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Synthesis and properties of CeN thin films
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Cerium nitride films were deposited by ion plating in an electron-beam sustained Ce arc
discharge in a nitrogen atmosphere. The crystal structure was strongly affected by the arc
discharge current and the substrate temperature. The lattice spacing of CeN film is
0.5020 nm with a density of 7.82 g cm 3. This film showed a paramagnetic property at 10 Kiin
a magnetic field of 20 kOe. The Knoop hardness for CeN film is over 1600. The electrical
resistivity was 4.6 x 10~ * Qcm with p-type conductivity. The carrier concentration of the CeN
film increased after exposure to the air, which suggested that the valence of Ce in CeN is
probably 4+ . © 7998 Kluwer Academic Publishers

1. Introduction

CeN was studied mainly in the 1960s and 1970s [1-5].
Gambino and Luomo [1] developed a method called
reactive melting in nitrogen gas to form CeN. The arc
was sustained for only 1 min in nitrogen gas. Introduc-
tion of Ar gas at intervals was needed to prevent the
arc from extinguishing and to keep the metal in
a melting state in the nitrogen gas. The sample was
formed by a few such cycles of melting and nitriding.
Occlusion of rare-earth metal was found in the grain
boundary of the CeN crystal. Dell and Hensley [2]
synthesized a CeN sample by first forming cerium
hydride with a small piece of Ce reacting with H, at
673 K and then converting the hydride to nitride by
heating the sample to 1073 K in nitrogen gas. The
sample had 90% of the nitrogen required for
stoichiometric CeN. Few reports can be found in
recent years owing to the instability of the sample in
the air in spite of some interesting properties, such as
p-type conductivity. However, the problem of instabil-
ity can be solved simply now by proper coating of
protective layer.

The aim of this work is to synthesize CeN films and
to characterize them in terms of crystal structure,
electrical and mechanical properties. The chemical
stability of films in an ambient atmosphere was inves-
tigated in detail.

2. Experimental procedure

Fig. 1 shows a schematic diagram of the equipment
employed in this study. The chamber (450mm in
diameter, and 450mm in height) was evacuated to
107> Pa by rotary and oil diffusion pumps before
deposition. The borosilicate glass and Si substrates
were mounted on a floating rotation system to achieve
uniform thickness. The substrate temperature was al-
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tered from room temperature to 673 K.The substrates
were cleaned by Ar radio frequency plasma for 15 min
at a pressure of 8.0x 1072 Pa before deposition.
Nitrogen was introduced into the chamber to
7.0 x 10~ % Pa together with helium gas at the partial
pressure of 1.0x 107? Pa. The addition of helium
gas improved the stoichiometry of the films and led
to stability of the films, probably because of the
high energy of helium gas in a metastable state,
which excited nitrogen to states with higher reactivity
[6].

A Ce (purity, 99.9%) chunk in a water-cooled
copper crucible was evaporated with an electron-
beam (EB) gun; an electrode made of molybdenum for
arc discharge was positioned 30 mm over the edge of
the melted Ce pool and a positive direct-current volt-
age of 25V was applied to the electrode. An arc
discharge of 2060 A was established between
the source and the electrode by changing the EB
power. An optical multichannel analysing system with
charge-coupled device and optical fibres was used
for the optical emission measurement of the
plasma. The position of the measurement was in
the centre of the space between the crucible and the
substrate.

A small-angle (0-10°) X-ray diffractometer (Rigaku;
Cu Ka) made it possible to study the crystal structure
of thin films. The electrical propertics were investi-
gated by the van der Pauw method. The density of the
films was calculated by dividing the mass gain of the
samples by the film volume. The magnetic properties
were investigated by means of a vibrating-sample
magnetometer down to 10 K in the magnetic field of
20 kOe. The hardness was measured with an ultramicro-
hardness tester. The compositions and binding states
of the films were studied by X-ray photoemission
spectroscopy (XPS).
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Figure 1 The sketch diagram of the apparatus utilized in the experi-
ment, CCD, charge-coupled device, EB, electron beam.

3. Results and discussion

3.1. CeN film formation process

Cathodic arc evaporation is widely used to synthesize
new ceramics, such as TiN and TiC, and the mecha-
nism of this arc discharge has been well studied [7].
The ionization degree of nitrogen gas is very high
owing to the charge transfer from the metal ion to the
nitrogen gas. On the other hand, the EB-evaporated
Ce vapour arc discharge in this study exhibited a quite
different feature. Fig. 2 shows the optical emission
spectra in the range 330—400 nm. Emission peaks
from three species (N,, Ce and Ce ™) in this range were
analysed. The N, second positive transitions (0, 0),
(1, 2) and (0, 1) were observed clearly when I, = 20
A and the emission intensity became lower with in-
creasing arc current, I,. When I, reached 60 A, these
peaks were very low. Ce and Ce" indicated another
tendency. Emission peaks from Ce and Ce™ increased
continuously with increasing arc current. From the
results of the crystal structure and XPS analysis de-
scribed below, the stoichiometric composition was
achieved only at I, = 60 A. Ce™ was considered to
play an important role in the formation of the CeN
film.

