
PHYSICAL REVIEW B VOLUME 47, NUMBER 3 15 JANUARY 1993-I

Electronic structure of insulating zirconium nitride

P. Prieto, L. Galan, and J. M. Sanz
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The electronic structure of Zr3N4, grown by low-energy (0.25 keV) N2+ implantation of polycrystal-
line zirconium has been investigated by x-ray photoelectron spectroscopy. Both the valence-band and
core-level spectra demonstrate the insulating characteristics of Zr3N4 as well as the metal-insulator
phase transition in ZrN when x = 1.33.

In this paper we report experimental data on the elec-
tronic structure and the chemical bonding of insulating
zirconium nitride (Zr3N4), as determined by valence-band
and core-level x-ray photoelectron spectroscopy (XPS).
Nitrogen-rich zirconium nitrides with a higher nitrogen
content than in ZrN, have been recently obtained by us-
ing low-energy ion beams. ' Furthermore, it was shown
that as the nitrogen content of ZrN exceeds x ) 1.2, a
new optically transparent and electrically insulating
phase appears to form. ' This metastable phase has been
reported for zirconium and hafnium but not for titanium
and, since the composition is close to an atomic ratio of
3/4, it has been denoted as Zr3N4 (Hf3N4), suggesting a
contribution of all the four valence electrons of the metal
to the valence band of the compound. '

A Josephson junction built with superconductor ZrN
and insulator Zr3N4 has been proposed, since these ma-
terials are related chemically and structurally and would
have a perfect match at the interface.

The electronic structure of ZrN for the entire sub-
stoichiometric range associated with the rocksalt struc-
ture (i.e., 0.5 ~x ~ 1) has been extensively studied both
theoretically and experimentally. Although the insu-
lating properties of Zr3N4 are obviously related to its
electronic structure, it appears that electron spectroscop-
ic studies of that phase have not been published. There-
fore, the XPS study we present in this paper seems well
motivated.

Polycrystalline Zr 25 pm thick has been used in this
work. After cleaning the surface by Ar+ sputtering and
annealing at 1300 K, zirconium nitrides ZrN were ob-
tained by low-energy (2.00 and 0.25 keV) N2+ implanta-
tion in a preparation chamber attached to the spectrome-
ter. The ion source was of the Penning type producing a
nitrogen ion current of = 5 pA on an area of = 5 cm . In
addition, thermally grown ZrN samples were obtained by
annealing the Zr foil at 1400 K in NH3 atmosphere
(PNH3 =4 X 10 Toll).

XPS spectra were recorded in a commercial LHS-10
spectrometer from Leybold using Mg E radiation as an
excitation source. Mg K 3 4 radiation satellites were nu-
merically subtracted. The analyzer was operated in the
constant-pass energy mode (E „,=20 eV) with an energy
resolution of =0.3 eV.

Figure 1 shows the XPS valence-band spectra recorded

for two different nitrides with average compositions
ZrNi 3 and ZrN, 0 (as determined by quantitative XPS)
obtained by N2+ implantation at 250 eV and 2 keV, re-
spectively. For comparison, the valence band for metal-
lic Zr has also been depicted. The spectra have been nor-
malized to the intensity of the corresponding Zr 3d line,
so that they represent the valence-band density of states
per Zr atom modulated by the respective photoionization
cross sections of the levels involved. The difference spec-
trum ZrN-Zr3N4 has also been included in Fig. 1 to em-
phasize the differences between both nitrides.

With reference to the valence-band spectra of the ni-
trides, previous experimental and theoretical data for
ZrN (Refs. 6—9) allow one to identify the large emission
band at 6 eV below the Fermi energy as due to N 2p
states strongly hybridized to Zr 4d states and the struc-
ture near the Fermi level as a nearly pure-metal Zr 4d
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FIG. 1. Valence-band photoemission spectra of Zr3N4, ZrN,
and Zr (as labeled) normalized to the intensity of the respective
Zr 3d core lines, and ZrN-Zr3N4 difference spectrum.
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band weakly mixed with N 2p states. In fact, the intensi-
ty of this d-like band between 0 and 2.5 eV has been ob-
served to decrease when x (ZrN ) increased from 0.5 to
1. However, no results existed for nitrogen-rich nitrides
(i.e., x ) 1). Figure 1 clearly shows that for ZrN» the
emission band just below EI; is almost completely depo-
pulated and the nitride transforms from metallic to insu-
lating, in agreement with results obtained from optical
and conductivity measurements. ' A simple quantification
of such a band by fitting it to the valence band of metallic
Zr gives a density of electrons per atom of Zr of nd =0.97
for ZrN& o and 0.3 for ZrN, 3. A more complete analysis
including other ZrN„samples over a wide range of com-
positions (i.e., 0~x ~ 1) (Ref. 10) shows that nd depends
linearly on x according to nd = (4—3x )+0.08 which
gives nd =0 for x = 1.33 (i.e., Zr3N4).

