
Surface Science 602 (2008) 3454–3458
Contents lists available at ScienceDirect

Surface Science

journal homepage: www.elsevier .com/locate /susc
Surface characterization of nitride structures on Cu(001) formed by implantation
of N ions: An AES, XPS and LEIS study

L.J. Cristina a,*, R.A. Vidal a, J. Ferrón a,b

a Instituto de Desarrollo Tecnológico para la Industria Química (INTEC), and Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina
b Departamento de Materiales, Facultad de Ingeniería Química, Universidad Nacional del Litoral. Güemes 3450 CC 91, 3000 Santa Fe, Argentina
a r t i c l e i n f o

Article history:
Received 14 May 2008
Accepted for publication 20 August 2008
Available online 11 September 2008

Keywords:
Nanostructure
Self-assembling
Electron spectroscopy
LEIS
Copper nitride
0039-6028/$ - see front matter � 2008 Elsevier B.V. A
doi:10.1016/j.susc.2008.08.019

* Corresponding author.
E-mail address: lucila.cristina@gmail.com (L.J. Cris
a b s t r a c t

By means of Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), and low energy
ion spectrometry (LEIS) techniques we studied the process of low energy Nþ2 implantation and annealing
of a Cu(001) surface, a proposed model system for self-assembled nanostructures. We characterized the
N diffusion features as a function of the substrate temperature and we followed the chemical state of N
and Cu along the annealing process. We also took advantage of the LEIS surface sensitivity that, together
with its elemental detection capability, can give us insight about the surface structure formation process.
We found that the N binding energy shifts non-monotonously along the whole process pointing out that
the N–Cu bonding environment is changing and it depends on the atomic rearrangement and on the N
amount. We also found that N locates on the fourfold hollow site of the Cu(001) surface. Our LEIS results
are compatible with a c(2 � 2) ordering, but at the same time we cannot disregard that some N atoms are
either located on other fourfold hollow sites or substituting Cu atoms.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Copper nitrides have been considered in the past mostly for its
possible applications in the developing of write-once optical
recording media (WORM) [1,2]. Cu3N is a non-toxic, RT stable
transparent insulator that changes into metal under thermal
decomposition or electron bombardment, enabling for instance
electron induced lithography. It may be obtained over different
substrates and by means of different methods, like assisted MBE
[3], laser ablation [4] and RF reactive magnetron sputtering [5,6].
The copper nitride features are strongly dependent on the growing
characteristics. Thus, for instance Pierson found that the lattice
constant and electrical resistivity can be tailored varying the Ar–
N relative pressure in the chamber [6]. On the other hand, Maruy-
ama and Morishita [5], under certain experimental conditions ob-
tained conductive Cu3N compounds that they attribute to the
presence of interstitial Cu atoms.

XPS has been extensively used for characterizing copper ni-
trides. For instance, Prabhawalkar et al. [7] studied the formation
of metastable nitrides by nitrogen implantation in polycrystalline
copper at high doses and at various temperatures. They found a
small positive (negative) shift for copper 2p (nitrogen 1s) binding
energy (BE) at room temperature, concluding that several phases
of N–Cu compounds may be present simultaneously. The decom-
position of these phases starts around 250 �C, but nitrogen may
ll rights reserved.

tina).
be seen on the surface at temperatures as high as 500 �C. Gal-
lardo-Vega and de la Cruz [4] found, for pulsed laser deposited cop-
per nitride films, a gradual shift of the Cu 2p3/2 peak to higher
binding energies for increasing molecular nitrogen pressures in
the deposition chamber. Soto et al. [8], through XPS measurements
on different nitrogen containing metal films, concluded that it is
not possible to make a clear distinction of the bonding character
using the N 1s binding energy as unique evidence. They came to
the conclusion that the shift of the N XPS line is an evidence of
charge transfer from the metal to the N atoms, but it is not specific
to any metal–N bond, and thus the N 1s BE senses the global N
chemical state in the metal lattice.