This was proved by applying a positive bias voltage
of +100V to the substrates to prevent positive ions
from bombarding the substrates; a thin Ce film with
about 8 at% N was found on the conductive substrate,
whereas a thick CeN film was formed on the glass
insulating substrate in the same substrate holder. This
indicated that CeN was hard to form without bom-
bardment of Ce ™. It was supposed that reaction of Ce
with nitrogen takes place by the following processes:

(a) N, molecules were adsorbed on the substrate
surface.

(b) Ce* obtained high energy from the potential
hump in the arc discharge as described by Davis and
Miller [8].

(c) The impinging Ce* ions bombarded the
N, molecule attached to the substrate surface
and made the N, molecule decompose into atomic
nitrogen.
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(d) Ce* ions obtained one electron from the sub-
strate, became neutral atom and then reacted with the
N atoms. CeN was formed.

3.2. Crystal structure

3.2.1. Effect of arc discharge current

The room-temperature phase of metallic cerium has
a face-centred cubic lattice with a unit cell size only
2.25% larger than that of CeN. As the nitriding pro-
cess proceeded, a change in the lattice spacing was
observed. The variation in X-ray diffraction patterns
under different arc currents, I,, is shown in Fig. 3.
When I, = 20 A, besides the Ce 111 peak, a broad
peak of CeO, 111 was also observed, which orig-
inated from the oxidation of Ce in the air. When
I, increased to 40 A, the CeO, 111 peak intensity
decreased, whereas the initial Ce 111 peak became
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Figure 2 Optical emission spectra at different arc discharge cur-
rents, I,. (@), Ce atom; (¥), Ce* ion; (¢), N, molecule.
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Figure 3 Crystal structure change as a function of arc discharge
current, I,.



stronger and shifted to larger angles, approaching the
CeN 111 peak. Stoichiometric CeN was formed only
when the arc current reached 60 A or more; the initial
Ce 111 peak was replaced by a strong CeN 111 peak.
As I, was increased from 20 to 40 to 60 A, the lattice
spacing d decreased from 0.5948 to 0.5916 to
0.5020 nm. This corresponded to a unit-cell volume
decrease of 2.7%. Quantitative analysis of the CeN
film by XPS confirmed an increase in nitrogen content
in the film with increasing current. The films fab-
ricated at I, = 60 A showed a stoichiometric composi-
tion. We could see the change in crystal structure from
face-centred cubic Ce metal to CeN with NaCl struc-
ture from the contraction of lattice spacing. The full
width at half-maximum (FWHM) of the peaks from
Ce 111 to CeN 111 decreased from 0.800° to 0.517°
to 0.447°; the bombardment of Ce ions on the film
surface might contribute much to the CeN crystal
growth.

3.2.2. Substrate temperature

The crystal structures of CeN films were also sensitive
to the substrate temperature (shown in Fig. 4). It was
found that there was an optimal temperature range for
CeN film growth. When the substrate was heated to
373 K or not heated deliberately, the intensities of the
peaks were low and the intensity of the CeN 200 peak
was stronger than that of the CeN peak 11 1, which
was also a sign of excessive Ce metal in the film,
because the Ce 101 peak appeared at the same posi-
tion as the CeN 200 peak and was added to the CeN
200 peak. When the substrate temperature reached
673 K, the crystal structure deteriorated again. This
was because CeN formation is an exothermic reaction,
from a thermodynamic point of view; 673 K might be
too high a temperature for this reaction. The optimal
temperature range was between 473 and 573 K in our
conditions. The films showed strong 111 orientation
in this range. Compared with 1073 K [2], the temper-
ature for thermal reaction between N, and Ce metal,
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Figure 4 The influence of temperature on the crystal structure.

the temperature in our study was very low owing to
enhanced reactivity of Ce vapour and nitrogen by arc
discharge.

3.3. Properties
3.3.1. Electrical and magnetic properties
The electronic structure of CeN was investigated by
Pickett and Klein [9] and Brooks [10]. Calculations
showed a wide band of 4f states located just above
Er and confirmed the existence of considerable f-f
overlap in CeN. No band gap was observed in the
dispersion curve. Dell and Hensley [2] reported that
the resistivity of their CeN, sample was
2.1x 107> Qcm. However, their samples were non-
stoichiometric with nitrogen deficiency, which inevi-
tably affected the electrical properties. We obtained
a different value using the stoichiometric sample.
The resistivity was 4.57x107% Qcm, the carrier
concentration 149 x102° cm™® and the mobility
92.1 cm? Vs~ 1. The conductivity was p type. No oxi-
dation of the sample took place instantly after expo-
sure to the air, especially when the films had
a stoichiometric composition. After exposure to the
air for 1h, there was little change in the crystal struc-
ture, resistivity and carrier concentration. Our
measurement was performed immediately after the
samples were taken out of the chamber. Therefore it is
reasonable to think that surface oxidation had little
effect on our electrical resistivity resuits.

