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Abstract

Chromium oxynitride thin films were deposited onto polished carbon substrates by an unbalanced magnetron sputtering in
a reactive atmosphere of argon and air with different relative humidities (concentrations of water vapor). The composition
and thickness of chromium oxynitride thin films were measured by ion beam techniques such as: Rutherford backscattering
spectroscopy (RBS) and resonant nuclear reaction analysis (RNRA). The nitrogen and hydrogen profiles were determined
by RNRA and Tof-SIMS, the chemical bond analysis was carried out by low energy electron induced X-ray spectroscopy
(LEEIXS) and X-ray photoemission spectroscopy (XPS). The LEEIX spectroscopic studies analysis have shown that, during
metallic sputtering mode, the composition of Cr–N–O can be fitted only by Cr2O3 with low content of CrN and CrO2, and in
the compound sputtering mode the CrO2 stoichiometry predominates in the presence of low content of CrN. XPS results have
also indicated the existence of another compound with (CrO2)3–N stoichiometry.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Chromium oxynitride; LEEIXS; XPS

1. Introduction

Chromium nitride and chromium oxide are very
good candidates for protection of steels and deco-
rative applications due to their distinct colors. Like
titanium nitride, chromium nitride has good mechani-
cal properties[1,2] and improves corrosion resistance
[1,3] because it has high oxidation resistance and a
good chemical stability. Like CrN, chromium oxide
thin films also present interesting properties such as:
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a higher hardness[1,4] and beautiful colors intended
for decoration[1,5]. Furthermore, other chromium
compounds like chromium oxynitride possess promis-
ing industrial applications. Chromium oxynitride thin
films present various colors, which vary with thick-
ness and composition. In comparison with Cr2O3, the
chromium oxynitride has a higher corrosion resis-
tance and the layer has a better adhesion and a uni-
form structure[6]. Collard et al.[1] have synthesized
Cr–N–O thin films by reactive sputtering in an atmo-
sphere containing two gases, nitrogen and oxygen.
Gautier et al.[7] have applied electric arc method for
the deposition of Cr–N–O. The chromium oxynitride
films prepared by these two methods (sputtering and
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electric arc) contain two different phases: CrN and
Cr2O3. Suzuki et al.[8] have produced Cr–N–O thin
films using another deposition technique based on a
laser beam pulsed in nitrogen and residual oxygen
atmosphere. According to the works reported on the
Cr–N–O films, it is interesting to produce chromium
oxynitride thin films using a reactive plasma with
air containing various concentrations of water
vapor.

The aim of the present work is to study the influ-
ence of relative humidity of air on deposition rate,
composition of chromium oxynitride thin films de-
posited on carbon and to characterize the different
phases present in it by means of electronic spectro-
scopic techniques such as low energy electron induced
X-ray spectroscopy (LEEIXS) and X-ray photoemis-
sion spectroscopy (XPS).

2. Deposition conditions

The chromium oxynitride films were produced by
dc reactive sputtering using an unbalanced magnetron
system in an Ar and air gases mixture. The vacuum
chamber (0.25 m3) is equipped with a chromium
(99.99% purity) sputtering target disc of 19.6 cm2

area and a 400 L/min turbomolecular pump. The
pressure in the chamber before starting the sputtering
process was less than 5× 10−5 Pa. The deposition
working pressure and plasma power density were
maintained respectively at 0.56 Pa and 5.86 W/cm2.
Under these conditions, the temperature measured by
a thermocouple fixed at the rear end of the substrate
during the sputtering process was always less than
100◦C. First, the carbon substrate was polished down
to a surface roughness of less than 10 nm and cleaned
with distilled water and acetone. Before deposition,
pure argon plasma was used to clean the chromium
target in order to eliminate the oxide layer formed on
the surface of the target. After this the glassy carbon
substrate was etched for 4 min in a pure argon plasma
atmosphere. High-purity argon and dry air were used
and both gas flows were controlled. The reactive gas
(air) and argon were admitted separately through a
MKS flow control system, keeping a constant to-
tal gas flow of 35 sccm for all deposition runs. The
reactive gas flow varied from 0% (0 sccm) to 70%
(25 sccm). In this work different reactive gases such

as dry air, air at 20, 40, 65 and 95% relative humidity
(RH) were used.

