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Intrinsic surface band bending in CuzN(100) ultrathin films
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Highly homogeneous, ultrathin films of copper nitride (CuzN) have been grown on Fe(001) at room tem-
perature using a Cu evaporator and a radio-frequency plasma source to obtain atomic nitrogen in a UHV
environment. CuzN is a semiconductor with the valence band edge at —0.65+0.05 eV below the Fermi Level.
The formation of copper nitride can be detected spectroscopically by the shape of the Cu LVV-Auger electron
transition, which changes sensibly in shape and position compared to metallic Cu. CusN grows epitaxially with
the substrate forming flat disklike mosaic blocks, (001) oriented. Both x-ray core level photoelectron spectros-
copy and ultraviolet photoelectron spectroscopy photoemission experiments have been used to study the
electronic structure. A first-principles calculation has been performed and compared with the measured spectra.
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I. INTRODUCTION

Cu;N is a semiconducting material that is attracting in-
creasing interest for several areas of application. It is stable
at 300 K, but thick films decompose at 700 K, which has
been employed for maskless writing of microscopic metallic
contacts' or write-once optical recording.?- It has also been
proposed that all-nitride, epitaxial, single crystal magnetic
tunnel junctions consisting of Fe,N/Cu;N/Fe,;N can be pre-
pared simply by alternate evaporation of Fe and Cu in a flux
of highly reactive N atoms.® This idea benefits from the fact
that some iron nitrides [Fe,N (Refs. 7-9) and Fe (N, (Refs.
10 and 11)] are low-resistance, high magnetization magnetic
materials with a cubic structure that can be grown epitaxially
as single crystals on different substrates.!>"'# The moderate
insulating character of Cu;N and its capability to create
nanostructures have been being recently used to decouple Cu
islands and Mn atoms from a Cu substrate and study the
surface state, size-dependent shift due to confinement'® or
the low energy spin excitations of antiferromagnetic
chains,'® respectively.

Cu;N has a rather open cubic crystalline structure and a
lattice parameter of ay_Cu3N=3.815 A. Tts structure is built up
from rigid perpendicular Cu-N-Cu bonds and it is compatible
with surfaces and/or interfaces ending in either pure copper
planes or mixed copper-nitrogen planes. The mixed copper-
nitrogen plane can be visualized as a sort of solid state
equivalent of the transition metal-nitrogen ring in porphy-
rins, a group of molecules that are candidates for molecular-
based electronic components such as memory devices.!” It is
well established that the optical and transport properties
change dramatically with the sequence of stacking of the
porphyrins.'® Cu;N is, thus, particularly interesting as a sub-
strate for the growth of single crystals of porphyrins on semi-
conductors. Additionally, the development of hybrid
inorganic-organic solar cells has opened the interest in using
Cu;N nanoparticles bonded to suitable organic donor and/or
acceptor molecules. The surface interaction between Cuz;N
and organic molecules is basically unknown.

In spite of its potential interest, the electronic structure of
Cu;N in bulk and in surfaces is not well known, and its
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capability to be grown epitaxially has nor been demon-
strated. Previous theoretical calculations predict a band gap
of either 0.23 eV (using linear augmented plane wave'®) or
0.9 eV (using linear combination of atomic orbitals).?’ The
gaps determined experimentally are generally larger but vary
widely from 0.8 to 1.9 eV.3*¢ This could indicate that the
actual composition and microstructure of the material and,
thus, its band gap depend on the experimental conditions. In
fact, sub- and overstoichiometries for Cu;N films prepared
by sputtering have been reported to decrease the observed
band gap.

We report here the growth of homogeneous films of
Cu;N(100) on Fe(001) even at nanometer thickness. We de-
scribe an experimental characterization of the electronic
structure of the CuzN(100) surface by ultraviolet photoelec-
tron spectroscopy (UPS) and x-ray core level photoelectron
spectroscopy (XPS) and the corresponding first-principles
calculation of the electronic structure and their comparison.