The magnetic measurement proved that CeN
showed a paramagnetic property at 10 K. The applied
magnetic field was 20 kOe.

3.3.2. Hardness and density

The lattice energy of LaN and ScN was near that of
TiN [11]. CeN is expected to be a hard material
because of the similarity in crystal structure (NaCl
type) and electronic configuration to LaN and ScN.
No data on mechanical properties have been reported
yet. The thicknesses of our samples were less than
1pum. The ultramicrohardnesses were 503 for the CeN
film, and 450 for Si. CeN proved to be harder than Si.
The knoop hardness of the Si wafer was about 1500
and that of the CeN film might be over 1600.

The density of stoichiometric CeN was 7.82 gcm ™3,
which was near 8.00 gcm ™3, the value estimated by
theoretical calculation from the lattice spacing ob-
tained from the X-ray diffraction results.

3.3.3. Stability

The negative enthalpy of formation for CeN is re-
ported to be 78 kcal (g-atom) ™! [12], lower than that
of TiN (80 kcal (g-atom) ™ *). The oxidation process of
the CeN film in the air at room temperature was
investigated using X-ray diffraction and the van der
Pauw method in our study. Fig. 5 shows the change in
X-ray diffraction patterns as a function of the expo-
sure time. After exposure to the air, for 4 h, no obvious
change in the intensity and FHWM was observed
except that the CeO, peak became a little stronger.
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Figure 5 X-ray diffraction patterns change during the oxidation
process of CeN in air.

The intensity of the CeN 11 1 peak in the same sample
decreased significantly after exposure for 24 h, which
indicated that the CeN lattice was preserved, but in
much less order. After 15 days, the CeN peaks disap-
peared and this film changed to a CeO,-like substance.

When the sample was put in the ambient atmo-
sphere, the carrier concentration increased for the first
few hours and then decreased as shown in Fig. 6.
Because the mobility underwent a constant increase,
the electrical resistivity increased continuously. Oxi-
dation of nitride films generally makes the carrier
concentration decrease because of the formation of
insulating oxide. The anomalous increase in the car-
rier concentration due to oxidation may provide in-
formation on the mechanism of the p-type conductive
property in CeN. It was believed that the increase in
Ce** concentration accounted for the increase in the
carrier concentration, because the oxidation was the
most probable reaction in the air. To explain this
phenomenon, the electronic configuration has to be
considered. Ce has a 6s24f? outer shell; there is a tend-
ency for Ce to lose the two 4f electrons (Ce* ™) rather
than one (Ce*™*), which leads to an energy decrease
(AE4, for example) in the whole system. This is also the
reason why CeQ, is much more stable than Ce,Oj;.
For CeN, three electrons from Ce are generally needed
to form the bond with N. When one more electron
from the 4f orbit joins the bond, this electron has to
enter the antibonding orbital in the CeN molecular
orbital and the energy will increase (AE, for example).
If AE, < AE,, Ce will prefer the Ce** to the Ce**
state in CeN and one hole will be left in the 4f orbital.
This might be the origin of the p-type conductivity of
CeN. XPS analysis also showed that the Ce** com-
ponent did exist in the sample. Another explanation
for the p-type conductivity is that, as Ce combines
with oxygen, the nitrogen became excessive over Ce in
the film, which also led to p-type conductivity. After
4 h (Fig. 6) had passed, the CeQO,-like insulator struc-
ture began to form and caused the decrease in carrier
concentration.
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Figure 6 Anomalous increase in carrier concentration of the CeN
film after exposure to air.

4. Conclusion

Stoichiometric CeN was obtained at an arc current, I,
of 60 A in the substrate temperature range 473-573 K.
Optical emission from the discharge revealed that the
arc discharge was localized in Ce vapour; Ce was
highly ionized; however, the excited state of nitrogen
was low. Ce* was assumed to play an important role
in the formation of CeN film. The density of the film
with stoichiometric composition was 7.8 gcm ™3, close
to the theoretically calculated value. The Knoop hard-
ness for the CeN film is over 1600. The resistivity was
4.57 x 10~* Qcm. The increase in carrier concentra-
tion in the film in an ambient condition suggested that
the valence of Ce in CeN may be over 3 + , probably
4 + , which led to p-type conductivity. The mobility of
the carrier was fairly high; it might find applications in
non-electrical input devices or thermoelectric devices.
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