3. Analysis techniques

The thickness and composition of chromium oxyni-
tride thin films were measured by Rutherford backscat-
tering spectroscopy (RBS) and resonant nuclear
reaction techniques at LARN using 2 MV Tandetron
accelerator. The RBS technique was performed with
2 MeV �-particles and the scattered particles were de-
tected in a passivated implanted planar silicon (PIPS)
surface barrier detector, located at an angle of 175◦
to the incident beam. The experimental spectra are
fitted with the RUMP code[9,10]. The nitrogen and
hydrogen profiles were measured by using the narrow
resonance nuclear reaction and Tof-SIMS. The15N
(p, �) 12C reaction atEp = 429 keV for nitrogen and
H (15N, ��) 12C reaction at 6.385 MeV for hydrogen
profiling were used. The 4.43 MeV�-radiation of12C∗
was measured with a NaI detector as a function of the
incident particles energy to obtain the concentration
profile. The chemical bond and the composition of
the films formed were studied by low energy electron
induced X-ray spectroscopy and X-ray photoemission
spectroscopy. The LEEIXS is based on the ionization
of the inner-shell of the analyzed element by electrons
of a few keV. In this work we investigate the intensity
measurement of the Cr L� with a TAP crystal. The
energy of the incident electron beam is 5 keV, the gas
pressure is 0.23 Torr and the current is 0.12 mA. The
measuring parameters of Cr L-spectra are given in
Table 1. With 5 keV of electron beam, the thickness of
samples analyzed was between 120 and 240 nm. XPS
measurements were recorded with a SSX-100 spec-
trometer using the monochromatised X-ray Al K�
(1486.4 eV) at LISE (Laboratoire Interdépartemental
de Spectroscopie Electronique) at FUNPD.

Table 1
Measuring parameters of Cr L-spectra

Crystal TAP 2d= 25.75

Discharge conditions Voltage: 5 kV, current: 0.12 mA,
pressure: 0.23 Torr

Angle 2θ 106–120◦
Step 0.15◦
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4. Results and discussion

The Cr L experimental spectra were fitted by a lin-
ear combination of data obtained from the standard
samples (Cr, CrN and Cr2O3). In Fig. 1we present the
experimental spectra obtained from standard samples.
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Fig. 1. Normalized Cr L-spectra obtained from the standard samples (Cr, CrN and Cr2O3).

These X-ray spectra were obtained under condition
listed inTable 1.

In the pure chromium spectrum we observed two
peaks which correspond to the two main transi-
tions, L� and L�. In the case of the L X-ray spec-
tra of chromium obtained from chromium nitride
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Table 2
Spectra data of Cr L-transitions

Cr CrN Cr2O3

Max L� (eV) 581.9± 0.2 582.3± 0.2 582.96± 0.2
Half width 5.5 ± 0.5 5.5± 0.4 5.9± 0.4
Max L� (eV) 571.8± 0.1 572.3± 0.1 574.3± 0.1
Half width 5.5 ± 0.3 5.6± 0.3 5.9± 0.3
Max crossover

(eV)
568.3± 0.5 568.7± 0.2

Half width 8.54± 0.4 8.2± 0.5
Intensity ratio:

max L�/
max L�

4.76 ± 0.5 3.77± 0.7 1.92± 0.2

max L�/max
Lco

1.5 ± 0.6 2.13± 0.2

and chromium oxide, we observed three peaks L�
L�, and Lco. The first peak (L�) is attributed to a
Cr(3d) → Cr(LIII ) transition, the second peak (L�)
is attributed to a Cr(MIV ) → Cr(LIII ) transition. The
peak (Lco) at low energy is a “crossover transition” 2p
(O, N) → Cr(LIII ). The fundamentals of soft X-ray
Spectroscopy can be found in the literature[11–16].
The experimental data obtained from standard sample
are given inTable 2.

