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The nitrogen content dependence of the electronic properties for copper nitride thin films with an atomic
percentage of nitrogen ranging from 26±2 to 33±2 have been studied by means of optical (spectroscopic
ellipsometry), thermoelectric (Seebeck), and electrical resistivity measurements. The optical spectra are
consistent with direct optical transitions corresponding to the stoichiometric semiconductor Cu3N plus a
free-carrier contribution, essentially independent of temperature, which can be tuned in accordance
with the N-excess. Deviation of the N content from stoichiometry drives to significant decreases from −5
to−50 μV/K in the Seebeck coefficient and to large enhancements, from 10−3 up to 10 Ω cm, in the electrical
resistivity. Band structure and density of states calculations have been carried out on the basis of the density
functional theory to account for the experimental results.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Copper nitrides thin films have attracted much attention in
the last decades because of their potential to be employed in
nanophotonics and spintronics devices, including permanent optical
storage media [1–6]. In spite of the promising properties of Cu3N,
the large discrepancies reported in literature about its measured
physical properties have hampered the implementation of reliable
technological devices. As an example, the electric conductivity has
been reported to range from a quasi-metallic [7–12] (103Ω−1 cm−1)
to a semiconducting behavior [13–17] (10−3Ω−1 cm−1) and the opti-
cal energy gap values cover a wide range [15–19] (0.9–1.9 eV). This
dispersion of data could be mostly attributed to differences in the stoi-
chiometry of the films, which inmost works has not been appropriately
characterized. Indeed, as in other metal nitrides, the stoichiometry is
expected to determine the physical properties of the material
[10,20–22].

Cu3N is an intrinsic metastable semiconductor presenting an open
cubic anti-ReO3 (Fig. 1a) crystal structure [10,15–17,23], which is
quite suited for the incorporation of other elements such as Cu, N, Ag
and Pd in the interstices of the unit cell. Although some information is

available [11,24] on the effect of Cu-doping on Cu3N, the situation
concerningN-doping is less clear. Density functional theory calculations
have indicated that the addition of N extra atoms to form Cu3N2, intro-
duces some energy bands near the Fermi level, modifying the Cu3N
electronic structure and leading to a semiconductor to metal transition
[25]. Unfortunately, these theoretical predictions have not been, corrob-
orated by experiments, very probably because of the instability of the
Cu3N2 compounds, which as far as we know have not been hitherto
synthesized. An extensive research effort [10,26,27] has been recently
devoted to understand the structure and physical properties of N-rich
films, whose stoichiometry has been well characterized by means of
ion beam analysis techniques. A main problem that has been addressed
concerns the location of the excess N atoms, that has been, so far, a mat-
ter of controversy. Experimental data [27] have revealed that for films
sputtered under the same conditions, extra nitrogen (or at least a high
fraction of it) incorporates in the film in interstitial positions forming
a solid solution and expanding the crystal lattice in comparison to
stoichiometric Cu3N.Moreover, spectroscopic ellipsometry and infrared
absorptionmeasurements carried out on N-rich Cu3N films have clearly
indicated the presence of a free-carrier contribution in the optical spec-
tra that has been related to the N excess [26]. The origin and nature of
those extra carriers could not be elucidated in that work, partly due to
the difficulty of carrying out reliable Hall measurements and the disper-
sion of so far reported data [23,28].

In order to clarify the experimental situation and to assess the
electronic role of the excess N in Cu3N experiments: electrical con-
ductivity, spectroscopic ellipsometry at several temperatures and
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Seebeck effect measurements have been carried out. Seebeck coeffi-
cient measurements have been applied to Cu3N as a convenient alter-
native to Hall experiments [23,28], that have not, so far, provided
conclusive results. In fact, it has been claimed that Seebeck coefficient
measurements often offer better reproducibility [29] than Hall Effect
experiments. Moreover, in order to understand the experimental
data, band structure and density of states (DOS) calculations have
been also performed within the framework of the density functional
theory [7,30] as a function of nitrogen content for stoichiometric
and N-rich copper nitrides. Experimental and calculated data allow
us to obtain a coherent picture of the effect of N content on the elec-
trical and optical performances.

