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5 Growth and properties of
Cu3N thin films

5.1 Introduction

For the past decades, the interest in copper nitride compounds was motivated
by its application as a new material for optical storage devices [74, 75, 12, 13].
Cu3N is a semiconducting material with a low reflectivity and a high resis-
tivity. For light in the visible region Cu3N is transparent. It is metastable,
i.e. upon heating it decomposes into N2 and Cu. The formation enthalpy at
25◦C is 17.8 kcal/gmol. Similar to iron nitrides (also metastable compounds),
the Cu3N phase is thought not to decompose below a certain temperature due
to the existence of a barrier, preventing the recombination of N atoms into
N2 molecules at the surface. The decomposition temperature is around 250◦C.
This opens the possibility to induce by irradiation (laser, electrons, ions) metal-
lic Cu clusters or particles in a transparent, semiconducting material. There
are a number of applications that can exploit this property.

As reported by Nosaka et al. [12], a Cu3N film can be locally decomposed
by electron beam irradiation such that a 1×1µm2 Cu dot array can be ′′written′′

on the Cu3N. Moreover, Cremer et al. [13] even demonstrated the suitability
of Cu3N for write−once optical data storage. According to their investiga-
tion, Cu3N layers deposited by magnetron sputtering could be decomposed
to metallic copper by pulsed diode laser irradiation. The reflectivity changes
from 3.2% to 33.2% for completely transformed areas and to 12% for single
bits. The smallest diameter of a single bit was 0.9 µm. For laser pulses of 300
ns in width and 28 mW in intensity, the writing data rate was 3.3 Mbit/s.

Next to the straightforward application in optical recording, a dot array of
Cu on a Cu3N films could be used as a template for growing self−assembled
structures. Besides application in optical storage, Cu3N is also an interest-
ing candidate as a barrier in magnetic tunnel junctions [49]. This material,
with a much lower band−gap (1.65 eV) than the classical insulating barriers
(e.g. Al2O3, MgO), if successfully integrated in magnetic tunnel junctions,
might open a challenging direction in the fabrication of low−resistance mag-
netic tunnel junctions for applications in non−volatile magnetic random access
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64 5 Growth and properties of Cu3N thin films

memories. Moreover, the N−Cu system in itself triggered quite some interest
since the first report by Leibsle et al.[76] on the formation of 5×5 nm2 square
patches of c(2×2)N on a (001) Cu surface with a separation of only a few
nm. Such self−assembled templates were subsequently used for the growth of
magnetic nanostructures [77, 78, 79].

The Cu3N phase (azide) is cubic with a lattice constant of 3.817 Å and an
anti−ReO3 structure (Fig. 5.1). In this peculiar structure, the face−centered−
cubic close packed sites are vacant and, therefore, it is possible to insert an-
other atom, like Cu or Pd. With the insertion of Cu atoms, the Cu3N lat-
tice undergoes a small expansion (∼1.13%), and the Cu4N phase is formed
[80, 81]. As concluded from theoretical calculations [82], Cu3N is a semicon-

Figure 5.1: Crystal structure of Cu3N.

ductor with a rather low band gap of ∼0.5 eV. The semiconducting nature
of the phase was indeed experimentally confirmed, although the values of the
band gap were found to be slightly higher, varying in the [1−1.9] eV range.
In contrast with this, compounds like Cu4N and Cu3NPd, obtained upon dop-
ing of Cu3N are believed to have a metallic character [82, 83]. So far, the
Cu3N phase was reported to be synthesized by rf or dc sputtering methods
[74, 12, 13][84, 85, 86, 87, 88, 89] as well as by ion−assisted vapor deposition
[75]. Depending on growth conditions like substrate, substrate temperature
and nitrogen flux, the growth of stoichiometric Cu3N films was reported. On
substrates like glass, Si, Al2O3 and Pt/MgO the obtained films were poly-
crystalline, whereas on MgO and SrTiO3 [84] the films were amorphous. The
films which were non−stoichiometric, were reported to be mixtures of Cu and
Cu3N or even the Cu4N phase. Over−stoichiometric films, with a nitrogen
content between 28% and 32%−slightly more than the 25% of nitrogen cor-
responding to the stoichiometric Cu3N phase−were also reported. Since in
the XRD measurements only reflections belonging to the Cu3N phase were
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observed, it was argued that the excess N is present in an amorphous phase
surrounding the Cu3N crystallites [87]. As reported by Nosaka et al. [87],
both the resistivity and the optical energy gap of copper nitride films vary
with the nitrogen content. Stoichiometric Cu3N films were found to have the
highest resistivity (∼1000 Ωcm) and optical energy gap (∼1.8 eV) while both
under−stoichiometric and over−stoichiometric films showed lower values.