With respect to the valence band of ZrN, the band
structure of ZrN, 3 appears also affected around 4 eV.
This is also observed in the difference spectrum (i.e.,
ZrN-Zr3N4), where a double structure can be easily dis-
tinguished. According to our experience, ' that shoulder
at =4 eV is closely related to the use of low-energy N2+
ions. It appears to increase with composition x and be-
comes quite significant for ZrN, 3. In any case, it disap-
pears upon annealing at 1000 K. The difference spectrum
of Fig. 1 suggest that electrons near EI; are being
transferred to the new states at 3.5 and 4.8 eV, so that the
nitride becomes an insulator. The data provide a visuali-
zation of the emptying of the conduction band of ZrN
and the opening of a gap of =2 eV. In fact, existing
band-structure calculations and angle-resolved-
photoemission measurements ' suggest that emission at
that energy is associated with a band of 55 symmetry at
=3.5 eV whose electronic structure can be described as
pd„bands between the N p and Zr d orbitals (of t2s sym-

metry) which has an important ionic component. ' '"
According to that, we are observing an increased hy-

bridization and a stronger localization of the Zr d elec-
trons. Consequently, there is a larger charge transfer
from Zr to N and the bonding becomes more ionic. The
effect of such charge transfer in the core-level binding en-
ergies will be discussed below.

The structure of Zr3N4 is not known in detail. Schwarz
et a/. proposed a highly defective NaC1 structure with
Zr vacancies. The same authors also realized an aug-
mented spherical-wave band-structure calculation consid-
ering two different nitrogen sites, depending on whether
they were coordinated by four or six zirconium atoms.
Although they showed a significant lowering of the elec-
tron density at EF as compared with ZrN, the calcula-
tions still yield conduction. Probably, as the same au-
thors suggest, the occurrence of the insulating phase is
related to some kind of structure metastable with a coor-
dination of five for the nitrogen atoms. In fact, it ap-
pears that this metastable phase is mainly obtained by
methods assisted by ion beams, whereby bombardment by
energetic Nz ions increases the incorporation of nitro-
gen in the solid, so that films with nitrogen in excess can
form in response to an abundant N2+ Aux.

We turn now to the analysis of the Zr 3d and N 1s

TABLE I. Range of compositions x, Zr 3d binding energies
relative to the clean metal [b,Es(Zr 3d)], N ls binding energy
[Es (N ls)], and diff'erences in binding energies [bEs(Zr 3d-
N ls)] for the three phases a-Zr, ZrN, and Zr, N4. The error in
composition is +0.05 and in energy is +0.05 eV.

ZrN„EE~(Zr 3d) E~(N 1s)
x range (eV) (eV)

EE&(Zr 3d-N 1s )

(eV)

a-Zr 0—0 25 0—0 25
ZrN 0.7—1.00 0.6—1.3
Zr3N4 1.3 2.0

397.3
397.3
396.4

—218.30 to —218.05
—217.70 to —217.00

—215.4

core-level spectra, which also provide interesting infor-
mation. The experimental data are shown in Fig. 2 for
ZrN, 3 and ZrN obtained by N2+ implantation at 0.25
and 2 keV, respectively, as well as for a ZrN thermally
grown in NH3 atmosphere and for Zr metal. The results
of the line-shape fitting are also shown for both Zr 3d and
N 1s of every compound, showing that except for ZrN
obtained by implantation at 2 keV, where a small amount
of a second phase (i.e., Zr3N~) can be distinguished in
both the Zr 3d and N 1s, the other spectra correspond
well to single-phase compounds. For Zr3N4 the N 1s
spectrum also shows a second peak at =398 eV, which is

