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The combination of electrical conductivity, chemical and metallurgical stability, refractory
character, having lattice constants that are close to those of III-nitrides makes transition metal
nitrides promising candidates for electronics and device applications. We study the structure,
stability, and the plasma energy of stoichiometric, transition metal nitrides of similar crystal quality
as well as the widest variety of their ternaries ever reported. We establish the phase spaces of the
plasma energy �6.9–10.5 eV� and the work function �3.7–5.1 eV� of these complex nitrides with
their lattice constant �0.416–0.469 nm� and we investigate the limits of their applications. © 2009
American Institute of Physics. �DOI: 10.1063/1.3119694�

The nitrides of group IVb-VIb transition metals �TMNs�
exhibit a unique combination of electron conductivity,
refractory character, high hardness, chemical inertness, and
a cubic rocksalt structure with a lattice constant close to
those of III-nitrides. These properties make them suitable
for applications in electronics, such as diffusion barriers,1–3

metallizations, and growth templates for wide bandgap
semiconductors4–6 and as components in microelectrome-
chanical systems �MEMS�.7,8 It is critical, however, that
TMN’s electronic properties should be combined with the
lattice constant matching to the substrate’s lattice in order to
prevent device’s degradation and failure due to the formation
of misfit dislocations.5 Therefore, conducting ternary nitrides
with tailored lattice constant can be very promising candi-
dates replacing the currently used TiN and TaN. Such ternary
compounds have been reported9–15 but still their electronic
properties have yet not been investigated with respect to their
lattice constant. In this work we present a thorough study of
the crystal structure, the work function �WF� and the plasma
energy Ep for the widest range of binary TMN and ternary
TixMe1−xN and TaxMe1−xN �Me=Ti,Zr,Hf,Nb,Ta,Mo,W�
films reported ever.

All the films have been grown by pulsed laser
deposition13 and exhibit a �Me�/�N� ratio very close to unity
���2%�. Ternary films of varying x were investigated using
in situ Auger electron spectroscopy analysis. X-ray diffrac-
tion �XRD� patterns, acquired in �-2� geometry, exhibit just
the �111� and �200� peaks of the rocksalt structure �Fig. 1�,
without any fine structure, indicating perfect solid solutions
over the full range of x�0�x�1�. The lattice constants ���
are calculated from the �111� XRD peak and are displayed in
Fig. 2, where they are compared with the reference values
from the powder data for the binary nitrides,16 as well as
with the values anticipated when Vegard’s rule applies for
the ternary systems. The � versus x curves for three sets of
films �TixZr1−xN, TixTa1−xN, and WxTa1−xN� are presented
�Fig. 2, inset� and follow distinct straight lines resembling
Vegard’s rule. In all cases, � is expanded compared to the
expected values; this is solely due to in-plane compressive
stresses, which are associated with the growth and are re-

lieved after vacuum annealing �Fig. 2, blue stars�.13

Correlating the � with the film composition for the sys-
tems TixZr1−xN �IVb-IVb-N�, TixTa1−xN �IVb-Vb-N� and
WxTa1−xN �Vb-VIb-N� demonstrates the global validity of
Vegard’s rule, independently of the valence electron configu-
ration of the two constituent metals. The ability of tailoring
the lattice constant of conducting nitrides over the vast range
of 0.416–0.469 nm makes these complex nitrides promising
as conducting epilayers onto various sublayers achieving
very low lattice mismatch.

The optical properties were studied using optical reflec-
tance spectroscopy �ORS� �Fig. 3, inset�, which revealed the
typical behavior of conductors. Thus, the optical data were
analyzed to the contributions of intraband and interband tran-
sitions described by a Drude term and two Lorentz oscilla-
tors, respectively.17 This modeling determines accurately the
plasma energy Ep, which is directly correlated with the con-
duction electron density N,

Ep = ��p,�p =� Ne2

�om*
, �1�

�where e is the electron charge, �	 is the permittivity of free
space, and m� is the electron effective mass, in SI units�. Ep

a�Author to whom correspondence should be addressed. Electronic mail:
ppats@cc.uoi.gr.