2. Experimental and theoretical methods

Copper nitride films with a thickness of ~80 nm having a nitrogen
concentration in the range from 26±2 at.% (referred from now on as
stoichiometric Cu3N) to 33±2 at.% were deposited by DC-triode
sputtering. The samples were deposited from a copper commercial
target in the presence of an Ar+N2 atmosphere on commercial Si
(100) substrates at room temperature (RT) and DC bias of 2.0 kV.
The total gas pressure (Ar+N2) and the target–substrate distance
were kept constant at 8×10−3 mbar and 8 cm respectively, whereas
the nitrogen partial pressure was varied from 20% to 100%. The plas-
ma power was typically 60 W and a constant magnetic field of 10−4 T
was applied for plasma confinement. X-ray diffraction data show that
all films are polycrystalline and preferentially oriented along the
(100) axes [10]. The elemental composition of the films was assessed
by ion beam analysis techniques including Rutherford backscattering
spectroscopy, non-Rutherford backscattering spectroscopy, and nu-
clear reaction analysis. More details about film deposition procedure,
structural and elemental characterization are reported in Ref. [10].

Spectroscopic elliosometry (SE) spectra were measured as a func-
tion of temperature with a variable angle J. A.Woollam Co. ellipsometer
model V-Vase in the wavelength range from 0.30 to 1.80 μm, at an inci-
dence angle of 65°. The temperature range was selected to be between
100 K and room temperature (RT).

The electrical resistivity (ρ) and the Seebeck coefficient (S) were
measured at RT by the Van der Pauw [31] and a differential method
[32], respectively. The Seebeck coefficient was obtained by producing
a temperature difference between the ends of the sample of 7–10 K
by a heat source. Two point K-type thermocouples placed on the
film surface measured the temperature difference, and two steel
points, placed besides the thermocouples, were used to measure
the generated thermovoltage. The whole system is thermally and

electrically isolated from the surroundings. The Telkes criterion [33]
about the sign of the Seebeck coefficient was accepted.

First principles calculations of the electronic structure for stoichio-
metric and N-rich Cu3N films were carried out within the density
functional theory [30] using the generalized gradient approximation
for the exchange and correlation to account for experimental data.
The spin resolved calculations were performed with the SIESTAmeth-
od [34] which uses a basis of numerical atomic orbitals and separable
norm conserving pseudopotentials with partial core corrections. The
standard double-ς basis with polarization orbitals was satisfactory
found.

3. Results and discussion

Optical absorption data reported in a previous publication [26] for
similar films show that stoichiometric samples behave as intrinsic
semiconductors, whereas N-rich films present an additional free car-
rier optical absorption (Drude) component which extends into the
transparency range (below ~1.3 eV) up to the middle infrared (IR).
This IR band was assumed to be related to free carriers (electron or
hole) associated to the introduction of in-gap levels by the extra
nitrogen atoms. On the other hand, the high energy region of the
spectra, corresponding to interband transitions, has been found to
be almost the same for all samples, regardless of nitrogen contents.
In the same work, an enhancement in the optical gap with increasing
N content is also reported.

In order to test the above assumption the SE parameters, ampli-
tude ratio (Ψ) and the phase difference (Δ), were measured at differ-
ent temperatures in the range from 100 to 300 K for the film with the
highest N content. The data are depicted in Fig. 2. In agreement with
previously reported optical absorption data [26] all SE spectra present
a high-absorbance region from around 1.3 eV to 4.5 eV that corre-
sponds to the allowed interband transitions of the semiconductor
plus an IR band, below ~1.3 eV. Moreover, as shown in Fig. 2 the over-
all SE spectra are essentially independent of temperature indicating
that the in-gap levels introduced by the N excess might be very
close or inside the semiconductor bands.

For a better analysis of these experimental results, and to obtain a
more complete picture of the electronic structure, density functional
theory calculations were performed using the SIESTA code. For the
stoichiometric Cu3N compound the calculation yield an equilibrium
lattice constant of 3.88 Å (Cu\N bond length of 1.94 Å) which agrees
well with the available experimental value for similar films [10]
(3.86 Å). The electronic calculations for N-rich samples were done as-
suming a perfect Cu24N8 super cell containing one extra N atom at the
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Fig. 1. The schematic views of crystal structure (a) of stoichiometric supercell Cu24N8 (containing 8 Cu3N unit cells), and (b) N-rich (with one extra N atom in the interstitial oc-
tahedral site).
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