In the present research, the growth of Cu3N films was approached with a
different method, namely, molecular beam epitaxy of copper in the presence
of atomic nitrogen as obtained from an rf atomic source. The growth and
the properties of Cu3N thin films were investigated with the aim of using
this material as semiconducting thin layers in an all−nitride, all−epitaxial
magnetic tunnel junction. For such applications, it is of crucial importance to
try to acquire a complete understanding of the different aspects of the growth
and the properties of thin films of Cu3N.

5.2 Experimental details

Copper nitride films were grown on (001) MgO and (001) Cu single-crystals.
Before growth, the MgO substrates were cleaned in−situ in an ultra high va-
cuum compatible oxygen oven, by annealing at 600◦C in 10−6 mbar O2 for
3 h. The Cu substrates were cleaned in−situ by subsequent sputtering (at
400◦C) and annealing cycles (at 600◦C). Well−ordered and clean surfaces of
these substrates were obtained in this way as checked with low energy electron
diffraction (LEED). Copper was evaporated from a Knudsen−cell, at rather
low deposition rates (0.007−0.05 Å/s) on MgO substrates heated at tempera-
tures ranging from RT to 300◦C and on Cu substrates at 150◦C. The atomic
nitrogen was obtained from a home−made rf atomic source operated with pure
nitrogen or mixtures of nitrogen and hydrogen in different ratios and at pres-
sures in the 10−3−10−1 mbar range. The rf power applied was kept at 60 W
in all the growth experiments. During thin film growth, the pressure in the
UHV chamber was in the 10−7−10−6 mbar range.

Different aspects of the growth and the properties of the copper nitride films
grown on (001) MgO and (001) Cu substrates were investigated in relation with
the growth parameters (substrate temperature, growth rate and pressure of ni-
trogen, presence of hydrogen). Information on the structure and composition of
the films was obtained from x−ray diffraction measurements in a θ−2θ geom-
etry or 2−dimensional scans as well as Rutherford backscattering/channeling
spectrometry measurements. The surface morphology of uncapped films was
probed in air by means of atomic force microscopy. The optical properties were
measured with variable wavelength ellipsometry whereas from temperature de-
pendent resistivity measurements some insight in the electrical properties of
this material was gained.
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5.3 Cu3N films on (001) MgO

In the MBE growth of copper in the presence of atomic nitrogen, the up-
per limit of the deposition temperature for the formation of a compound
like Cu3N is dictated by the decomposition temperature of this meta−stable
compound. We concluded that for this growth method, the upper tempera-
ture limit is around 250◦C. Above 250◦C, the Cu3N compound could not be
formed and pure epitaxial Cu films were grown. Surprisingly, epitaxial lay-
ers of Cu3N could be grown even at room temperature (RT) even though the
mismatch between Cu3N and MgO is as high as ∼10%. We can compare
these results with those for iron nitride films on (001) MgO substrates using
the same growth method [15]. In that case, epitaxial layers of γ ′−Fe4N could
not be grown at room temperature, and instead, an amorphous iron nitride
phase was grown. At substrate temperatures in the range between 300◦C and
400◦C very smooth γ ′−Fe4N layers are grown on MgO. The growth proceeds
in a layer−by−layer fashion (growth and coalescence of islands). At substrate
temperatures of 460◦C, pure Fe layers are grown instead of γ ′−Fe4N. We might
assume that the growth of Cu3N proceeds in a similar way. This could imply
that at low temperatures amorphous Cu3N could be grown.

The adsorption of N atoms on (001) Cu surfaces and the surface diffusion
were studied by STM [55]. Clean Cu substrates were exposed to a flux of
atomic nitrogen at 400◦C, and subsequently cooled down to RT and measured
in-situ with STM. The STM images revealed the presence of N atoms adsorbed
on the (001) Cu surface. This suggests that at this high temperature the
recombination of N atoms to N2 molecules is not 100% effective.

