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Abstract

Soft x-ray emission spectroscopy was used to characterize the electronic structure of seven

copper nitride films, one synthesized with atomic layer deposition (ALD) and six grown with
chemical vapor deposition (CVD) at different preparation temperatures. Interpretation of the
X-ray emission spectra was supported by calculations of the electronic structure for bulk pure
CusN and CusN with: an excess of Cu atoms, oxygen or carbon impurities, and N vacancies.

The calculations are shown to describe the experimental spectra quite well. Analysis of the
x-ray spectra suggests that films grown in copper rich environments and above a cut-off
temperature of approximately 360 °C have a growing fraction of copper enriched areas, while
films prepared below this temperature do not have these areas with excess copper.

1. Introduction

Semiconductor devices have been studied for over 130
years [1]. Ever since the discovery of the transistor [2, 3], these
materials have attracted the interest of scientists in fundamental
research as well as in industrial laboratories around the world.
The main reason for this great interest is that semiconductor
devices are the foundation of the electronic industry, which
today is the largest industry in the world.

Copper nitride (CuzN) is a semiconductor where the
bandgap varies with the nitrogen content. In copper rich
environments CuzN films can obtain a metallic character with
bandgaps as low as 0.25 eV for films with low resistivity and
larger unit cells [4, 5]. For CusN films with an insulating
character, bandgaps in the range of 1.1-1.8 eV have been
reported [5-10]. CusN has a cubic anti-ReOs structure and in
copper rich environments it has been proposed that an extra
copper atom can be incorporated in the larger hole at the
body center of the anti-ReOs structure thus forming a CuyN
phase [5, 11].

The possibility of varying the bandgap and the metasta-
bility of CuszN introduces a wide variety of interesting appli-
cations in areas such as microelectronics, optical data storage,
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and solar energy technology. The metastability can, for ex-
ample, be used for patterning of the films by various meth-
ods [12-14]. These patterns can then be used for optical data
storage [15]. Another interesting large application of CusN
films, using the metastability, might be for metallization in mi-
croelectronics.

Films of Cu3N are mainly produced by sputtering methods
using copper and nitrogen as source materials [5-8], or by
chemical processes such as chemical vapor deposition (CVD)
and atomic layer deposition (ALD) where hydrogen is the most
frequently used reducing agent [16, 17]. In this work the
electronic structure of one CusN ALD synthesized film and six
differently grown CVD films have been studied together with
reference samples, namely CuzN and Cu(NOj), in powder
form, by means of soft x-ray absorption spectroscopy (XAS)
and x-ray emission spectroscopy (XES).

2. Experimental details

2.1. Sample preparation

Films of copper(I) nitride (CusN) were grown by ALD and
CVD. The ALD process is described in detail by Toérndahl

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. Summary of the studied samples of copper(]) nitride
(CuzN) films with deposition temperature and thickness.

Sample Temperature (°C)
Cu;N ALD 240

Cu3;N CVD-1 300

Cu;N CVD-II 350

Cu;N CVD-III 350

Cu3;N CVD-1V 360

Cu;N CVD-V 380

Cu;N CVD-VI 450

Cu;N powder —

Cu(NOs), powder —

et al in [17]. The film studied here was grown using
a copper(Il) B-diketonate-type precursor, Cu(hfac),-hydrate
[Cu(1,1,1,5,5,5-hexaflouro-2, 4-pentanedionate),] was used
as the copper source material, together with deionized water
and ammonia as the other precursors. The deposition
temperature was 240 °C and the film thickness was 150 nm.

The studied CVD films were grown by metal organic
chemical vapor deposition (MOCVD). In the MOCVD pro-
cess, Cu(hfac),-hydrate, also known as copper(Il) hexafluo-
roacetonate, was used as the copper source material together
with water (deionized) and ammonia as the other precursors.

The CVD growth process consists of one step where
Cu(hfac),, H,O and NHj3 are simultaneously and continuously
mixed and homogeneous reactions take place at the SiO;
substrate. The reactants were transported into the deposition
area in three separate quartz tubes in order to avoid gas mixing
before reaching the substrate holder, which is made of TiN
on Ti.

Of the three lines, one was designed for sublimation of
the solid precursor and two lines with a constant carrier gas
flow (Ar) for the supply of the gaseous precursors, water and
ammonia. The deposition temperature was measured at the
substrate holder with a thermocouple. The mass inlet was
typically 0.7 g h™! for Cu(hfac),, while the flow rate of water
was varied between 0.25 and 1.8 g h~! and the NH; flow was
kept at either 5 or 20 sccm (standard cubic centimeter per
minute). The experiments were carried out at in a temperature
range between 300 and 450 °C, a total system pressure of 5 Torr
and for a deposition time of 1 h.

