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The electronic structures of titanium nitrides TiN, have been investigated by x-ray pho-
toelectron spectroscopy over the entire composition range of the rocksalt structure
(0.5<x <1). The valence-region spectrum of stoichiometric TiN is consistent with results
of band-structure calculations. The filling of a defect state at about 2-eV binding energy
with decreasing x is explicitly demonstrated. Experimental results are compared with dif-
ferent models for calculation of the electronic structure of anion-deficient rocksalt
transition-metal compounds. Variation of the core-level binding energies indicates a de-
crease of the ionicity in TiN, with decreasing x. The Ti2p satellite structure found for
nearly stoichiometric samples is discussed in terms of screening of the core hole by the con-

duction electrons.

I. INTRODUCTION

Transition-metal carbides and nitrides have long
been of special interest due to their unusual com-
bination of physical and chemical properties."?
They display high melting point, ultrahardness, and
good corrosion resistance—properties which are typ-
ical of covalent crystals—as well as thermal and
electrical conductivities comparable to those of pure
transition metals. This remarkable behavior has
prompted a number of band-structure calcula-
tions>~7 which now provide good understanding of
these materials. The calculations show that the non-
metal 2s states (at about 11 eV below the Fermi en-
ergy for the carbides, and 15 eV for the nitrides) are
well separated from the valence-band structure at
5—6 eV below the Fermi energy that is built up
from nonmetal 2p states which are strongly hy-
bridized with metal d states. The density of states
(DOS) falls to a minimum corresponding to the
completion of the hybridized p-d states, then rises
again due to states having mainly metal d character.
The filling of these states and the position of the
Fermi level is determined basically by the total num-
ber of valence electrons, i.e., in TiC (eight valence
electrons) the Fermi level will be at a minimum of
DOS, while in TiN (nine valence electrons) some d
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states are filled and the Fermi level occurs in a
higher DOS region. Many experimental studies
have demonstrated the essential features of this
model to be correct for both the carbides® and the
nitrides. Studies of the electronic structures of the
transition-metal nitrides involve spectroscopies such
as x-ray photoelectron spectroscopy (XPS),’ ultra-
violet photoemission spectroscopy,”’~!! angle-
resolved photoelectron spectroscopy,'>!® electron-
energy loss spectroscopy,!! x-ray emission,*~17 and
absorption,'®~!® and optical spectroscopies.'* %
Studies on carbonitrides have also been reported.’!??

The ability of the transition-metal carbides, ni-
trides, and oxides to exist over a wide range of
stoichiometries is another remarkable feature of
these compounds. Vacancies can be introduced into
the nonmetal fcc sublattice, but for the oxides where
vacancies are also present in the metal fcc sublattice.
The physical properties of the compound are modi-
fied by the introduction of vacancies, and the under-
standing of the electronic structure in a non-
stoichiometric compound represents a particularly
interesting challenge. The possible influence of the
vacancies on the electronic structure depends
markedly on the theoretical model used. According
to some theoretical models,”> 2 one of the most im-
portant effects of the vacancies is the creation of
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new filled states in the nonstoichiometric com-
pound. Other theoretical models,?*?” however, do
not predict these new states but suggest that elec-
trons introduced by anion deficiency occupy the
conduction band. Despite the very large field of in-
vestigations offered by the nonstoichiometric
transition-metal compounds, experimental results on
the electronic structure are yet limited,” 202830
and very few”?® have focused on the controversy re-
lating to the creation of new states. As the depar-
ture from the stoichiometry can be very large in the
transition-metal compounds under consideration, it
appeared to us that an investigation covering the en-
tire composition range of a nonstoichiometric NaCl
phase would be particularly profitable. Titanium ni-
tride is then a good candidate since the rocksalt
phase is obtained over a wide range of composition
from TiNj s to TiN, ;. XPS is well adapted to elec-
tronic structure studies since it is a very efficient
probe of the DOS of a compound.

This paper reports the first XPS study of TiN, to
cover the entire composition range of the NaCl
phase. Section II deals with experimental procedure,
special attention being given to the contamination
problem which can have drastic effects on the XPS
results of these compounds. Section III presents the
results; in particular, we focus attention on the ex-
perimental valence-band structures in relation to the
different theoretical approaches to the vacancy
problem. The effect of vacancies on the XPS core-
level peaks is also discussed.