II. EXPERIMENTAL AND THEORETICAL METHODS

The films have been grown in an ultrahigh vacuum cham-
ber, with a base pressure of 3 X 107!° mbar. The Fe(001)
substrate was chosen to characterize possible reactions in-
volving transfer of N to the substrate during growth or ther-
mal processing, a point difficult to verify if an iron nitride
substrate is used. The result shows that there is diffusion of
N into the Fe substrate inducing a significant change in the
magnetic properties. This results should be described
elsewhere.?! The Fe(001) crystal was cleaned by repeated
cycles of Ar* bombardment (1 keV) and annealing up to
920 K until no contamination (O and C) was detected by
XPS or Auger electron spectroscopy.

For the growth of copper nitride thin films, we used a flux
of atomic Cu from a standard metal evaporator and a radio-
frequency plasma discharge as a source of atomic nitrogen.'?
The efficiency in the production of atomic N is 15% in the
experimental conditions used. This nitrogen source facilitates
the nitride formation as demonstrated in the epitaxial growth
of iron nitrides.®!> The growth was carried out at room tem-
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TABLE 1. Thickness and stoichiometry for different copper ni-
tride thin films. The films are denoted as A CuyN, where A in-
creases with the film thickness.

dZ,\Cu dx£u3N Chemical composition
Name (A)? (A)? Cu 2pspftotal N 1s
1Cu3N 5 7 0.7
2Cu;N 27 (43) 41 22
3Cu;3N 30 45 23
4CuzN 42 (63) 63 2.7
5Cu;3N >60 >80 2.7

*The film thickness was calculated by the attenuation of the Fe 2p
peak of the substrate by the deposited copper nitride thickness (d),
as given by Ig=If.e NN, with I, and Iy, being the Fe peak
intensities of the deposited sample and the substrate, respectively,
and Ac,_n the mean free path of an electron with Fe,, kinetic en-
ergy in CuzN. Results in column 2 were obtained with the tabulated
value for Cu (10.7 A), and results in column 3 were obtained with
the value (16 A) from fits to the thickness calculated from the X-ray
reflectivity patterns (in parentheses in column 2)

perature. During the film growth, the pressure in the chamber
was 5X 1077 mbar, but only nitrogen was detected by the
residual gas analyzer. Homogeneous, ultrathin CusN films,
down to 1 nm thickness, were formed on the Fe(001) surface
with this method.

The chemical characterization and the determination of
the stoichiometry and the thickness of the grown films were
carried out by XPS (hv(Mg Ka)=1253.6 ¢V) using a hemi-
spherical analyzer Leybold-Heraeus (LHS10) to detect the
ejected electrons. The photon energies used for UPS were
21.22 eV (He1) and 40.8 eV (Hem). Data from different
samples are presented in this work. Their notation is ACu;N,
where A is an integer number that increases with the film
thickness (see Table I for correspondence).

The structural characterization of the films have been per-
formed by means of in situ low energy electron diffraction
(LEED) and ex sifu x-Ray diffraction (XRD), using a six-
circle diffractometer with optimized geometry for surface
analysis placed on a rotatory anode, which produces Cu K«
(8040 eV) radiation. The incoming beam size was defined by
combining two collimating presample slits separated by
250 mm. The diffracted beam was detected by using a scin-
tillator Nal detector and combined with a graphite analyzer
and two postsample slits giving good energy and reciprocal
space resolution. The dynamic range of the detector was in-
creased to detect both the Bragg peaks coming from the sub-
strate and those corresponding to the thin film compounds
with the same diffractometer configuration, by using the “au-
tomatic attenuator system” described elsewhere.??

The experimental results were compared with first-
principles theoretical calculations performed in the context
of density functional theory?? using the SIESTA?* method. For
the exchange correlation potential, we adopt a generalized
gradient approximation.”> The norm conserving pseudopo-
tentials used follow the Troullier-Martins scheme®® in the
nonlocal form proposed by Kleinman and Bylander?’ and
with partial core corrections.
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FIG. 1. (Color online) X-ray diffraction pattern for a 63-A-thick
CusN film as deposited (lower curve) and for a 41-A-thick CusN
film capped by 23010 A of Cu and heated to 370 K (upper curve).
The inset shows the bulk crystalline structure of CuzN. The small
(blue) spheres are N atoms and the large (green) are Cu atoms.