5.3.1 Influence of H

In the growth of γ ′−Fe4N films, the presence of hydrogen in the atomic source
was found to play a crucial role [52]. We investigated the role of hydrogen
also in the growth of Cu3N films. The influence of hydrogen was probed in a
simple fashion. Two samples of the same thickness were grown on (001) MgO
substrates at a substrate temperature of 150◦C. In both cases the growth rate
of Cu was ∼0.04 Å/s. One sample (S1) was grown with pure N2 in the atomic
source at a total pressure of 5×10−2 mbar, and a second one (S2), with a
mixture of 50% N2+50% H2 in the atomic source at a pressure of 1×10−1

mbar. The partial pressure of nitrogen in the atomic source was the same in
the two growth experiments. After growth, the samples were measured ex−situ
with XRD. The measured XRD θ−2θ scans are shown in Fig. 5.2. The results
clearly reveal that the sample grown with only nitrogen in the atomic source
(sample S1) contains only the Cu3N phase, while for the sample grown with
a mixture of nitrogen and hydrogen, no Cu3N phase was formed, and a pure
Cu film was grown instead. As measured by 2D−XRD, both samples are
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Figure 5.2: XRD θ-2θ scans for two copper nitride samples: sample S1−grown with
only nitrogen in the atomic source, and sample S2−grown with a mixture of nitrogen
and hydrogen in the atomic source (1:1 ratio). The partial pressure of nitrogen is
equal in both cases. All the other growth parameters are identical.

epitaxial. The two growth experiments were done at a temperature below the
decomposition threshold of Cu3N. This implies that the growth of a pure Cu
film has to be strictly a consequence of the presence of hydrogen at the surface.
One possibility would be that the H present on the Cu surface is changing the
potential landscape at the surface which results in a higher recombination rate
for the N atoms. On the other hand, it cannot be excluded that the H atoms
recombine with the N atoms to form NHx species, which consequently are
desorbed. Also, the growth rate of Cu could play a role. Indeed, changing the
growth rate of Cu to ∼0.025 Å/s, and keeping the same N:H ratio of 1:1 in the
rf atomic source but at a total pressure of 5×10−2 mbar, samples which were
mixtures of Cu and Cu3N were grown. We do not observe any improvement of
the crystal quality of the grown Cu3N phase with admixing hydrogen in the rf
atomic source as was found for the growth of γ ′−Fe4N. However, we observed
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that the presence of H during the growth of Cu films has a beneficial influence
on the crystalline quality of the layers.

5.3.2 Structure and morphology

By means of x−ray diffraction, the structure and the crystallinity of grown
copper nitride films were probed. The mismatch between Cu3N and the MgO
substrate is ∼10%. XRD θ−2θ scans using the Cu Kα radiation (λ=0.154 nm)
were performed. Additionally, the films were measured in a Philips X’Pert
MRD system [two−dimensional−XRD (2D−XRD)]. Growth parameters for
some relevant samples are shown in Table 5.1. The thickness of the films was
measured by Rutherford backscattering spectrometry wherefrom the growth
rate of Cu was calculated. Typical results of the XRD measurements for the
different Cu3N samples are shown in Fig. 5.3: (a) for sample S4 and (b) for
sample S3. The XRD scans corresponding to samples S5 and S6 were similar
to the one of S3, and therefore are not shown. In both scans, sharp (00k) reflec-
tions corresponding to copper nitride are present. Consequently, we conclude
that copper nitride films were grown, all having a well−defined orientation
with the [100] direction normal to the (001) substrate. Second, to determine
the in−plane orientation of the film with respect to the crystal orientation of
the substrate, we performed 2D−XRD ψ−φ pole scans with 2θ fixed at the
(111) reflection of Cu3N. The results corresponding to the two samples are
presented in Fig. 5.3 (c) and Fig. 5.3 (d). It is rather interesting to note the
difference between the two pole scans. The scan in (c) shows a complex pattern
with eight (111) intensity maxima, which corresponds to an epitaxial film, with
two preferred in−plane orientations, instead of only one. On the other hand,
the scan in (d), shows only four sharp peaks corresponding to the (111) re-

Table 5.1: Growth conditions corresponding to different copper nitride films grown
on (001) MgO substrates. The pressure in the atomic source was 1×10−1 mbar
for sample S2 and 5×10−2 mbar for all the other sample. T(◦C) is the deposition
temperature and t (nm) is the thickness of the films. The phases present in the films
as measured by XRD are also given.