II. EXPERIMENTAL

One major difficulty when studying sub-
stoichiometric vacancy compounds such as TiN, is
to obtain materials free of bulk or surface contami-
nants. The study of single crystals would probably
represent an optimal approach. Unfortunately,
monocrystals have been grown only for selected
nearly stoichiometric compositions, and strongly
nitrogen-deficient crystals cannot be obtained by es-
tablished procedures. As an alternative, the sputter-
ing technique is of interest since it allows the
preparation of TiN, films with nitrogen content
varying over the entire composition range of the
rocksalt phase. Moreover, film preparation in a
clean vacuum limits the level of contamination. The
TiN, samples studied in the present work were po-
lycrystalline thin films (~2000 A thick) deposited
by reactive sputtering from a Ti target in an Ar-N,
atmosphere onto Mo substrates heated at 300°C.%!
X-ray diffractometry demonstrated the presence of a
single NaCl phase, whose cubic lattice parameter in-
creased with increasing nitrogen content.! The com-
position of selected films was obtained by nuclear-

reaction microanalysis. These values provided the
reference points for x standardization of the compo-
sitions derived from XPS measurements, using the
intensity ratios between the N1s and Ti2p core
peaks. The XPS stoichiometries obtained in such a
way are in good agreement with the nominal
stoichiometries, the deviation on the nitrogen con-
tent x being less than +0.03 units over the whole
range of TiN, compositions. The stoichiometries
reported in the text are based on XPS. They are tru-
ly representative of the surface region investigated in
the XPS experiment (typically about 50 A). Note
also that their relative precision is only dependent on
the statistical precision of the experimental data,
enabling the composition parameter x in TiN, to be
determined to within +0.02.

The XPS spectra were taken with a Vacuum Gen-
erators ESCA III spectrometer using the unmono-
chromatized MgKa radiation (hv=1253.6 eV).
The experimental resolution was 1.1 eV. The base
pressures in the analyzer and the preparation
chambers were 107!° Torr. Prior to the measure-
ments, the surface of the sample was very slightly
argon etched in order to remove the natural protec-
tive titanium-dioxide coating. Then the samples
were annealed at about 1100 K by electronic bom-
bardment to ensure the removal of possible implant-
ed argon and the reconstruction of a crystalline sur-
face with proper stoichiometry. During the anneal-
ing, the pressure was not allowed to rise beyond
3x107° Torr. Note that annealing the sample
without removing the titanium-dioxide coating
might induce some undesirable contamination of the
~2000-A-thick TiN, layer through the diffusion of
oxygen atoms into it. After the annealing, the pres-
ence of weak O ls and C Is core peaks revealed the
presence of small amounts of oxygen and carbon
contaminants. This is not surprising, as the nuclear
reaction microanalysis proved the layers to contain
around 1—2 % of oxygen or carbon atoms. The C 1s
signal due to carbon species adsorbed on the surface
was easily distinguished from that due to carbon in
lattice sites.*® Comparison with the C 1s signal from
a titanium-carbide sample demonstrated that the
carbon level probed by XPS is similar to the bulk
value found by nuclear microanalysis. The O 1s sig-
nals from oxygen adsorbed on the surface and oxy-
gen bound into lattice sites have indistinguishable
binding energies. However, previous experiments on
the adsorption of oxygen on titanium>? give us con-
fidence that the O 1s signal comes mainly from ad-
sorbed oxygen. In particular, the intensity of the
O 1s signal was increased by tilting the sample to en-
sure acceptance of electrons at small angles of
photoemission. Nuclear microanalysis and XPS
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core-level analysis leads us to estimate that the oxy-
gen amount in the bulk should not exceed 3%.

Figure 1 shows the XPS valence-band spectra
from titanium oxynitride, titanium carbonitride, and
titanium nitride samples. In the two former spectra,
the signals originating from O2s- and C2s-like
states are easily identified at binding energies around
23 and 12 eV, respectively. (The binding energies
refer to the Fermi level) Even though small
amounts of carbon and oxygen contaminants may,
in principle, induce some distortion in the TiN,
XPS valence band, we may take our data to be
representative of a pure TiN, phase provided that
there are no detectable O 2s and C 2s signals.