The work of Leibsle et al. [9] triggered a renewed interest on the
Cu–N system. They found that the mild annealing of a Cu(001)
sample implanted with low energy Nþ2 ions gave place to a self-or-
ganized square-shaped nanostructure characterized by a c(2 � 2)
N–Cu structure with a lattice parameter of 4 Å. They proposed a
model based on the mismatch between Cu(001) and Cu3N to ac-
count for the regularity of the found structures. Since then, the sys-
tem has been characterized by photoelectron diffraction [10],
grazing incidence X-ray diffraction [11], STM [12], and HT-STM
[13] just to mention some representative examples. Some features,
like the c(2 � 2) structure and the fourfold hollow site for the N
location are now currently accepted, but some controversies about
the N height still persists, going from 0.145 nm [14] to almost the
same Cu surface plane [15]. Since STM cannot distinguish between
N and Cu atoms, it is not able of giving a reliable answer about the
relative heights of the atoms above the surface [12]. Recently
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Komori et al. published a review with the latest work on the forma-
tion of nanopatterns on the nitrogen modified Cu(001) surface
[16]. In this work they show that the Cu(001)–N surface is
inhomogeneously deformed by two competing interactions: the
short range Cu–N interaction is the responsible of the c(2 � 2) N
structure whereas the long range square-shaped nanostructure is
associated to the total adsorbate–substrate elastic energy
minimization.

The natural following step, from the technological point of
view, is the creation of magnetic nanostructures using the N–
Cu(001) system as a template. Thus, Co [17] and Fe [18] films
have been grown over N–Cu(001) with the idea of obtaining
magnetic nanowires separated by insulating self-organized nano-
structures. In these cases, STM is the almost exclusively used
technique. The creation of magnetic nanostructures based on ni-
trides grown in a different way that energetic N+ implantation
has been also explored. Thus, magnetic dots (10 � 10 nm2) cre-
ated by evaporation of Fe in a flux of atomic N over Cu(001)
have been fully characterized by means of STM, Mössbauer spec-
troscopy, Rutherford Backscattering, Magneto Optic Kerr Effect
and LEIS-TOF [19].

With this work we begin a study of the basic mechanisms that
leads to the formation of the nitride self-organized structures. The
study involves the ion implantation, the temperature dependence
of N diffusion to the surface, and surface charge rearrangement.
In this work, we present results involving AES and XPS to
characterize the bulk-surface diffusion and the chemical reaction,
and angle resolved LEIS measurements (polar and azimuthal distri-
butions) to determine the N and Cu relative positions.
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Fig. 1. N KLL/Cu LVV Auger signal ratio evolution during 500 eV Nþ2 implantation.
After saturation of the N/Cu AES signal the sample was annealed at different
temperatures as shown.
2. Experimental

The experiments were carried out in two commercial surface
analysis systems, with a base pressure in the range of low
10�10 mbar. Auger measurements were performed in a PHI SAM
590A equipped with a single pass cylindrical mirror analyser with
a coaxial electron gun and a differentially-pumped ion gun was
used for Nþ2 ion implantation. Auger data was acquired in differen-
tiated mode (with 4 Vp–p modulation amplitude), a primary elec-
tron energy of 3 keV, and an analyzer resolution of 0.6%. XPS and
LEIS experiments were done in a SPECS system equipped with a
hemispherical energy analyzer, a differentially-pumped mass ana-
lyzed ion gun, and a double anode X-ray source. In order to prevent
N and Cu Auger and photoelectron peaks superposition, the XPS
data were collected after exciting the sample by an unmonocroma-
tized Al Ka line at 1486.6 eV. The energy scale was calibrated using
the silver 3d5/2 XPS peak. The LEIS measurements were performed
using a 2 keV He+ beam with a scattering angle of 125�. In this
chamber the sample was mounted on a manipulator with five
degrees of freedom, so polar and azimuthal scans are feasible. In
both systems the sample can be heated by electron rear bombard-
ment and the temperature controlled by a chromel–alumel
thermocouple.