sample T growth rate gas mixture t phase
(◦C) (Å/s) (N2:H2) (nm)

S1 150 0.420 100:0 39.0 pure Cu3N
S2 150 0.420 50:50 27.0 pure Cu
S3 250 0.008 100:0 15.7 Cu3N+Cu
S4 150 0.010 100:0 18.6 pure Cu3N
S5 150 0.021 90:10 20.0 pure Cu3N
S6 RT 0.021 90:10 21.3 pure Cu3N
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Figure 5.3: X−Ray θ−2θ scans: (a) 18.6 nm Cu3N/MgO grown at 150◦C (sample
S4) and (b) 15.7 nm Cu3N/MgO grown at 250◦C (sample S3). The corresponding
pole ψ−φ scans are shown in (c) and (d), respectively. In all pole scans the 2θ angle
is fixed for the (111) reflection of Cu3N.

flections of Cu3N which implies that the film is epitaxial and monocrystalline.
Cu3N films grown at the same deposition temperature (150◦C−for sample S5)
or even lower (RT−for sample S6), but at a higher growth rate, were also
found to be epitaxial and monocrystalline. The difference in structure which
is found for Cu3N films grown on MgO substrates could be correlated with the
combination of deposition temperature and growth rate for each film. The film
showing two preferred in−plane orientations was grown at a low temperature
(150◦C) and a very low growth rate. The two orientations may have to do
with the higher relative flux of N, facilitating nucleation.

In the x−ray measurements performed in the X’pert system, the sample
(film on a substrate) can be precisely aligned, and therefore, the 2θ angles cor-
responding to different (hkl) reflections can be accurately measured. Assuming
a tetragonal structure for Cu3N, from the measured 2θ angles corresponding
to the (002) and (111) reflections, we could calculate the in−plane (a//) and
out−of−plane (a⊥) lattice constants. Cu3N films of comparable thickness (15
nm to 20 nm) grown at RT or 150◦C were found to be fully relaxed, while the
films grown at higher temperatures (200◦C or 250◦C) showed a slight tetrag-
onal distortion, with a small in−plane contraction and an out−of−plane ex-
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pansion. On the other hand, a Cu3N film grown also at 150◦C, but a factor of
two thicker (39 nm) was found to have a tetragonal distortion with a a///a⊥
ratio of 3.806/3.829. We do not have an explanation for this behavior.

Additional information on the quality of the Cu3N films was obtained from
2D scans and ω rocking curves, as well as RBS/channeling measurements. Here
we show the results obtained for a 39 nm Cu3N film (sample S1). In Fig. 5.4,
the XRD θ−2θ scans together with the corresponding ω rocking curves for
both the (001) and (002) reflection are shown. It is clear that in 2θ, the peaks
are narrow (in accordance with the thickness of the films), whereas a much
larger angular spread in ω is present. This suggests a rather bad in−plane
ordering. It is interesting to note that not all the Cu3N films found to be
epitaxial from XRD measurements, showed channeling in the RBS/channeling
measurements. The thinner films showed no channeling. The results of chan-
neling measurements for sample S1 (39 nm thick), after exposure to air, are
shown in Fig. 5.5. In Fig. 5.5 (a), we compare an RBS scan in the random
direction with one in the [001] string direction. The channeling yield is ∼50
%. The channeling peak of Cu contains two maxima: a surface peak (the

Figure 5.4: X-ray diffraction scans for a 39 nm Cu3N/MgO film grown at 150◦C:
(a) and (b) show the θ−2θ scans for the (001) and (002) reflections, respectively.
The corresponding ω scans are shown in (c) and (d), respectively.
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right one) and an interface peak. The surface peak appears because several
topmost layers are not fully shadowed and a certain effective number of Cu
planes parallel to the surface are ′′seen′′ by the ion beam. The decrease in
channeling (increase in the backscattering yield) at the surface might be due
to the formation of an oxide, after exposure to air. The increased backscatter-
ing yield at the interface with the substrate is probably due to a higher density
of defects in this region of the layer. This result suggests that the films grow
slightly disordered and that they subsequently order with increasing thickness
of the film. This reasoning could also explain why thinner films do not show
any channeling, despite their epitaxial nature as measured by XRD.

In Fig. 5.5 (b) the measured channeling dips in the (001) string direction
corresponding to the film (upper dip) and the substrate (bottom dip) are given,
showing the good alignment between the film and the substrate.