Hochst et al.® suggested that an annealing pro-
cedure was inappropriate to the cleaning of sub-
stoichiometric titanium nitrides as it would produce
only the stoichiometric composition near the sur-
face. Our results provide clear contrary evidence of
the efficiency of the annealing procedure in cleaning
nonstoichiometric materials. Of the range of TiN,
compositions we studied, the only sample signifi-
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FIG. 1. Valence-band photoemission spectra from ti-
tanium oxynitride (low), titanium nitride (middle), and ti-
tanium carbonitride (high) samples.

cantly modified by prolonged annealing was
titanium-deficient TiN; ;. This sample lost nitro-
gen to yield a film with composition near that of
TiNg . With lower nitrogen concentrations, only
small variations in stoichiometry could also be
detected after prolonged annealing. But as it is pos-
sible to determine the stoichiometry by XPS core-
level analysis, this is more an advantage than a trou-
ble since it allows one to follow the evolution of the
XPS as a function of small change in the TiN,
stoichiometry.

III. RESULTS AND DISCUSSION

A. Evolution of the valence-band structure in TiN

Figure 2 shows the XPS valence band of nearly
stoichiometric titanium nitride TiNgg;. The back-
ground arising from secondary electrons has been
substracted in order to facilitate comparison with
the DOS calculated for stoichiometric TiN by Neck-
el et al.> The positions of the three main peaks at
16.6, 6, and 0.6 eV are in good enough agreement
with the theoretical calculation, which allows us to
identify respective maxima in the DOS due to a
nearly pure N 2s band, a valence N 2p band originat-
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FIG. 2. Valence-band photoemission spectra of TiNy g7
after subtraction of the secondary electrons’ background.
Comparison with the total and partial DOS from Ref. 5.
The partial N2s DOS is nearly equivalent to the total
DOS peak at 15-eV binding energy.
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ing from mixed nitrogen p and metal d states, and a
nearly pure metal d conduction band weakly mixed
with nitrogen p states. Our spectrum is in good
agreement with that previously reported for
stoichiometric TiN by Hochst et al.® using mono-
chromatic AlKa radiation. It also resembles spec-
tra recorded by Johansson et al.!® using synchroton
radiation in the energy range of 70—190 eV, and
classical Hel and Hell resonance radiations. The
only discrepancy between experimental spectra and
calculation is a slightly smaller value of the N2s
binding energy for the latter.

Surprisingly, the relative intensities of the three
main bands are difficult to understand on the basis
of the Gelius model®® of partial DOS weighted by
the differential atomic photoionization cross sec-
tions. The high intensity of the N 2s band in the x-
ray photoelectron spectra conforms with the high
photoionization cross section for N 2s levels relative
to N 2p and Ti 3d levels reported in Scofield’s calcu-
lations.>* The surface intensity ratio between the
N2s- and Ti3d-like bands also conforms quite
reasonably with the theoretical N 2s to Ti3d cross-
section ratio. But the intensity of the 6-eV structure
is too high to be reconcilable with the theoretical
N2p—Ti3d cross-section values. A possible cause
of intensity enhancement of the 6-eV structure could
be oxygen surface adsorption. However, the relative
intensity of the structures in the spectra reported by
Hochst et al.’ does not differ substantially from
ours, though these authors noted no trace of surface
contamination. It is equally remarkable that the
TiN valence band recorded with different uv lines’
do not display the marked dependence of relative in-
tensities upon energy of the incident radiation which
is expected from cross-section calculations.®> One
would anticipate an increase in the 3d band intensity
and a decrease in the 2p valence-band intensity as Av
increases. Hochst et al.?® have also reported that a
very large enhancement of the C2p photoionization
cross section above its atomic value must be postu-
lated in order to account for the intensity of the hy-
bridized p-d band in the XPS from NbC. It is gen-
erally considered that band intensities in XPS are
governed by partial DOS weighted by an atomic
cross section: In the XPS regime the dominant con-
tributions to valence-level photoionization matrix
elements are expected to come from regions near the
nucleus where the wave functions should be free-
atom-like.’>?* It seems, however, that the applica-
bility of the model to compounds like TiN or NbC,
where there is strong band hybridization, may be
questionable.

Figure 3 shows the evolution of the XPS valence
band with the composition parameter x in TiN,
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FIG. 3. Valence-band photoemission spectra of TiN,:
evolution with the stoichiometry. All spectra have been
normalized to the Ti 3p core-level intensity.