FIG. 1. �Color online� XRD patterns from ZrN and TixZr1−xN films reveal-
ing their rocksalt structure with the one metal being in substitutional posi-
tions of the other �inset�.
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is an intrinsic property of the material because it determines
the electron conductivity at zero temperature and with zero
defects.17 Of course for realistic device applications the
electron scattering, which is affected by the structural defects
and the temperature, is also very important and should be
taken into account.17 The following correction: �Ep

cor /Ep�2

=
ref /
exp, where 
ref and 
exp are the reference and experi-
mental mass density measured by x-ray reflectivity for each
case, respectively, has been applied in order to deduce the Ep
values of the fully dense films presented in Fig. 3.

Ep
2 values are rationally grouped according to the metal’s

quantum numbers �principal quantum number and number of
valence electrons�, as shown in Fig. 3. Nitrides of metals of
the same group �e.g., TiN, ZrN, and HfN, whose metals
share the same d2s2 valence electron configuration� exhibit
similar Ep

2 values, while Ep
2 increases with increasing number

of valence electrons. This is quite reasonable if we take into
account that part of the metal’s valence charges are hybrid-
ized to form the covalent bonding with N and the excess of
the metal’s electrons �which are increasing with increasing

number of metal’s valence electrons� constitute the Fermi
gas.

The Ep
2 values of each ternary nitride system follow an

almost linear correlation with the �, as shown in Fig. 4, and
the composition x of the films. The more generalized view of
Ep

2 versus � for all the binary and ternary nitrides is much
more complex. Thus, the phase space of Ep

2 with the nitride’s
� has an almost triangular shape with TiN, ZrN, and WN
being at the vertices; TaN is also indicated in Fig. 4 for
comparison. The form of this phase space reveals that
TixZr1−xN is the most versatile system for low-mismatch
growth on various semiconductors since it exhibits almost
constant Ep

2 �i.e., conduction electron density� and varying �
in the vast range of 0.432–0.469 nm. On the other hand, the
TixW1−xN system provides the ability to grow conducting
epilayers of similar � �below 0.430 nm� but with Ep

2 consid-
erably varying; as a result, conducting layers of varying re-
sistivity can be grown, e.g., for MEMS applications. The
whole phase space can be covered by alloying the various
nitrides.

Another important factor for Ohmic behavior of a con-
tact is the WF of the conductor. In the case of n-type semi-
conductors, the metal’s WF should be equal to the electron
affinity of the semiconductor.18 Relative WF values of se-
lected TixZr1−xN samples have been determined by ex situ
Kelvin probe measurements. In order to estimate the absolute
values, these relative values were scaled to the value
WFTiN=3.74 eV of a reference, stoichiometric TiN sample
�assuming that possible adsorbates from the ambient would
be the same for all samples�, and are presented in Fig. 5
along with the values of various binary nitrides reported in
Refs. 19 and 20 �for comparison�, and the electron affinities
and lattice constants of III-nitride semiconductors. We note
here that for simplicity the lattice constants of III-nitrides
presented in Fig. 5 are for the zincblende polytypes; in the
case of the wurtzite polytypes, the picture is similar for het-
eroepitaxy of the �111� rocksalt conductor nitride along the
�0001� III-nitride semiconductor.5 It is evident that TixZr1−xN
is structurally and electrically appropriate as growth template
or Ohmic contact for n-type InyGa1−yN. Following similar
considerations18 and taking into account the bandgap values

FIG. 2. �Color online� Comparison of the experimental lattice constants
with those expected from Vegard’s rule. Inset: Correlations of the lattice
constant with the film composition for the systems TixZr1−xN, TixTa1−xN,
and WxTa1−xN.

FIG. 3. �Color online� The variation of Ep
2 for binary TMN, which are

grouped according to the number of valence electrons of the constituent
metal. Inset: ORS experimental and fitted spectra of row-5 TMN.

FIG. 4. �Color online� The phase space of Ep
2 �which is proportional to

conduction electron density� vs the nitride’s lattice constant.
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of the III-nitrides, WxTa1−xN might be also promising as
contact on p-type AlyGa1−yN.

In conclusion, conducting, ternary TMN are stable in the
rocksalt structure independently of the valence electron con-
figuration of the two constituent metals. They exhibit a vast
range of lattice constants, plasma energies and WFs making
them suitable for various electronic applications. Taking into
account the valence electron configuration and the lattice
constants of the constituent binary nitrides it is possible to
grow nitride conductors of similar lattice constant and vary-
ing conduction electron density and vice versa. Especially
for TixZr1−xN, the correlation of the lattice constant and WF
is such as to constitute a promising metallization for
InyGa1−yN.
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ments, and Professor T. D. Moustakas �Boston University�
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