Zr3cl 1s

Zr N

Zr

ZrN

Zr-metal

t

188 184
1

180 176 397 393

BINDING ENERGY (eV)
FICx. 2. Least-squares analysis of the Zr 3d and N 1s XPS

lines of Zr3N4, ZrN obtained by N2+ implantation, ZrN ob-
tained by annealing in NH3, and clean Zr (see Table II and text).
The shadowed peaks correspond to the Zr3N4 phase.
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assigned to adsorbed nitrogen and accounts for about 0.4
surface monolayers. In fact, all the ZrN samples we
have studied, over the entire composition range (i.e.,
0 & x & l. 3) could be fitted in terms of the spectra for me-
tallic Zr with some dissolved nitrogen (i.e, a-Zr), ZrN,
and Zr3N4. ' The corresponding x range of existence, as
well as the energy position of the Zr 3d levels relative to
the metal, the N 1s binding energy, and the Zr 3d-N 1s
binding-energy difference, are given in Table I. With
respect to the metal, the Zr 3d-level shifts between 0.6
and 1.3 eV for the ZrN (0.7 & x & 1) are in good agree-
ment with previous reports, whereas N 1s remains at
397.3 eV over the whole compositional range. On the
contrary, when the stoichiometry reaches Zr3N4, both the
Zr 3d and N 1s undergo significant shifts in opposite
directions (i.e., 0.7 and —0.9 eV with respect to ZrN), in-
creasing significantly the N 1s—Zr 3d binding-energy
difference (cf. Table I). All that is a clear indication of
the electronic changes and charge transfer from Zr to N,
which occur when the stoichiometry is changed from
ZrN to ZrN, 3, so that the bond becomes more ionic, the
charge is more strongly localized, and ZrN& 3 becomes an
insulator. The shape of the Zr 3d core lines also supports
the above-mentioned changes in electronic structure and
bonding properties. The peaks were well fitted in terms
of Doniach-Sunjic functions' ' convoluted with the
analyzer resolution function (full width at half maximum
equals 0.3 eV) and the spectrum of the excitation source
(i.e., Mg IC ). An examination of Fig. 2 shows that there
is a long tail toward higher binding energies in the case of
ZrN. This tail, although not so pronounced, is also
present in the case of the metal but it is barely observable
for Zr3N4. In fact, the asymmetry parameter e deduced
from the analysis of the spectra (cf. Table II) is 0.15 for
Zr, 0.3 for ZrN, and 0.005 for Zr3N4. According to
Doniach and Sunjic, ' the tail of the lines (i.e., a) is close-
ly related to the coupling of the core hole with the elec-
trons at the Fermi level. Therefore, the observed in-

TABLE II. Best-fit parameters for the line shapes of the Zr
3d XPS spectra of Zr, ZrN, and ZrN, 3

Gaussian
width (eV)

Lorentzian
width (eV)

Zr
ZrN
ZrN( 3

0.39
0.74
1.17

0.45
0.52
0.45

0.15
0.30
0.05
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creased of a from Zr to ZrN is just an indication of the
enhanced conductivity of ZrN with respect to the metal,
as well as a higher valence-electron density, and of a
more effective screening of the 3d hole by the conduction
band of ZrN with increased p character. However, from
the absence of asymmetric broadening in the case of
Zr3N4 one concludes that the density of conduction elec-
trons vanishes and, therefore, the coupling is much weak-
er, which is in agreement with the observed enhancement
of the localization of the valence electrons and the open-
ing of a band gap at the Fermi level. ' ' Furthermore,
Table II clearly shows that whereas the Lorentzian con-
tribution to the line (i.e., the intrinsic width of the core
hole) is almost the same for the three compounds, the
Gaussian contribution increases noticeably for Zr3N4 as
expected for an enhancement of polarity of the bond in
going from Zr to Zr3N4.

In conclusion, we have reported and analyzed XPS
valence-band and core-level spectra of Zr3N4, which
clearly demonstrates its insulating properties, as well as
the polar character of its bonding in comparison with me-
tallic ZrN. In fact, the results show a metal-to-insulator
phase transition in ZrN when x reaches a value close to
1.33.
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