(0.54 <x <0.97). The main features are as follows.
First, the decrease in the intensity of the N 2s band
with decreasing nitrogen content is in quite satisfac-
tory agreement with TiN, stoichiometry. This
behavior is not unexpected in view of the nearly
pure N 2s character of this band. Second, the total
intensity of the d-like band, between 0 and 2.5 eV,
increases as x decreases. This can be qualitatively
understood on the basis of the simple picture: As x
decreases, the number n of available p states
(n =6x) decreases, less d electrons can be accommo-
dated in the p band and a progressively larger num-
ber are transferred to higher unoccupied d states. It
transpires, however, that this crude model is unable
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to take account for the detailed structure of the d
band (see below). Finally, the band structure around
6 eV appears only little affected by the change in
TiN, stoichiometry. This could be due to some
compensating effect of the differential photoioniza-
tion cross sections on the strongly hybridized p-d
states of the band.

We focus now on a more detailed discussion of
the two lowest-lying bands. Typical spectra are
shown in Fig. 4(a). The increase in intensity of the d
band with decreasing nitrogen content originates
mainly from the appearance of a new structure at
around 2-eV binding energy, where there is a valley
in the DOS for stoichiometric TiN. The concomi-
tant increase of DOS at the Fermi level is rather
small. The spectra also exhibit a slight narrowing of
the N 2p-like band as x decreases. The new struc-
ture was first noted by Hochst et al.® in their study
of a single-crystal TiNgz. After verificiation that
this structure could not be attributed to metal segre-
gation at the surface or to oxygen adsorption at the
vacant sites, they concluded that it originated from
occupied defect states. Our results confirm the ear-
lier work (see, for example, the effect of oxygen in
Fig. 1) and demonstrate additionally that changes in
the “defect” structure correlate with the
stoichiometry. In particular, the intensity of the
new peak increases with the nitrogen vacancy con-
centration, strongly supporting its assignment to an
occupied defect state. Hochst et al.?® also noted the
appearance of an additional structure at about 1.9
eV below the Fermi level in the XPS of NbCj gs
which was not present in the XPS of NbC o¢.

The great difficulty in theoretical calculations of
the electronic structure of nonstoichiometric materi-
als is due in large part to the problem of taking
proper account for the lattice vacancies. Various
approaches have been developed, especially for
rocksalt-structure  transition-metal = compounds.
DOS calculations have been done by Klima for
TiC, (Ref. 26) and TiN,,* and by Klein et al.?’ for
NbC,, TaC,, and HfC,. These authors used the
coherent potential approximation (CPA) in a linear
combination of atomic orbitals basis. Cluster calcu-
lations have been performed by Schwartz and
Rosch’” for niobium carbide, and by Ries and
Winter?® for niobium carbide and vanadium nitride
using the multiple-scattering self-consistent-field
(SCF) Xa approximation. Recently, energy-band
structure and DOS have been obtained by Wimmer
et al.** for the long-range-ordered vacancy com-
pound Nbg 7509 75. They carried out self-consistent
calculations for the real Nby 750 75 structure as well
as for stoichiometric NbO with a hypothetical NaCl
structure using the augmented-plane-wave (APW)
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FIG. 4. Comparison of TiN, valence-band photoemis-
sion spectra with CPA and cluster calculations. All spec-
tra have been aligned on the Fermi energy. (a) Experi-
mental spectra normalized to the Ti3p core-level intensi-
ty. x=0.94, ——; x=0.75, ——; x=0.69, — — —;
x =0.54, - - . .. Note the increase of the new structure at
~2 eV binding energy with decreasing x. (b) TiN, densi-
ty of states from CPA calculations (Ref. 36). x =1, ——;

x =0.8, ; x=0.6, - - - -. (c) SCF X, partial DOS in
53-atom NbC cluster from Ref. 25. Low is without va-
cancy. C site: ng ™, ———; Nb site: Nj'®, ——; high
is with C(000) vacancy. C site: n,*, — — —; Nb site:
Ny

method.