The deposition temperatures of the studied samples were
300, 350, 360, 380 and 450 °C. The thicknesses of the films
varied from 200 to 480 nm.

2.2. XAS, XES measurements

The soft x-ray absorption and x-ray emission measurements
were performed at beamline I1511-3 [18] at MaxLab in Lund,
Sweden, and beamline 7.0.1 [19] at the Advanced Light Source
(ALS) in Berkeley, USA. Beamline 7.0.1 employs a spherical-
grating monochromator with fixed entrance slit and sliding
exit slit while I511-3 is equipped with a SX-700 plane-grating
monochromator.

The samples used in this study are summarized in table 1.
The preparation description for each of the films can be
found above. The reference samples, CusN and Cu(NO;),,
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Figure 1. Resonant N K« x-ray emission spectra for all the films and
references recorded using an excitation energy tuned to the first peak
of the N 1s absorption edge, as shown in the top of the panel.

were in powder form and were pressed onto small pieces
of indium before being placed in the experimental chamber.
Oxidation and other effects from the surfaces give small
contributions to the spectra since the penetration depth of the
~400 eV photons, which were used for excitation of N Ko
emission spectra, is approximately 160 nm for the studied
samples [20]. All the samples were oriented with their surface
plane at approximately 20° to the incident beam during the
measurements.

The tunable x-ray emission measurements were carried
out using a high-resolution grazing incidence grating
spectrometer with a movable multichannel detector [21, 22].
The N Ko spectra were recorded in the first order of diffraction
using a 5 m radius spherical grating with 1200 lines mm~'.
The experimental resolution of the monochromator was set to
1.0 eV at both MaxLab and ALS, for 400 eV and 410 eV
respectively, while the spectrometer was set to a resolution
of 0.2 eV, for 390 eV, at MaxLab and 0.3 eV, for 392 eV, at
ALS. The N Ko emission energy scale was calibrated using
overlapping reference lines from Ni inner shell transitions. The
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Figure 2. Closeup of the resonantly recorded spectra for CVD-I,
CVD-III, CVD-1V and CVD-VI showing the temperature cut-off
occurring at 360 °C.

uncertainty in calibration of the energy scales was estimated to
be 0.5 eV. To determine the excitation energies, N 1s x-ray
absorption spectra were recorded in both total electron yield
(TEY) and total fluorescence yield (TFY) modes.

2.3. Calculations

Calculations of the electronic structure of bulk pure CusN,
Cu;N with an excess of Cu atoms, oxygen or carbon impurities,
and N vacancies were done by using the projector augmented-
wave method (PAW) as implemented in VASP [23] within
the framework of the density functional theory (DFT). We
used PAW potentials [24, 25] derived within the generalized
gradient approximation (GGA) description of the electronic
exchange—correlation effects [26]. 3d4p orbitals were treated
as valence states for Cu and 2s2p orbitals were considered as
valence states for C, N, and O atoms. A cut-off energy of
600 eV was used to ensure a convergence within 1073 eV /atom
of the total energy with respect to the number of plane-waves in
the basis set for each studied structure at a given volume. The
same degree of convergence was also achieved with respect to
the number of k-points sampling of the Brillouin zone.

The electronic structure of ideal CuszN was calculated
using the cubic anti-ReOs-type cell (space group Pm3m)
with copper atoms occupying the center of the cubic edges
and nitrogen atoms occupying the corners of the cell. The
calculated lattice parameter a = 3.83 and energy bandgap
E, = 0.5 eV are in close agreement with the results of previous
calculations [27, 28]. To reach structure CusN one extra copper
atom was added at the center of the cubic cell. In order
to calculate the change in the electronic structure due to the
presence of oxygen or carbon impurities in CuzN we used the
super-cell approximation method. We chose a super-cell made
up of 2 x 2 x 2 CusN unit cells with a nitrogen atom being
substituted by the impurity or the impurity atom being placed
at the center of one of the constituent unit cells. In that case
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Figure 3. Non-resonant N Ko emission spectra for all films and
references collected using incident photons of 430 eV.

we also performed structure optimization at fixed volume by
allowing the ionic positions and the unit cell shape to relax
until the Hellmann—Feynman forces acting on each ion became
less than 10~3 eV A~". The calculation of CusN with nitrogen
vacancies was performed in a similar way.