III. RESULTS AND DISCUSSION
A. X-ray diffraction

Cu;N has a cubic, anti-ReOj crystalline structure, which
is reproduced in the inset of Fig. 1. It has a lattice parameter
of a=3.83+0.02 A. The structure and crystalline quality of
the films were examined by means of ex situ XRD and x-ray
reflectivity. Figure 1 shows specular, wide angle 26 scans for
two films (capped and uncapped) with the intensities plotted
in logarithmic scale. The prominent Fe(002) reflection corre-
sponds to the substrate, while the other Bragg peaks at lower
angle correspond to epitaxial cubic Cu;N{001}. The upper
curve shows, in addition, the Cu(002) reflection of the Cu
capping layer. There are no changes in the shape or addi-
tional peaks in the unprotected film (lower curve), which
indicates that Cu;N is stable in air.! The width of the specu-
lar Bragg peaks reflects the size of the mosaic blocks along
the direction perpendicular to the film. The full width at half
maximum (FWHM) of the CuzN(001) reflections corre-
sponds to a block mosaic size of 46+6 10\, which is similar to
the film thickness (see Table I).

Figure 2 shows with open circles a representative x-ray
reflectivity measurement for a copper nitride film. The re-
flectivity gives information about the morphological rough-
ness, electronic density, and thickness of the film.28 The slow
intensity decay and the oscillation shape indicate a mean
square surface roughness of the film of 4+1 A, i.e., equiva-
lent to the one of the Fe(001) substrate. This means that the
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FIG. 2. (Color online) Measured x-ray reflectivity diagrams for
two representative CusN samples: 63 A thick (open dots) and 41 A
thick (filled dots). The latter was covered with a protective Cu film
of 230+10 A and heated to 370 K. The corresponding fits are
shown as continuous lines. The inset shows the layer-resolved
structure of CuzN(100).

surface roughness is not increased by the method of growth
of the nitride. The continuous line represents the reflectivity
curve calculated for a Cu;N film thickness of 63+4 A. Fig-
ure 2 also compares the measured diagram (filled circles)
with the calculated one for a 43+4 A thick copper nitride
film (denoted as 2Cu;N) protected with a 23010 A Cu cap-
ping layer. The deep reflectivity oscillations indicate that the
Cu capping does not modify noticeably the surface rough-
ness.

The in-plane orientation of the film was checked by
means of ¢-pole x-ray scans with the outgoing angle (26)
fixed at the corresponding (111) Bragg peak of Cu;N(001).
The results are presented in Fig. 3, which shows four well
defined Bragg peaks separated by 90°. This indicates that the
crystals grow with the in-plane symmetry imposed by the
substrate, i.e., they are epitaxial and oriented in plane. The
(111) direction of the CuzN(001) crystals is rotated 45°
within the surface plane with respect to the one correspond-
ing to the Fe substrate. This rotation allows a reasonable
matching of the atomic distances in the film plane between
both materials.?’ The FWHM of the (111) Bragg peak of the
Cu;N(001) crystals indicates that these crystals have an av-
erage lateral size of 50+20 A in the film plane. The epitaxial
growth and the small crystallites size are also reflected in the
LEED pattern obtained for CusN(001) grown on Fe(001), as
shown in the inset of Fig. 3.
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FIG. 3. In-plane scan at the (111) Bragg peak for 63 A-thick
Cu3N film, assuming that the CusN nanocrystals are oriented with
the (001) direction along the perpendicular to the surface. The inset
shows the LEED pattern. Notice the broad spots indicative of a
small lateral size of the crystallites.

