0, T,Z,0, correspc)nd to x=1,
075 0.5, 0.25, reapectwely, and an increasing concen-
tration (1 =x) of vacancies with Z=C or N (8,20},
The stoichinmetric carbonitrides, Ti,C,N,, Ti,C,N,
and Ti,C;N,, correspond to TiC,N, with (x,y)=
(0.25, 0.75); (0.50, 0.50); and (0.75, 025) respecnvely
It is obvious that the lattice parameter of titanium
carbonitrides is a function of their composition. Thus,
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for stoichiometric TiC N,_, carbonitrides it varies
linearly from a = 0.4241 nm for TiN to a = 0.4327 nm
for TiC [20). Finally, for sub-stoichiometric carboni-
trides, Ti,C,N,0,, Ti,C,N,O, and Ti,C,N,O.,
correspond to TiC, N, O, with (x, y, 2) =(0.50, 0.25,
0.25); (0.25, 0.50, 0.25); and (0.25, 0.25, 0.50), respec-
tively, and a lincar interpolation for the lattice
parameter in the case of one or two vacancies per
unit cell [20). For the k-space integration by the
tetrahedron method, 405 k-points are used in the
irreducible Brillouin zone. This number of k-points is
found to be sufficient to obtain a completely con-
verged result. Also, all the electronic energies are
given with reference to the Fermi energy, Ep.

Figs. 1-3 also report the calculated DOS of TiC,, 5,
TiN, ¢ and TiC,, 55N, 25 in comparison with the corre-
sponding v-XPS spectra. As is well known, TiN is
qualitatively similar to TiC (Figs. 4 and 5), except that
for TiN, E; now falls above the pseudogap minimum
because of the additional 2p nitrogen electron. There-
fore n(Ep) is increased when going from TiC to TiN.
This effect is hindered when going from TiC,g, to
TiN, ¢, (Figs. 1 and 2), since, in the carbides, vacancy
states appear then as a superstructure closer to Ey
than in the case of the nitrides (see also Figs. 4 and
5). The total DOS of stoichiometric carbonitrides
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Fig. 4, ”Thmweti«ml total DOS of stoichiometric TiC, ,, as com-
pared o subwstoichiometric TiC, ) Oy .
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Fig. 5. Theoretical total DOS of stoichiometric TiN, ,, as com-
pared to sub-stoichiometric TiNy 5, O 4.

TiC, N, is shown in Fig. 6 for (x, y)=(0.50, 0.50),
The first two peaks on the left originete from N2s and
C2s and their intensities are proportional to y and x,
respectively [20}. Finally, Figs. 3 and 6 both teport our
calculated DOS for sub-stoichiometric carbonitrides
TiC,N, O, with (x, y, 2)=(0.25, 0.25, 0.50). Again,
we distinguish the N2s and C2s peaks on the left side
of the energy scale. Also vacancy states are visible as
a superstructure like a peak of density of states near
the Fermi level in agreement with the experimental
v-XPS spectrum of Fig. 3. Of course it is well known
that for any stoichiometric carbides, nitrides or car-
bonitrides there is no shoulder present at or near Ej
in the XPS spectra. To find out the origin of the
vacancy states near the Fermi level, we have studied
the individual contributions of different symmetries
coming from different atomic origins. This check
makes it evident that the vacancy state is mainly due
to Ti-3d, The overall weight of this orbital in the
vacancy state, for example just below the Fermi level,
is approx. 80% for TiC, 5y, TiNy 5, or TiCy 2Ny s

4. Concluding remarks

In order to facilitate the comparison between the-
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Fig. 6. Theorctical total DOS of stoichiometric TiCy syNysp a8
compared to subsstoichiometric TiC 55Ny 25 O y.50-

ory and experimental spectra we have shown our
calculated DOS of TiC,, sy and TiN, g, (Figs. | and 2)
just below the measured v-XPS of TiC,, ,, and TiN 4.
Although stoichiometry does not exactly coincide
between theory and experiment, the small peak within
1 eV below E; exists both experimentally and theo-
retically as well as the other structures below Ep.
There are slight differences of energy positions, how-
ever, the overall agreement is quite satisfactory. The
same agreement can be observed in Fig. 3 where we
compare our theoretical DOS of TiCy,:Ny,s to the
v-XPS spectrum of TiC,, 35Ny 15, although, here also,
the stoichiometries are slightly different. In conclu-
sion, we can say that we have been quite successful in

studying the interesting effect of atoms (C, N) and
vacancy concentrations on the electronic structure of
(sub)stoichiometric TiC,, TiN, and TiC N, com-
pounds. The existence of vacancy (superstructure)
states in the TiC, TiN and TiCN pseudogaps is con-
firmed both by our v-XPS measurements and our
ab-initio calculations.
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