Klima’s calculations®® are of particular interest to
us since they represent the only theoretical study of
TiN, over its entire composition range. The com-
puted total DOS are shown in Fig. 4(b). All the
curves have been aligned on the Fermi level in order
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to make comparison with the experimental spectra.
CPA calculations verify simple arguments based on
a rigid-band picture. Removing a nitrogen atom de-
creases the number of N2p states, liberating three
electrons per N atom which are transferred to empty
d states above the Fermi level of the stoichiometric
compound. Thus the Fermi level rises and the DOS
at the Fermi level n (Er) increases with decreasing
nitrogen content. Though the experimental spectra
exhibit this variation of n (Ef), it is much less than
predicted by CPA calculations. Magnetic suscepti-
bility or specific-heat-capacity measurements allow
a determination of the DOS at the Fermi level and
would be relevant for comparison. We are not
aware of such experiments for TiN,, but paramag-
netic susceptibilities have been reported for the
analogous system ZrN,.%® Here there is qualitative
agreement with CPA calculations and XPS results
in that the paramagnetic susceptibility of ZrN, in-
creases with decreasing x.

CPA calculations predict a Fermi-level shift of
0.5 eV from TiN to TiNj ¢ This behavior is hardly
noticeable from XPS where only a very small
change in the position of the p bands relative to the
Fermi level can be observed. The major visible
discrepancy between the CPA DOS, and the XPS
spectra relates to the failure of the calculations to
predict the new defect structure between p- and d-
like states for substoichiometric compounds. In the
CPA calculations the vacancies are modeled by set-
ting their energy €’= o, which is equivalent to elim-
inating the terms in the Hamiltonian corresponding
to allowed electron hopping to the vacant site.
Huisman et al.?* have proposed a quite different ap-
proach to the vacancy problem in their study of the
mechanism for vacancy stabilization in TiO and
TiC. They chose €’ to have a small finite value, thus
permitting an electron to have a nonzero amplitude
on a vacant site. In this model the presence of va-
cancies in the TiO lattice produces a new band of
defect states to appear between the O2p band and
the Ti3d band. These states are associated with the
interactions occurring in the metallic cluster of ti-
tanium which forms around an anion vacancy. In
this connection, real-space approaches such as clus-
ter calculations are of great interest, as an alterna-
tive to band-structure calculations which are seri-
ously complicated when the translation symmetry is
destroyed by vacancy formation. However, we are
aware only of published DOS calculations for NbC
clusters.?>3” NbC is relevant as a material for quali-
tative comparison with TiN as the two compounds
are isoelectronic and APW calculations reveal that
their DOS profiles are strikingly similar.>* In par-
ticular, the same two groups of DOS peaks are

found for NbC (Ref. 39) as for TiN,> with the metal
d-like states near the Fermi level and the anion p-
like states at around 5—6 eV binding energy. The
main differences are more pronounced p-d mixing in
the carbide and a slight destabilization of the C2p-
like band relative to the N 2p-like band of TiN. In
Fig. 4(c) the results of SCF Xa calculation for the
NbC cluster are shown, with and without carbon va-
cancy.”’> When a carbon vacancy is introduced into
the 53-atom cluster, a new level appears at around
2-eV binding energy. The corresponding wave func-
tion has a dominant contribution from an s-like
wave in the vacant carbon sphere, but also has signi-
ficant amplitude on the six Nb(100) atoms adjacent
to the vacancy. This result provides strong evidence
that the structure around 2 eV in the XPS of sub-
stoichiometric TiN, is due to vacancy states.

The calculations of Wimmer et al.?* on
stoichiometric niobium monoxide Nbg 7500 75 pro-
vide additional insight into the vacancy problem.
This compound crystallizes in a structure which is
derived from that of NaCl but with 25% vacancies
on each sublattice. As the vacancies have long-
range order, it was possible to perform calculations
using rigorous, well-established band-structure
methods. As the primitive unit cell for Nbg 750¢ 75
contains three NbO units, nine O p bands were ex-
pected in the energy-band structure. Actually, one
more supplementary band was found in the energy
range spanned by the O p bands. This band, which
mostly lies below the Fermi energy, is induced by
the vacancies and is mainly occupied with electrons
originating from Nb d—like wave functions. In the
DOS of Nbg 750975, this “vacancy band” gives a
well-defined structure, mainly d-like in character,
lying between the Fermi energy and the structure
built up from the O p states. Comparison of the
Nbyg.7509.75 DOS and of the DOS obtained for the
hypothetical fully stoichiometric NbO compound
makes clear evidence of the appearance of this new
structure in Nbg 750¢ 75. The maximum intensity of
the new structure occurs at around 1.5 eV below the
Fermi energy. Despite the fact that vacancies in
TiN, are not ordered, this provides additional
theoretical support to the argument that vacancies
induce supplementary structure in the DOS profile.
These new states are situated below the conduction
band of the stoichiometric compound and must be
filled before the narrow conduction band. Thus the
intensity of the vacancy band in XPS [the feature 2
eV below Efr in Fig. 4(a)] increases with increasing
anion vacancy concentration. Note also that n (Ef)
increases much more slowly than expected from the
CPA calculations, which fail to take proper account
of the creation of new vacancy states.
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B. Ionicity, electronic localization, and stoichiometry