B. Photoemission (x-ray core level photoelectron spectroscopy
and ultraviolet photoelectron spectroscopy)

The upper panel of Fig. 4 shows the Cu 2p photoemission
peaks for a 5-nm-thick copper nitride film (denoted as
3Cu;3N) and for Cu(001). The Cu 2p peak of the copper ni-
tride film is shifted 0.5+0.1 eV to higher binding energy
(BE), but the shape is not changed with respect to metallic
Cu. A similar chemical shift has been observed by other
authors.°

The presence of N in the film is testified by the appear-
ance of a photoemission peak in the N 1s energy region (see
lower panel of Fig. 4). This indicates that the Cu 2p energy
shift is due to the formation of a copper nitride compound.
The N 1s peak has two components: a main peak at 398.7 eV
and a shoulder shifted 1.0+£0.1 eV to lower BE. Both com-
ponents are observed in all nitride films grown, and the ab-
solute intensity of the shoulder is almost constant in all the
studied samples. Both values are almost identical to the ones
measured in the same conditions for Fe,N(100)."* Accord-
ingly, the larger peak at 398.7 eV is ascribed to N in the bulk
of Cu;N, while the one at 397.7 eV is assigned to N ad-
sorbed at the surface of CusN(100). This is also in agreement
with previous observations for N atoms adsorbed on many
transition metal single crystal surfaces.!*3!=33 Contrary to
previous reports,* the peak at 397.7 eV cannot be assigned
to adsorbed NO, since no O was detected in our case by
either XPS or Auger. The assignment of the shoulder to sur-
face N would also explain that the absolute area of the shoul-
der does not decrease with the film thickness.

The formation of a Cu-N compound is also dramatically
reflected in the energy region corresponding to the Cu LV V-
Auger transitions (Fig. 5). The spectrum of the film shows a
clear shift to lower Kinetic energies (2.0+£0.1 eV) of the main
peak and the disappearance of two additional features. This
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FIG. 4. Upper panel: Cu2p photoemission spectra of a
45-A-thick CusN (points) and Cu(001) (continuous line). The inset
shows the Cu 2p3/2 core level shift. Lower panel: N 1s photoemis-
sion energy region for a 45-A-thick CusN film (points) and its fit
(continuous line) considering two components (dashed lines) and a
background.

reflects the changes in the density of states (DOS) of the
valence band upon nitride formation. The shape of the Auger
peak can be used as a fingerprint of the formation of the
Cuz;N compound.

The Cu 2p and N 1s core level peaks, after subtraction of
the background, were fitted with standard line shapes.** The
ratio of the Cu2ps, and N ls peak areas can be used to
determine the average atomic composition of the films fol-
lowing standard procedures® and using the atomic sensitivi-
ties determined previously for this particular spectrometer.>
The thinnest film has a much higher apparent N content,
mostly due to the large amount of N bonded to the Fe
substrate.”! Considering the enrichment of N at the Cu/Fe
interface, the resulting stoichiometry is Cu, 7,4 3N for the rest
of films. The stoichiometry obtained for the two thicker films
(4 and 5) is closer to the bulk one because the thickness is
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FIG. 5. X-ray excited LVV-Auger spectra for a 45-A-thick
CusN(100) film deposited on Fe(100) (points) and for Cu(100)
(continuous line).

larger than the escape depth of photoelectrons, rendering the
surface contribution negligible.

Assuming that the films are strictly homogeneous within
the escape depth of the electrons, the ratio of the intensities
of the Cu 2p;;, and N 1s peaks is related to the atomic den-
sity ratio (X¢,/Xy) by

& _ I(CUQE) (1)
XN I(le) '
where
_ IVAYH 2)
1/Sy

and Sc, and Sy are the atomic sensitivity factors determined
for the pure chemical elements for the specific electron ana-
lyzer used.’® The chemical composition of different films,
calculated using the total area of the N 1s peak, is shown in
the last column of Table 1. The average stoichiometry of the
copper nitride films is 2.5+0.2 Cu per N atoms with the
exception of the thinnest film. For this calculation, both N 1s
components are taken into account. The higher stability of
the surface ending in the mixed Cu-N plane and the expo-
nential decay of the XPS sensitivity away from the surface
overestimate the N signal with respect to bulk Cu;N. This
effect is more pronounced for films with a thickness smaller
than the analysis depth of XPS. Thus, the apparent stoichi-
ometry evolves from 2.2 to 2.7 for the thickest sample.