Figure 5.5: RBS/channeling measurements for a Cu3N film on an MgO substrate:
(a) random and [001]−string direction scans; (b) axial channel dip spectra for the
Cu3N film (top dip) and the MgO substrate (bottom dip) measured around the [001]
direction of the substrate.

The surface morphology was studied in air using atomic force microscopy
(AFM). No cap layer was present for the samples used in the AFM study.
Figure 5.6 shows AFM images taken for Cu3N films grown at three different
deposition temperature as follows: (a) 250◦C−sample S3; (b) 150◦C−sample
S4; and (c) room temperature (RT)−sample S6. The results are summarized
in Table 5.2. It is surprising that the smoother film is the one grown at room
temperature while the film grown at 250◦C is extremely rough, though with
flat areas in between much higher cluster−like features. As measured by XRD,
all the films were grown as Cu3N. On the other hand, as shown in section 5.3.3
(Fig. 5.10), by means of ellipsomety measurements we can conclude that the
sample grown at 250◦C contains a small amount of Cu impurity, while the
other two samples are pure Cu3N films. However, the amount of Cu impurity
is still very low, since the sample still has an overall semiconducting behavior.
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Figure 5.6: AFM topographical images for Cu3N films grown on MgO at different
deposition temperatures: (a) 250◦C: 1×1 µm2 area (vertical range 60 nm), (b)
150◦C: 1×1 µm2 area (vertical range 4 nm) and (c) room temperature (RT): 1×1
µm2 area (vertical range 4 nm).

If we take as a reference roughness the one found for the smoother films, by
performing a grain analysis on the AFM image shown in Fig. 5.6 (a), we can
estimate the coverage of the ′′high′′ feature to be ∼14 %. It is likely that the
roughness of the film grown at 250◦C is given by the Cu impurities. A closer
inspection of the XRD scans measured for this sample (see Fig. 5.3 (b)) shows
indeed a small peak corresponding to the (002) reflection of Cu. The size of
the crystallites obtained from the line-width and the 2θ values corresponding
to the (002) reflections was found to be in the order of the film thickness for
both phases. Therefore, we can conclude that Cu and Cu3N grow as separate
phases, probably in a columnar−like structure.

Table 5.2: Overview of copper nitride films grown on (001) MgO substrates and
investigated with AFM.

sample deposition rms roughness thickness
temperature (◦C) (nm) (nm)

S3 250 6.43 15.7
S4 150 0.787 18.6
S6 RT 0.397 21.3



5.3 Cu3N films on (001) MgO 73

5.3.3 Electrical and optical properties

Cu3N films showed electrical resistivity values in the order of 1000 Ωcm. Such
values point to the semiconducting nature of the films. The temperature de-
pendence of the electrical resistivity measured for sample S4 (Table 5.1), plot-
ted as lnρ(Ωcm) versus [T (K)]−1 is shown in Fig. 5.7 (a). The resistivity is
increasing with decreasing T, suggesting a semiconductor−like behavior for the
entire temperature range studied. As shown in Fig. 5.7 (a), lnρ(Ωcm) versus
[T (K)]−1 cannot be well fitted with a linear dependence. This suggests that
the conduction mechanism is not via impurity levels in the Cu3N phase. As
shown in Fig. 5.7 (b), the experimental data can be much better fitted if a more
complex dependence is assumed. Such a dependence would point to a variable
range hopping mechanism [90]. This issue needs to be investigated further. It
is interesting to note that films grown as mixtures of Cu and Cu3N, still showed
rather high electrical resistivity values of close to 1000 Ωcm. This suggests that

Figure 5.7: (a) Resistivity versus 1000/T. (b) Resistivity/T1/2 versus T−1/4. The
experimental data (full squares) are shown together with a linear fit to the data
(thick solid line).
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the conduction in mixed samples might follow the percolation theory wherein
two conduction processes coexist: one, a metallic conduction process through
the Cu path, and second, the semiconductor conduction process.