We turn now to analysis of core-level spectra
which reveal interesting changes with varying
stoichiometry. The binding-energy shift relative to
the Fermi energy AEp of Ti2p core lines between
metallic Ti and TiN has been found equal to 1.2
(+0.1) eV, in agreement with previous reports.* %41
Neckel et al.’> computed the charge transfer for
TiN. It emerged from their APW calculations that
there was transfer of around % electron per Ti atom
from titanium to nitrogen spheres, in qualitative
agreement with the measured core-level shifts. In
nitrogen-deficient materials, the Ti2p core-level
shifts AEp decrease from 1.2 eV in TiN to a
minimum value of 0.7 eV in TiNps. Chemical
shifts of the TiLy j;; x-ray emission lines reported
by Holliday'* on the TiN, series show very similar
variation. Hochst et al.® do not mention any change
in the core-level binding energies between TiN and
TiNp g, but the XPS chemical shift between these
two compositions is small and possibly within the
range of the experimental uncertainty. Stoichiom-
etry-dependent chemical shifts in XPS have also
been reported for the metal core lines from several
transition-metal carbides series.’% %42

The interpretation of core-level shifts in terms of
charge transfer is difficult because other effects such
as changes in crystal potential, relaxation energy,
and reference level may also introduce shifts in
core-level binding energies. In the case of the series
TiN,, an alternative is to consider the difference of
binding energies between the Ti2p;,, photopeak and
the N 1s photopeak. The plot of this difference as a
function of the TiN, stoichiometry (Fig. 5) is actu-
ally more informative of the variation of the charge
transfer since differences in relaxation energies for
Ti and N core holes should be similar, and
reference-level effects are no longer relevant. Calcu-
lations show that the crystal potential cannot induce
a very significant change in the N 1s—Ti2p;,,
binding-energy difference with varying TiN, com-
position (typically less than 0.1 eV). Figure 5 shows
an increase in the N 1s—Ti2p;, difference with x.
This behavior truly reflects an increase in charge
transfer from titanium to nitrogen as x is increased.
A simple model for the bonding in transition-metal
compounds® provides a means of analyzing the ef-
fect of removing nitrogen from the TiN lattice. In
the NaCl-like structure the Ti3d-eg orbitals are
pointed towards the N2p orbitals enabling anion-
cation o overlap. The Ti3d-t2g orbitals overlap to
some extent with the N2p orbitals in a #-like
fashion. The strong covalent mixing of cation and
anion levels explains the refractory properties of

N'd band™ ;o3
N Ti3p o o
0.02} \
001+ \ .
0+ ) ,L
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FIG. 5. Binding-energy difference between the Ti2p;,,
and the N 1s core peaks vs the TiN, stoichiometry (low).
Intensity ratio between the d band and the Ti 3p core peak
vs the TiN, stoichiometry (high). The intensity of the d
band is estimated from XPS valence-band spectra by sub-
traction of the secondary electrons’ background and strip-
ping of the N 2p-like band structure.

these materials. Partial ionic character also occurs
in the bonding, as shown by the progressive decrease
of refractory character from TiC, through TiN, to
TiO.® Increasing the ionic character, with the elec-
tronegativity difference, leads to lowering of the
cohesive energy of the crystal. Metal-metal o bond-
ing occurring through the overlap of the Ti3d-t2g
orbitals of neighbor titanium atoms mediates the
metallic electrical conductivity of these materials.
Removing a nitrogen atom allows the six titanium
atoms surrounding the vacancy to regain some of
the electron density they had originally transferred
as a result of bonding, thus decreasing the net
charge transfer in the material. In our qualitative
band model it was seen that the electrons left behind
after the departure of a nitrogen atom are accommo-
dated in higher states either of the Ti3d-t2g band
near the Fermi level or in the vacancy states. In
Fig. 5 we also show estimates of the number of d
states obtained from the XPS valence-band spectra
after subtraction of the background and stripping of
the N2p-like band structure. The aim here is to
show the correspondence between core-level and
valence-band measurements: As x decreases, the
ionicity decreases and the electronic population of
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states belonging chiefly to the metal increases.