The anti-ReO type of crystalline structure of Cu;N can be
described as a lattice of fcc Cu with 1/3 (top/bottom) of
copper cube face missing and with the nitrogen atoms occu-
pying the octahedral edge places. Such structure is stable
within a small composition range region around Cus;N. Thus,
the final structure is formed by alternatively stacking planes
containing Cu/N in a 2/1 ratio and pure Cu (with a density
half of the one of a Cu fcc layer). The theoretical calculations
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FIG. 6. Hel UPS spectrum of a 45-A-thick CusN(100) film
(dots) compared to Cu(001) (continuous line).

give that the structure ending on the copper nitride layer is
1.6 eV per surface unit cell more stable than the correspond-
ing ending on the pure copper layer. These data are in agree-
ment with the assumption that the appearing higher binding
energy N 1s XPS peak can be assigned to the surface nitro-
gen.

In Fig. 6, we show the He1 UPS spectra of Cu;N(100)
thin film and Cu(001). First, we notice a relative shift for the
main peak of the Cu d band of Cu;N by 0.7 eV to higher BE.
Second, in the CusN case, there is a lack of electron emission
at the Fermi level confirming its semiconducting character
with the valence band edge located 0.65+0.05 eV below the
Fermi level. The valence band edge position is the same for
all the nitride films independent of their thickness. This value
represents a lower bound for the band gap, and it is compat-
ible with the experimental values reported in the
literature>*% for the Cu;N band gap (from 0.8 to 1.9 eV)
and for the optical gap for indirect transitions [1.24 eV (Ref.
37)].

For a complete analysis of the electronic structure of the
Cu;N films, we have performed a first-principles calculation
using the SIESTA code.?* For the crystalline structure, we ob-
tain an equilibrium lattice constant of 3.88 A, 1.3% larger
than the experimental one (3.83 A). Figure 7 shows the cal-
culated bulk band structure for the experimental lattice con-
stant. The bands agree with previous results obtained using a
different method of calculation based on plane waves.'> We
obtain a semiconductor with an indirect absolute gap of
0.32 eV and direct gaps of 1.09 and 0.87 eV at the I' and R
points, respectively. The indirect gap is much smaller than
the observed valence band edge (see Fig. 7), as one would
expect for density functional theory calculations, which sys-
tematically underestimate band gaps.

In order to calculate the surface electronic structure of
CusN, slabs of different thicknesses were considered and the
convergence of the relevant precision parameters was care-
fully checked. The calculations were such that, starting with
the ideal geometry and the theoretical lattice constant of
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FIG. 7. Calculated band structure of CusN along the main sym-
metry directions. The energy origin is at the Fermi level.

3.88 A, the atomic geometry at the surface were relaxed until
the force on the atoms was below 0.02 eV/A. Then, the
found equilibrium geometry was rescaled by a 1.3% factor to
recover the experimental lattice constant for the inner layers
of the slab. Out of the two possible surface terminations,
namely, Cu,N and pure Cu, we only considered the former
one since its energy formation is 1.6 eV per surface unit cell
lower than the latter. We have then calculated the local den-
sities of states (LDOSs) for the different layers in the vicinity
of the surface.