The optical properties of the as−grown films were obtained from room
temperature ellipsometry measurements in the 0.8 eV ≤ ~ω ≤ 4.5 eV energy
range. The measurements were done in a rotating analyzer ellipsometer which
measures the ellipsometric parameters Ψ(ω) and ∆(ω) wherefrom the dielectric
function, ε(ω) can be obtained. All measured spectra were taken at an angle
of incidence of 70◦ and a fixed polarization angle of 45◦. The experimental
data were fitted taking into account the thickness of the Cu3N layer and the
optical properties of the MgO substrate, with Lorentzian dielectric functions
[91]. Figure 5.8 shows the measured ellipsometric parameters Ψ and ∆ for a
Cu3N film (∼18.6 nm) grown at 150◦C on an MgO substrate, together with
the calculated real ε1 and imaginary ε2 parts of the dielectric function as
obtained from the fit. The dependence (shape) of ε1 and ε2 on energy, typical
for a semiconductor, agrees well with previously reported data. However, in

Figure 5.8: (a) Measured ellipsometric parameters Ψ and ∆ (thick dotted line)
together with the fit of the experimental data (thin solid line) for a Cu3N thin film
(18.6 nm) grown at 150◦C on a MgO substrate. (b) The real (ε1) and imaginary
(ε2) parts of the dielectric function. The inset shows the absorption coefficient (α)
from which the optical energy gap is estimated to be ∼1.65 eV.
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our case, the magnitude of ε1 and ε2 is slightly higher (factor ∼2) than the
values reported (all for much thicker films). This might be an effect correlated
with the thickness of the films, which is much lower in our case. The inset in
Fig. 5.8 (b) shows the corresponding dependence of the absorption coefficient

[α = (
√

2ω/c)
√√

ε1
2 + ε2

2 − ε1 ] on energy. From this dependence we estimate
an energy gap of 1.65 eV. This value is in the range of data previously measured
for thicker Cu3N films grown on different substrates [86].

Hahn et al. [82] performed energy band calculations using both the LAPW
(linearized augmented plane wave) and the LCAO (linear combination of atomic
orbitals) methods. The resulting LAPW energy bands and the total density of
states for Cu3N are shown in Fig. 5.9. These calculations confirm that Cu3N is
a semiconductor. They obtained an energy gap of 0.23 eV from the LAPW
method and of 0.9 eV from LCAO. Combining the results obtained from the
two methods, they suggest that the experimental gap should be around 0.5 eV.
This value is lower than what was measured experimentally. Based on these
calculations, we can interpret the 1.65 eV absorption edge as mainly originat-
ing from direct d→p inter−band transitions which show a large joint density of
states around the M→R direction in the Brillouin zone where a d−like valence
band and a p−like conduction band run parallel to each other.

Ellipsomentry measurements were also performed on Cu3N films obtained

Figure 5.9: LAPW energy bands and the total density of states for Cu3N calculated
by Hahn et al. [82].
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Figure 5.10: The imaginary (ε2) part of the dielectric function measured for
Cu3N thin films grown on MgO substrates. The growth parameters for all sam-
ples are summarized in Table 5.1.

using different growth conditions. The corresponding growth parameters were
summarized in Table 5.1. All the films were grown on (001) MgO substrates.
Following the procedure described above, we obtained the dependence of the
real (ε1) and imaginary (ε2) parts of the dielectric function on energy for
each film. The ε2 obtained for four samples (see Table 5.1) are shown in
Fig. 5.10. Small differences are observed between all spectra. For samples S3
and S5, besides a small shift of the optical gap towards lower energy, also clear
absorption below the optical gap is observed.

To get an insight into these differences, we tried to model the optical prop-
erties of samples which consist of a mixture of two materials A and B. The
optical properties of such a mixture can be described with an effective dielectric
function, 〈ε̃〉, which depends on the dielectric functions as well as the shape of
the grains of the two constituents and their orientation. The most frequently
used effective medium approximations (EMA) are: the Maxwell Garnett EMA
[92], Bruggeman [93] and Wiener Bounds [94]. Our modelling was based on
the effective medium approximation developed by Wiener. He calculated the
effective dielectric constant 〈ε̃〉 for two different configurations: I−a layered
structure of the A and B constituents and II−a columnar structure of the A
and B constituents. Corresponding to case I, the 〈ε̃〉 was calculated as:

〈ε̃〉 = (1 − fB)ε̃A + fB ε̃B (5.1)

with fB−the volume fraction of the constituent B and ε̃A and ε̃B, the dielectric
functions of the constituent A and B, respectively. The real and imaginary
parts of this equation is trivially obtained as a function of the real and imagi-
nary part of the dielectric function corresponding to the two constituents: ε1A
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and ε2A for component A and ε1B and ε2B for component B. For case II, the
〈ε̃〉 was given by the equation:

〈ε̃〉 =
1

(1 − fB)/ε̃A + fB/ε̃B

(5.2)

wherefrom, the real and imaginary part are:

〈ε1〉 =
a

a2 + b2
, (5.3)

〈ε2〉 =
b

a2 + b2
, (5.4)

with a and b calculated as:

a =
(1 − fB)ε1A

ε2
1A + ε2

2A

+
fBε1B

ε2
1B + ε2

2B

, (5.5)

b =
(1 − fB)ε2A

ε2
1A + ε2

2A

+
fBε2B

ε2
1B + ε2

2B

, (5.6)

Wiener [95] proved that 〈ε̃〉 for any EMA, must lie between the equations for
configuration I and II. In our case the two materials were taken as Cu3N and
Cu. To compute the dielectric function of a material which consists of a mix-
ture of Cu3N and Cu, we used the dielectric functions of copper and copper
nitride as measured for thin films. For a fB = 0.15, the calculated 〈ε2〉(ω) is
shown in Fig. 5.11 together with the corresponding ε2(ω) for Cu and Cu3N.

Figure 5.11: The calculated 〈ε2〉(ω) dependence for a (Cu3N+Cu) layered structure
(solid line−case I) and a columnar structure (dashed line−case II), both for fB =
0.15. The ε2(ω) dependence as measured for Cu and Cu3N thin films is also shown.
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For case II, we see indeed a shift of the edge of the 〈ε2〉(ω) dependence to-
wards lower energies. Therefore, it is very likely that the observed differences
in the measured data are correlated with the presence of Cu impurities in the
Cu3N matrix. So far we have no clear evidence that the differences in the
optical properties among different Cu3N films have any correlation with the
disorder observed in samples.

5.4 Cu3N films on (001) Cu

The mismatch between Cu3N and MgO is rather high, about 10%. In the
case of Cu single crystal substrates, the mismatch reduces to 5.7 %. Copper
nitride films were grown on (001) Cu substrates at a deposition temperature
of 150◦C. The atomic source was operated with pure N2 at a total pressure
of 5×10−2 mbar. The growth rate of Cu was around 0.023 Å/s, as estimated
from ex−situ x−ray reflectivity measurements. Immediately after growth and
in−situ cooling to RT, the sample was checked with LEED. Spots arranged in
a cubic symmetry were observed, pointing to a well−ordered surface. Ex−situ
XRD measurements revealed indeed only reflection peaks corresponding to the
Cu3N phase. From 2D−XRD measurements we could estimate the in−plane
and out−of−plane lattice constants, as a//=3.757 Å and a⊥=3.833 Å, re-

Figure 5.12: 2D ω−2θ areal scan for a 21 nm Cu3N film grown on (001) Cu.
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spectively. These values correspond to a small in−plane compression and
an out−of−plane relaxation. A 2D ω−2θ areal scan measured for a 21 nm
Cu3N film grown on Cu is shown in Fig. 5.12. The alignment between the
[002] directions of Cu3N and Cu is very good, but the ω spread is still al-
most as big as for the films grown on MgO. Cu3N films grown on MgO or Cu
substrates were found to oxidize upon exposure to air at room temperature.
According to Raman spectroscopy measurements (not shown), this results in
the formation of a thin surface Cu2O layer.

5.5 Conclusions

Despite a mismatch as high as ∼10%, thin Cu3N films were grown epitaxi-
ally on (001) MgO substrates even at room temperature by N-assisted MBE.
The upper temperature limit was found to be ∼250◦C. It is likely that the
growth mechanism proceeds in a layer−by−layer fashion similar to the growth
of γ′−Fe4N layers on MgO substrates using the same growth method. This
results in the growth of smooth layers of Cu3N. As a pure phase, the behavior
of as grown films is typical for a semiconductor with an optical gap of 1.65
eV. If a low amount of Cu impurities is present in the Cu3N semiconducting
matrix, the films still have the overall behavior of a semiconductor, but with
a reduced optical band gap. Disorder features were observed in all the films
grown on MgO. Copper nitride films grown on a better matched substrate,
(001) Cu single crystals, did not show a striking improvement of the crystal
quality. Instead, for films of comparable thickness and grown at the same
deposition temperature (150◦C) a rather significant tetragonal distortion was
measured only for the films grown on Cu, while the layers on MgO were fully
relaxed.
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