We turn finally to discuss the shape of the titani-
um core peaks. The Ti2p signals recorded for dif-
ferent TiN, compositions are shown in Fig. 6. A
striking feature is the appearance of a strong satel-
lite structure at around 2.2 eV to the high binding-
energy side of the Ti2p doublet lines for composi-
tions approaching the stoichiometric value. This ad-
ditional structure is also found in the Ti 3p spectra,
but as the Ti3p,,,—Ti3p;,, doublet is not resolved,
it manifests itself in a broadening of the Ti 3p photo-
peaks. To our knowledge there exist only three pub-
lications referring to XPS core-level measurements
on TiN.>%*! Hochst et al.’ did not mention satel-
lite structure but the Ti2p spectra were not shown.
The Ti 2p spectrum reported by Simon et al.*! is un-
fortunately obscured by the Ti2p signal from a TiO,
layer covering their inadequately cleaned TiN sam-
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FIG. 6. Ti2p XPS spectra from TiN, and from metal-
lic titanium.

ple. The Ti2p of the TiN spectrum shown by
Ramgqvist et al.** contains a satellite structure at
around 2.5 eV from the main Ti2p, ;. 3, lines, attri-
buted to signals originating from an oxidized sur-
face. However, the binding energies are smaller
than those from TiO, (by about 1 eV, as far as we
can estimate from their figure). Throughout exten-
sive investigation of the oxidation of titanium,’>*
and of titanium carbides, nitrides, or oxides,* we
have never seen Ti 2p signals originating from an ox-
idized surface whose binding energy was not very
close to that of TiO, itself. We presume, conse-
quently, that the satellite structures in the spectrum
of Ramgqyvist et al. have the same origin as those in
Fig. 6.

Complex core-level structure has been encoun-
tered in the photoelectron spectra of a wide range of
metallic materials, including tungsten bronzes,***’
metallic oxides,”® alloys,*”* and simple metals.’!
The interpretation of these satellites is by no means
uncontroversial, and radically different interpreta-
tions have been advocated. For example, W 4f satel-
lites in the sodium-tungsten bronzes have been taken
to indicate, on one hand, the presence of several
valence states in the initial state of the material,*’
and on the other, to represent final-state effects in
the photoemission process.**>> The occurrence of
different valence states in the initial state does not
seem consistent with the itinerant properties of the
conduction electrons or with strong covalent bond-
ing in materials such as the tungsten bronzes or the
titanium nitrides. Satellite structures in XPS may
have various possible causes® and qualitative inter-
pretation may often be obtained by resorting to dif-
ferent theoretical approaches. However, good quan-
titative agreement with theory is more difficult to
find, as shown by the exhaustive treatment from
Chazalviel et al.*¢ on the problem of the W 4f satel-
lites in the Na,WO; series. To some extent the
titanium-nitrides series present some similarity with
the sodium-tungsten bronzes series, as the number of
electrons entering the conduction band can be varied
along with the stoichiometry.

Ionization of a core subshell produces a strong
electrostatic perturbation which can pull down a lo-
calized state from the conduction band.** This lo-
calized state can become occupied or remain empty
in the XPS transition, thus corresponding to the ob-
served main line and satellite line, respectively. This
model is attractive because it allows one to link the
relative intensity between satellite and the main line
to the occupancy of the conduction band: The prob-
ability of filling the localized state depends on the
occupancy of the band. Fuggle et al.*® restated this
problem in terms of core-hole screening. If an elec-
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tron is transferred from the Fermi level to the local-
ized “screening” state, the total energy of the final
state will be lowered thus giving the “well-screened”
main XPS peak. If not, the total energy of the final
state will be higher, giving the “poorly-screened” sa-
tellite XPS peak. The screening will depend on the
coupling of the localized screening state to the other
occupied levels of the initial state, and as a corollary
to the degree of localization of these levels.