The sample was a mechanically polished Cu(001) single crystal
which was cleaned by repeating cycles of Ar+ sputtering (1 keV)
and annealing at 500 �C for 5 min. until no sign of contamination
was visible in the AES spectra. The cleanliness and order of the
crystal were additionally checked by LEIS. The ion implantation
was done at room temperature using 500 eV Nþ2 ions produced in
the ion source from 99.999% purity N2. The incidence angle of
the ion gun in the PHI SAM 590A was 54� with respect to the sur-
face normal and 0� in the SPECS system. During Nþ2 implantation
the pressure in the first chamber raised at most up to 10�9 mbar
and to 10�8 mbar in the second one. The nitrogen dose was in all
cases 1.5 � 1018 ions/cm2.
3. Results and discussion

In Fig. 1 we show AES results for the N surface concentration
during 500 eV Nþ2 ion implantation as a function of the dose, and
during annealing after ion implantation, as a function of the
annealing time, for several annealing temperatures. Nþ2 implanta-
tion is followed until saturation of the signal (after a total dose
of 1.5 � 1018 ions/cm2). A TRIM simulation [20] gives an implanted
zone extending around 3 nm in depth for our experimental condi-
tions. The heating of the sample induces the N diffusion, leading at
first, to an increase of the nitrogen KLL Auger yield within the sur-
face layer, i.e. within the Auger electron escape depth. After that,
and depending on the substrate temperature, the N Auger yield de-
creases. However, the N remains in the surface layer up to the
highest annealing temperature (400 �C).

In Fig. 2 we show XPS results for a 500 eV Nþ2 implanted
Cu(001) sample maintained at 400 �C. The time evolution of the
N 1s peak (position and area) was followed during the annealing
and the results are shown in the left panel of Fig. 2. The absolute
value for the N 1s binding energy agrees with previously measured
ones for a copper nitride compound (398 eV [8] and 397 eV [21]),
but the interesting results are on the BE evolution. The first abrupt
drop, with almost no change in the N amount at the surface (pro-
portional to the area under the N 1s XPS peak), is followed by a
continuous but non-monotonous increase. It appears as the BE
changes with time while the N amount stays constant and vice ver-
sa, i.e. while the N amount at the surface decreases, the BE stays
constant. This behavior is clearly shown on the right panel of
Fig. 2 where the N 1s BE is plotted against the N amount. A simple
interpretation based on the simultaneous presence of different
stoichiometric compounds, suggested by Prabhawalkar et al. [7],
with different temperature dependent decomposition rates, does
not explain our results. In this model the N 1s BE versus N amount
plot would show a sequence of straight lines with different slopes.
Constant BÉs with decreasing surface nitrogen amounts alternated
with varying BÉs with constant N amounts are more likely inter-
preted as the dissociation of stoichiometric compounds followed
by N–Cu rearrangements, without N loss.

The implanted N is randomly distributed along the implanted
range. As soon as the substrate is heated, the increased mobility
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Fig. 2. N 1s BE evolution as a function of time (left panel) and as a function of N amount (right panel) for 500 eV Nþ2 sample, heated at 400 �C. The evolution of N at the surface
is also included in the left panel.
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Fig. 3. (a) LEIS azimuthal scans for 2 keV He+ scattered from Cu atoms. Clean
Cu(001) (squares), N–Cu RT (circles), N–Cu 200 �C (triangles up) and N–Cu 300 �C
(triangles down). (b) LEIS azimuthal scans for 2 keV He+ scattered from N atoms. N–
Cu RT (squares), N–Cu 200 �C (circles) and N–Cu 300 �C (triangles).
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of the N atoms favors fast atomic rearrangements and the forma-
tion of a CuxN compound, characterized by a sharp drop of the N
1s BE. After that the CuxN compound dissociates bringing in a
reduction of the surface N amount while the BE stays constant.
As the nitrogen is reduced, the spacing of clean surface between
the islands of CuxN is increased. At certain point, the surface N
amount keeps constant while the atomic rearrangements generate
a new CuyN compound with a bigger BE. This can be explained if N
atoms are in a weaker electron-acceptor configuration [8], i.e. in a
compound where y < x. This sequence seems to repeat along the
nitrogen desorption process and appears as BE steps on the right
panel of Fig. 2. At the end, as the N amount tends to zero, the N
1s BE tends to the initial value, suggesting the presence of isolated
N atoms with low chemical reactivity. On the other hand, we also
found a small positive shift for Cu 2p binding energy during the
annealing process.