The layer-resolved LDOSs calculated for an 11 layer slab
of Cu;N are shown in Fig. 8. The bulk DOS is dominated by
the d-derived peak centered at —4.5 eV. There is a character-
istic feature at -3 eV, not present in Cu(100), and weaker
features around —7.5 and -9.5 eV due to the Cu-N bonds.
The bulk DOS is similar to the LDOS at one the Cu,N planes
(see, e.g., S-2 in Fig. 8). Notice that the LDOS of the two
layers closer to the surface (S-1 and S) is shifted 0.7 eV to
lower BE with respect to the bulk. Thus, the theoretical cal-
culations indicate that there is a surface band bending (up-
ward) that extends around 1 nm inside the film. The origin of
the band bending can be traced in the calculations to a de-
crease of the total charge in the second topmost layer (S-1)
of the order of 0.1 electron/Cu atom. The UPS spectrum
shown in the upper curve of Fig. 8 reflects essentially the
LDOS at the surface. There is an overall agreement between
theory and measurements. The main structures of the UPS
spectrum are reproduced in the calculation. It is worth notic-
ing that the hump observed around —10 eV is due to the
layers underneath and not to the topmost one. The experi-
mental spectrum contains contributions of the shifted LDOS
of the layers underneath the surface, which broaden the fea-
tures and explain the lower resolution of the Cu;N spectrum
as compared with the one of Cu(100) shown both in Fig. 6.

This theoretical prediction is confirmed by the XPS core
level data. The upper panels of Fig. 9 show that the Cu 2p
and N 1s peak positions depend on the thickness of the film.
The peaks shift to larger BEs for increasing film thickness
following an exponential law with a maximum shift of
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FIG. 8. Layer-resolved local density of States calculated for an
11 layer CusN(100) slab. The upper curve shows the UPS spectrum
of CuszN(100). The thin lines reproduce the calculated LDOS for
different layers close to the surface (S). A small energy broadening
has been included in the calculated curves to compare with the
experimental spectra. The calculated curves have been shifted
1.2 eV (in the direction indicated by the arrow).

0.6 eV and a characteristic depth of 2 nm. The FWHM of the
Cu 2p;), photoemission spectrum remains constant. Thus, the
shift cannot be explained by the contribution of different
Cu 2p;), components. Furthermore, the stoichiometry of the
films remains constant as shown by XPS. Therefore, we as-
sign the energy shift observed with the Cu;N film thickness
to the band bending effect, suggested by our theoretical cal-
culations.

Soto et al.’® found also a chemical shift in both the Cu 2p
and the N 1s toward lower binding energy by increasing the
partial pressure of nitrogen during the copper nitride forma-
tion by means of pulsed laser deposition. In that case, the
chemical shift was related to the formation of sub- and over-
stoichiometry Cu;N films.

Figure 10 shows schematically the band structure of CusN
(100) around the Fermi energy, including band bending and
the band gap. From the measured valence band edge at the
surface (0.65 eV, see Fig. 6) and the band bending obtained
from the Cu and N core level shifts (0.6 eV, see Fig. 9), the
position of the Fermi level in the bulk of Cu;N can be cal-
culated to be 1.25 eV above the valence band edge. Thus, the
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FIG. 9. Upper panels: Energy position of the Cu2p3/2 and N 1s
core levels as a function of the thickness of the Cu;N films. Lower
panel: Cu2p3/2 photoemission spectra for CusN films of increas-
ing thickness. The continuous line indicates the peak position for
Cu(001), while the dashed line corresponds to the measured posi-
tion for the thicker Cu;N film.

band gap for Cu;N is, at least, 1.25 eV, which is very close
to the reported gap for optical indirect transitions of
1.24-1.3 eV.? This result further indicates that the Fermi
level is close to the conduction band edge, suggesting that it
is a n-type semiconductor. This n-type behavior can be in-
trinsic to CuzN (100), i.e., not due to external doping by
impurities, since there is a strong asymmetry in the valence
and conduction band DOSs. According to our first-principles
calculations for the intrinsic material, the DOS in the valence
band is much larger than in the conduction band, setting the
Fermi level close to the conduction band in the bulk. The
lower electronic density in the Cu layer just below the sur-
face originates the upward bending of the bands at the (100)
surface. Other possible origin of the Cu2p core level shift
such as initial state (interaction with the substrate) and final
state (relaxation) effects induced by the metal substrate has
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FIG. 10. Schematic diagram of the relevant electronic levels in a
Cu3N (100) film.