3. Results and discussion

Soft x-ray emission spectroscopy (XES) is governed by the
dipole selection rules and, because the excitation is site
specific, X-ray emission can be used to gain information about
the local bonding environment of a sample. The nitrogen Ko
spectra corresponding to 2p — 1s transitions occurs when
valence band electrons with 2p symmetry fill the vacancies
in the nitrogen lIs core level created by the monochromatic
photon excitation. If the incident photon energy is sufficiently
high, disturbances to the decay process, from the core-excited
state to the final state, can occur leaving multiple vacancies
in the valence band. The emission spectra recorded by
tuning the incident photon energy to the N 1s threshold
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Figure 4. Partial Cu 3d DOS, partial N 2p DOS and total density of
states for bulk pure CuzN.

have no contribution from these multiple ionization satellites.
Spectra recorded with a higher, non-resonant incident photon
excitation, have a larger cross-section for multiple ionization
satellites and thus the contribution from these will increase.
Resonant XES with photon excitation close to the N Is
threshold therefore describes the occupied 2p states well and
can be directly compared with partial density of states (DOS)
calculations.

In figure 1 the measured resonant N Ko x-ray emission
spectra for all the films and references are presented. All
spectra were recorded using an incident photon energy tuned
to the first peak in the absorption spectra for CusN, i.e. the N
Is absorption peak. The excitation energy is indicated by an
arrow in the inserted total electron yield spectrum at the top of
the panel.

The spectra of the films are arranged in descending order
according to preparation temperature, placing that of the
highest temperature at the bottom. The spectra of the reference
samples are shown at the top of the figure.

All studied CusN films and the CuzN powder sample
show similar main spectral shapes consisting of two dominant
structures with maxima at ~392 eV and ~397 eV respectively.
The first structure can be assigned to the main N 2p band while
the second originates from Cu 3d—N 2p hybridization. There is

Binding energy (eV)

Figure 5. Partial Cu 3d DOS, N 2p DOS and total density of states
for CusN with oxygen impurities.

also an additional feature present at ~394.6 eV. This feature
is more pronounced for films prepared at high temperatures
while it is almost absent for low preparation temperatures. As
the structure is present for CVD-IV and absent for CVD-III,
figure 2, this suggests a temperature dependence with a cut-off
temperature around 360 °C. The small peak at around 402 eV
arises from elastically scattered incident photons.

The Cu(NOs), spectra shows a broader structure with a
maximum at ~391.4 eV, corresponding to the main N 2p band,
with a shoulder on the high-energy side. There is also a strong
peak at around 402 eV due to elastically scattered radiation.

Non-resonant N Ko emission spectra for the films and
references studied are displayed in figure 3. All spectra
were recorded using an excitation energy of 430.0 eV. The
arrangement of the spectra is the same as for the resonant
excitation spectra (figure 1).

The non-resonant spectra for the CusN films and the CusN
powder show the same main spectral shapes as for the resonant
excited spectra with two dominant intensity peaks at ~392 and
~397 eV corresponding to the main N 2p band and the Cu 3d-
N 2p hybridization respectively. The structure at 394.6 eV is
clearly present and its relative intensity appears to be slightly
higher than for the resonant case. This is due to the fact that the
whole region between the main 392 and 397 eV structures has a
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Figure 6. Partial N 2p DOS, Cu 3d DOS and total density of states
for CuzN with carbon impurities.

higher intensity than that in the resonantly excited spectra. This
is most likely an effect of multiple ionization satellites, which
have a higher probability of appearing at this non-resonant
excitation energy.

In figures 4-8 the results of the electronic structure
calculations are presented. All the figures are arranged with
the partial Cu 3d DOS in the top panel, partial N 2p DOS in
the middle and total density of states in the lower panel.

The electronic states of pure CusN in the region of interest
have a predominantly d-character (Cu 3d band), while the p
states (N 2p band) contribute mostly to the energy interval
close to the bottom of the valence band. These p states give
rise to the first peak observed in the emission spectra, while
the second observed peak is due to N p states at the top of
the valence band. The calculated DOS for CusN with O
and C impurities and for N vacancies do not differ as much
between each other and exhibit almost the same pattern as
pure CusN DOS, apart for the noticeable peak at the onset
of the conduction band of CusN with N vacancies and a
less asymmetric distribution of the DOS at the bottom of the
valence band, which smears out the observable features in
the first emission peak. One can also see that the presence
of the impurities and vacancies make the samples metallic:
for O impurities and N vacancies the Fermi level lies in the

Binding energy (eV)

Figure 7. Partial N 2p DOS, Cu 3d DOS and total density of states
for CuzN with nitrogen vacancies.

conduction band, while for C impurities it lies in the valence
band. As for CusN, there is a very noticeable difference in
both the total DOS and the partial DOS due to N p states
compared to pure CusN. There is a peak present at the onset
at the conduction band as for CusN with N vacancies, but, in
addition, there is a peak in the DOS at the tail of the p states at
the bottom of the valence band, which give rise to the observed
structure of the main intensity peak.