When comparing AES and XPS experiments one should take
into account that N KLL Auger electrons (380 eV kinetic energy)
and Al Ka generated N 1s photoelectrons (1090 eV kinetic energy)
have different escape depths. This fact is responsible, for instance,
for the absence of the maximum in the XPS N 1s evolution as it is
observed in the case of AES experiments (Fig. 1).

In order to get structural information on the copper nitride for-
mation on the Cu(001) surface we collected LEIS spectra as a func-
tion of both the incident angle (h) for several fixed azimuthal
directions (polar distributions), and as a function of the azimuthal
angle (u) for a fixed incident angle (azimuthal distributions). In
Fig. 3 we show azimuthal scans for He+ scattered from Cu atoms
(He+–Cu, Fig. 3a) and from N atoms (He+–N, Fig. 3b) for a fixed inci-
dent angle (5�). The incident angle is measured relative to the sur-
face plane. The scattered He+ yields present strong variations due
to focusing and shadowing of the ion trajectories on the target
atoms along the main azimuthal directions, and they are symmet-
ric with respect to the [110] direction (u = 0�). For clean Cu(001)
these features constitute a clear evidence of good crystallographic
order. After Nþ2 implantation the He+–Cu yields along the [100] and
[110] directions are higher than the clean He+–Cu yields what is an
indication of disorder of the surface induced by the N ion bombard-
ment. The surface recovers some order after a first annealing of
2 min at 200 �C, and the azimuthal distribution of the clean ini-
tially ordered Cu crystal is practically recovered after a second
annealing at 300 �C.

On the other hand, the He+–N yields of Fig. 3b shows the follow-
ing features: 1) a high yield along the [110] azimuth, which means
that N atoms are not blocked neither by Cu nor N atoms in this
direction; 2) a decreased yield in the [100] and [210] azimuths
which shows that Cu atoms do block N atoms in these directions;
and 3) small changes in the azimuthal distributions after anneal-
ing. These results are compatible with a Cu(001)–c(2 � 2)-N struc-
ture where the N atoms locate at the fourfold hollow site as shown
in Fig. 4a. In fact, with a Cu(001)–(1 � 1)-N structure we would ex-



Fig. 4. (a) Top view of the Cu(001)-c(2 � 2)-N surface. (b) Top view of the Cu(001)-(1 � 1)-N surface. The arrows indicate the azimuthal direction.

L.J. Cristina et al. / Surface Science 602 (2008) 3454–3458 3457
pect a blocking effect of N atoms by themselves along the (110)
direction, as it can be observed in Fig. 4b, where this structure
and the (110) shadowing direction is depicted.

In this sense, the slight decrease in the He+–N yield observed
along the (110) direction for the 300 �C annealed sample may
be a fingerprint of either a small amount of N occupying substi-
tutional Cu sites or a small amount of Cu(001)–(1 � 1)-N
occupation.

Although the azimuthal scans give useful information about
the N atoms surface distribution, i.e. adsorption site, it is difficult
from them to evaluate the relative height of the N atoms above
the Cu(001) surface, one of the unclear features for this system.
The results shown in Fig. 3b suggest that the N atoms locate al-
most in the same plane as the Cu atoms do, otherwise the min-
ima observed along the [100] and [210] crystallographic
directions would be missing, since Cu atoms will not be able to
shadow them.