been considered and rejected for the following reasons:
Upon increasing the Cu;N thickness, a decreasing relaxation
of the Cu 2p core hole shielding by the electrons of the me-
tallic substrate could lead to a shift toward higher BEs, as
observed, but the electron density in degenerate, n-type,
small gap Cu;N is similar to the one of the Fe substrate and
the corresponding relaxation is expected to be almost
identical.’® The charge transfer between Cu atoms and the Fe
substrate is negligible, as indicated by calculations for
Fe,N/Cu(100),"3 and, thus, initial state (chemical) shifts are
not expected to play a role in this system.

In order to ascertain the role of impurities in the surface
bending, we have studied the stability of different impurities
at the surface vicinity. We have considered interstitial atomic
oxygen and nitrogen. The impurities are placed at an initial
position either in the Cu plane under the topmost Cu,N layer
or above it, and the atomic forces acting on the atom are
calculated. Then, the atom is moved to its next position using
a conjugated gradient technique. The process is followed un-
til the forces in the atoms are smaller than 0.02 eV/A. Figure
11(a) shows the results for a N atom placed initially either
below or above the surface. In both cases, the atom finally
sits on top of the surface. This behavior is opposite to the one
observed in Fe,N(100), where the excess N remains under
the surface, stabilizing the surface reconstruction.'? The case
of an oxygen atom is represented in Fig. 11(b). We find that
interstitial oxygen diffuses away from the surface plane to-
ward the bulk. These calculations stress the high chemical
stability of the Cu;N(100) surface.

IV. CONCLUSIONS

It is possible to grow ultrathin films of CuzN onto Fe(001)
single crystal down to nanometer thickness. The films are
reasonably flat and exhibit semiconductor behavior with the
valence band edge at 0.65+0.05 eV below the Fermi level
independent of their thickness. The LVV-Auger spectrum can
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FIG. 11. Position with respect to the surface plane calculated for
(a) nitrogen and (b) oxygen interstitial atoms located initially close
to the surface layer of CusN (100). The x axis corresponds to the
number of iterations. The zero level is at the surface. Positive values
correspond to the vacuum side and negative to the CusN film. The
arrow in (b) indicates the calculated final position for oxygen on
top.

be used as a fingerprint of the formation of the copper ni-
tride. The films deposited at 300 K consist in relatively large
mosaic blocks of Cu;N crystals oriented with the (001) di-
rection along the Fe(001) single crystal direction.

We have also shown that the photoemission techniques
combined with x-ray diffraction are very complementary
techniques in characterizing the electronic and atomic struc-
tures of the deposited film. Thus, it has been possible to
determine the mean free path of the Fe 2p electrons in the
copper nitride material.

It has been shown that a characteristic feature of the cop-
per nitride compound is the the LVV-Auger spectrum which
suffers a noticeable change not only in position but also in
shape, becoming a good fingerprint of the copper nitride for-
mation.

The Cu 2p photoemission peak of the copper nitride shifts
with respect to the copper metal from 0.3 to 0.9 eV for the
studied samples (from 1 to 8 nm thick), which is in the range
observed by other authors (0.8 eV).3° It has been shown that
in the studied samples, the composition is constant except for
the thinnest sample (1Cu;N).

The first-principles electronic structure calculations have
helped in a better understanding of the system. Three main
results can be pointed out: First, the theoretical calculation
gives that the structure ending on a copper nitride layer is
more stable than the corresponding one ending on a pure Cu
layer. Second, the layer-resolved DOS indicates that there is
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a band bending which is at the origin of the XPS peak shift
with the film thickness experimentally observed. Thus, a
lower bound for the experimental band gap is 1.25eV.
Third, the study of the impurities at the surface vicinity in-
dicates that the N atoms tend to leave the copper nitride bulk,
resulting in a behavior that is clearly different from the cal-
culated for the iron nitride film.
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