Figure 9 displays all the calculated partial N 2p DOS-
spectra together with the experimentally measured spectrum
for the CusN CVD-V film, recorded at resonant excitation.
All calculated DOS-spectra are convolved with a Lorentzian,
possessing a linearly energy dependent full width half
maximum (FWHM), and with a Gaussian to simulate the core
hole lifetime and take into account the experimental resolution.

To compare theoretical results with experimental data, the
calculated spectrum based on a partial N 2p DOS for CusN
was placed on the emission energy scale, instead of the binding
energy scale, using the recorded spectrum of the CusN powder
as the reference. Other calculated spectra were shifted relative
to that of CusN by an amount equal to the respective Fermi
energy change on going from Cu3N to the other compound.
This was done to account for the relative shifts of the Fermi
level in the rigid-band model and for the corresponding shifts
of the core levels.
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Figure 8. Partial N 2p DOS, Cu 3d DOS and total density of states
for CuyN.

All the calculated spectra show similar main spectral
features as the measured spectra with the two dominant
intensity peaks corresponding to the main N 2p band and the
Cu 3d—N 2p hybridization. The main N 2p peak clearly consist
of two features approximately 1 eV apart, for the calculated
Cu3sN and CuygN spectra. For CuzN with oxygen and carbon
impurities these two features are weaker, but still present,
while the main peak for CuzN with vacancies only consists of
one feature. The two features in the main N 2p band peak,
are also present in the experimental spectra but the energy
separation is slightly smaller, which can be partly ascribed to
the somewhat narrower full width half maximum (FWHM) of
the experimental spectra.

There are no great differences in the spectral shape of the
peak corresponding to the Cu 3d-N 2p hybridization as the
sharp features on the high-energy side in CuyN, CusN with
vacancies and CuzN with carbon impurities are due to the
overestimated DOS contribution at the Fermi level and thus
should not be present. The energy position of the peak is
around 0.6 eV lower for CuyN than for the other compounds.
This results in a smaller energy separation between the two
main peaks for CuyN as the main N 2p peak is at the
same energy position for all the studied compounds. The
experimental spectra have a larger energy separation between

Cu;N + Vacancies

Intensity (arb. units)

385 390 395 400 405
Photon energy (eV)

Figure 9. Partial 2p DOS of bulk pure CusN, CuzN with an excess of
Cu atoms, oxygen or carbon impurities, and N vacancies broadened
to account for a variable valence 2p hole lifetime and the
experimental resolution, together with resonantly excited
experimental values for Cu;N CVD-V.

the two main peaks than for CusN but slightly smaller than for
the other compounds thus suggesting that the film is a mixture
of CuyN with some of the other compounds.

The spectral feature between the two main peaks is very
similar, both in energy position and appearance, for bulk pure
copper nitride, CuzN with carbon and oxygen impurities, and
for CuszN with vacancies. For CuyN this feature is closer to
the main N 2p band peak and much higher in intensity. This
spectral feature lies within the region of 12 non-bonding bands
which separates 3 Cu 3d-N 2p bonding bands (lower energy
region) and 3 Cu 3d-N 2p anti-bonding states (energy region
below the Fermi level). The orbital character of the non-
bonding states is mainly d (Cu 3d), but within the region of the
main N 2p peak a few bands have a smaller degree of p orbital
character. These N 2p states seem to be hybridized mainly
with Cu 3d states, while, within the bonding and anti-bonding
region, the hybridization with Cu 4s and Cu 4p states also plays
an important role in the formation of covalent bonds. When
the experimental spectra also has this peak closer to the main
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peak, this, together with the fact that the peak is more likely
to gain intensity around this energy, suggests that the major
contribution of this feature in the studied films originates from
CuyN species.

From the discussion above it can be concluded that the
electronic structure calculations are in good agreement with
the experimentally recorded spectra for the studied films.
The calculation results support the proposed theory that films
prepared in copper rich environments and above the cut-off
temperature of 360 °C have a growing fraction of areas with an
excess of copper, while films prepared below this temperature
do not have these copper enriched areas. That this was not
seen in the preliminary x-ray diffraction (XRD) measurements
on the studied films can be explained by the fact that these
measurements probe the long range order of the structure of
the films and therefore will not see small fractions of copper
enriched regions. Soft x-ray emission spectroscopy, on the
other hand, is a local probe and can therefore also detect very
small fractions of different copper content as long as they give
rise to intensities at specific energies.

4. Conclusions

By using tunable soft x-ray emission spectroscopy, supported
by electronic structure calculations, it could be concluded that
the studied copper nitride films grown with chemical vapor
deposition in copper rich environments and above 360 °C had
an increased fraction of copper enriched areas. These localized
areas with a slightly different copper content could be seen
with soft X-ray emission spectroscopy, as this method is a local
probe. The excess copper in these areas gave rise to an increase
in intensity between the two main peaks in the nitrogen Ko
spectra.
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