By applying these ideas to our results on TiN,, it
seems logical that for lower x the Ti2p spectrum ex-
hibits essentially the well-screened 2p, ,,.3,, doublet.
In this case the number of conduction electrons per
metal atom is large enough that we can suppose the
electrons associated with the vacancy band to be
very effective in the screening process. As a matter
of fact, band-structure calculations on Nbyg 750 75
have found that the vacancy band has an energy
dispersion typical for a nearly-free-electron band.?*
The question now arises as to the reason for the oc-
currence of Ti2p satellite structures which appear
for the higher x value. According to our results, the
appearance of satellites seems to be strongly depen-
dent on the composition parameter x for TiN,. The
limiting condition for the occurrence of satellite
structures can be roughly estimated as x >0.8. As
seen from the evolution of the valence-band spectra,
the decrease in the number of vacancies affects pri-
marily the total number of conduction electrons, and
more specifically, the number of electrons in the va-
cancy band. It is clear that decreasing the number
of vacancies must lead to a situation when the va-
cancy states can no longer form a band, and thus
must become localized. The critical concentration
for this transition depends on the extension of the
vacancy states over the lattice. Cluster calculation
on NbC (Ref. 25) shows that the states associated
with an anion vacancy do not extend beyond the six
near-neighbor metal atoms, revealing that this
resonant vacancy state is strongly localized in real
space within a radius of about one lattice constant.
The sudden appearance of strong Ti 2p satellites sug-
gests that the ability of the Ti 3d electrons to screen
the core hole created during the XPS process de-
creases discontinuously with increasing N content.
A plausible explanation for the evolution of the sa-
tellite structure is as follows: As long as vacancies
are in sufficient number to allow overlapping of the
wave function and formation of a band, the screen-
ing of the core hole will be good. But when the
number of vacancies becomes too small, overlapping
cannot extend over the entire crystal and vacancy
states become localized in the vacancy sites. The
probability of core-hole screening drops dramatical-
ly, with a corresponding increase in the intensity of

the unscreened final-state satellite. Although the de-
crease in the total number of electrons in the con-
duction band as x increases would also act to reduce
the screening probability, the sudden appearance of
the satellite structures seems to demand a discon-
tinuous change in behavior of conduction electrons.
It is noteworthy that the vacancy concentration cor-
responding to the appearance of the satellite lines is
of the order that would be obtained by applying the
simple percolation-model approach®® to the
localized-delocalized transition of the vacancy
states.

There are two other important causes of appear-
ance of satellites in XPS core-level spectra that
could be pointed out, namely, plasmon excitation
and exchange coupling. The sudden appearance of
the satellites seems rather difficult to reconcile with
a plasmon-excitation process. Moreover, the excita-
tion of a plasmon giving a satellite line at #iw from
the main line should be accompanied by the excita-
tion of a second plasmon giving a satellite at 27w
from the main line. The intensity of the satellite
structures suggests the second plasmon excitation
would be detectable, but no evidence of this is found
in the spectra. Localization of valence electrons
may induce the splitting of core signals by exchange
coupling with the core hole. This effect has been
well characterized in compounds with almost fully
localized, unpaired, valence electrons.”> However,
exchange splittings will only appear in a simple
form in signals from s levels. In ionization of core
subshells having angular momentum, the exchange
coupling competes with the spin-orbit interaction to
yield several states, resulting in core-level shapes
more complex than those found from the present
Ti2p signals.

IV. CONCLUSION

Titanium nitrides TiN, have been investigated by
XPS over the entire rocksalt composition range
(0.5<x<1). The valence-band spectrum of
stoichiometric TiN is consistent with the DOS ob-
tained by APW calculations, but the intensity of the
hybridized N 2p—Ti 3d band is stronger than expect-
ed from atomic cross-section data. The valence-
region spectra of the substoichiometric compounds
show an increase in the number of electrons above
the N 2p-like valence band with decreasing x. How-
ever, this variation is due largely to increasing occu-
pation of a defect state some 2 eV below the Fermi
energy, rather than the filling of a “rigid” conduc-
tion band as the nitrogen vacancy concentration in-
creases. Comparison of the spectra with various
theoretical approaches to anion-deficient materials
shows that cluster and APW calculations provide a
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good description of the defect states in such com-
pounds.

The variation of N ls and Ti2p binding energies
with stoichiometry demonstrates a decrease in the
ionicity in TiN, as nitrogen atoms are removed.
The Ti2p core lines exhibit, in addition, satellite
structure for nearly stoichiometric compounds.
They are tentatively correlated with a decrease in the
screening ability of the conduction electron when
the composition approaches the stoichiometric
value.
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