LEIS polar scans are another tool to explore adatom location. In
Fig. 5 we show such distributions for the three principal azimuths.
In Fig. 5a we show results for the clean Cu(001) surface and in
Fig. 5b for a Cu(001) surface implanted with N. The distribution
of scattered He+ ions shown in Fig. 5a is typical of a flat surface,
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Fig. 5. LEIS polar scans for 2 keV He+ scattered from Cu atoms along different
azimuths (a), and from Cu and N atoms along the [100] azimuth (b).
i.e. a low signal for small incident angles and a steep increase at
a ‘‘critical angle” due to focusing effects of the outermost atoms
in the crystal. The critical angle is directly related to the lattice con-
stant of the row of atoms in the azimuthal direction considered
[22]. The lower the lattice constant (for Cu(001), d[100]=0.255
nm, d[110]=0.36 nm, d[310]=0.57 nm) the higher the critical angle
as it is shown in Fig. 5 (a). There is however a difference between
our polar scans and the ones that should be expected from a simple
two atoms row scattering model. It is the lack of a ‘‘surface flux
peak” [23]. This peak arises when the intensified ion flux, at the
edge of a shadow cone behind a surface layer atom, interacts with
another neighbor surface layer atom, and produces a signal
enhancement at the appropriate scattering angle. This particular
focusing effect repeats, in a periodic pattern, for every pair of sur-
face atoms along the incident ion azimuthal direction. The lack of
the surface flux peak could be due to a disordered structure in
the surface plane [23], but this is unlikely in our case as the azi-
muthal distributions in Fig. 3 show a clear crystallographic struc-
ture. Another plausible reason for the absence of the surface
peak is the trajectory dependent neutralization. It is known that
He+ has a high neutralization probability mainly due to Auger neu-
tralization induced by the valence electrons of the solid, and that
this neutralization could depend on the incidence and/or azi-
muthal angle [24]. In a simplistic view the neutralization probabil-
ity would be higher for grazing angles and this effect will smooth
out the sharp ‘‘surface peak” [25,26].Thus He+ LEIS provides high
surface sensitivity, as only He+ interacting with the first layers of
the surface will survive and could be detected by the analyzer,
but at the cost that only qualitative structural information can be
recovered as this is usually obscured by neutralization effects. In
spite of this, some useful information can still be obtained from
the polar scans. In Fig. 5b we compare He+ yields along the [100]
azimuth for scattering from Cu and N atoms for an undisturbed
clean Cu and a N+ bombarded Cu surface. The interesting point to
see here is that the He+–N yield does not go to zero for low incident
angles. This is consistent with a position of the N atoms above the
Cu atoms surface plane in such a way that the blocking of the sig-
nal by the Cu atoms is not complete in this direction. The very low
He+–Cu LEIS yield at grazing angles (<6�) for the Nþ2 bombarded Cu
surface shows that this effect is not originated by bombardment
induced disorder. Another fact that supports the idea that N atoms
lie above the surface Cu atoms layer is the He+–N yield at the min-
ima observed in the [100] and [210] directions as shown in Fig. 3b.
We used a simple code that calculates shadow cones produced by
surface atoms to calculate shadowing regions (in the u–h plane)
[27] for a particular layer of atoms. It turned out that the He+–N
yield at the minima does not decrease as should have been ex-
pected from the critical angles calculations. These calculations
show that when N lies at the same level of the first Cu atoms layer
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the yield in the [100] and [210] should be negligible because the
signal is blocked by the Cu atoms. This is not seen in our experi-
ments and supports the idea that N atoms lie above the Cu atoms
surface. N–N shadowing in the [100] azimuth becomes as impor-
tant as Cu–N shadowing when the N atoms lies 0.3 Å above the
Cu atoms surface. It is also likely that large amplitude vibrations
of the N atoms perpendicular to the surface could contribute to
the high He+–N yield observed at grazing polar angles along the
[100] azimuth. However this effect is difficult to estimate as the
knowledge of vibrational amplitudes for an absorbed atom is
rather poor [10].

4. Conclusions

Through AES, XPS and LEIS we studied the basic processes fol-
lowing low energy Nþ2 implantation and annealing of the
Cu(001) surface. We determined, by means of AES, that the surface
N amount is highly dependent on the substrate temperature and
by XPS that N chemical state strongly changes as soon as the sam-
ple is heated, even with no modification of the N amount at the
surface. This result is compatible with N–Cu electron exchange
associated with N atoms rearrangement induced by sample heat-
ing. For prolonged heating the N at the surface decreases, while
the BE increases showing a direct correlation. Through LEIS we
found that N locates on the fourfold hollow site slightly above
the first layer of Cu atoms, being our results compatible with a
c(2 � 2) ordering, but allowing a small amount of N either in other
fourfold hollow sites or substituting Cu atoms.
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