The deconvolution of experimental spectra obtained
from chromium oxynitride samples works on the ba-
sis of the “non-linear least squares” method; it is ob-
tained by repeatedly modifying the peak area with
respect to the parameters given inTable 2(FWHM,
intensity ratio and energy difference between peaks
L�, L� and crossover) obtained from standard sam-
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Fig. 2. Cr L-spectra obtained from oxynitride sample deposited on carbon substrate at 5 and 15 sccm air flow.

ple. Fig. 2 presents an example of Cr L X-ray spectra
obtained under the same conditions listed inTable 1,
from chromium oxynitride sample deposited under 5
and 15 sccm of dry air flow. The decomposition of the
Cr L X-ray spectra taken from chromium oxynitride
samples allowed identifying the compounds existing
in Cr–N–O thin films. In case of chromium oxynitride
thin film produced with 5 sccm of reactive gas we ob-
serve the contribution of the three peaks characteris-
tic of chromium nitride (CrN) and chromium oxide
(Cr2O3). In case of sample produced with 15 sccm of
air flow, we observe the three peaks characteristic of
CrN and other three peaks can be attributed to CrO2
(it is interesting to note that we do note have a CrO2
standard sample). The experimental position peaks is:
the first peak is L� at 582± 0.2 eV, the second L� at
573.9± 0.2 eV and the third corresponds to crossover
transition at 568.2±0.2 eV. With this method we could
determine the proportions of each compound and fol-
low the variations with gas flow and relative humidity.
The results of this analysis are shown inFig. 3.

We observe, during sputtering in metallic mode, that
the Cr2O3 stoichiometry is in majority with a small
percentage of CrN and CrO2. This can be explained
by the fact that enthalpy of formation of Cr–N at 25◦C
is −29.8 kcal/(g mol), very low value (absolute value)
in comparison with that of chromium oxide Cr2O3
−269.7 kcal/(g mol)[17]. When air flow and relative
humidity are increased, the content of CrO2 increases
while the Cr2O3 concentration decreases. During sput-
tering in compound mode, we observe the existence of
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Fig. 3. Evolution of Cr and compound content determined by LEEIX spectroscopy as a air flow and relative humidity.
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Table 3
Cr, O, N and H concentrations in chromium oxynitride thin films determined by different techniques (RBS, LEEIXS, XPS and RNRA)

Sample Element Atomic
concentration
± 2.5 at.%
(RBS)

Atomic
concentration
± 10 at.%
(LEEIXS)

Atomic
concentration
at.% (XPS)

Atomic
concentration
at.% RNRA

Thickness
(nm)

Cr–N–O/C 5 sccm dry air Cr 42 46 38.5 240
O 46 44 55.5
N 12 10 6 14.0
H 1.0

Cr–N–O/C 10 sccm dry air Cr 39 40.5 38.9 240
O 55 53 59.3
N 6 6.5 1.8 4.0
H 2.0

Cr–N–O/C 5 sccm air at 65% RH Cr 40 41 36 240
O 48 47 61
N 12 12 3 17.5
H 3.0

Cr–N–O/C 10 sccm air at 65% RH Cr 34 34.3 36.8 120
O 64 62.7 61.7
N 2 3 1.5 3.0
H 11.0

Cr–N–O/C 5 sccm air at 95% RH Cr 38.5 42.3 36.9 240
O 48 46.2 59.5
N 13.5 11.5 3.6 15.5
H 6.0

Cr–N–O/C 10 sccm air at 95% RH Cr 33.5 35 36.9 120
O 62 60 61.9
N 4.5 5 1.2 3.0
H 11.0

410 405 400 395 390 385

1000

1500

2000

2500

3000

3500

4000

N1s satellite

397.4 eV

N1S CrN 396.4 eV

In
te

n
s
it
y

Binding Energy (eV)

540 535 530 525 520

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

O1s satellite

531.5 eV

O1s Cr
2
O

3
 530.1 eV

In
te

n
s
it
y

Binding Energy (eV)

Fig. 4. N 1s and O 1s XPS spectra for chromium oxynitride sample deposited with 5 sccm dry air flow.
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two different compounds CrO2 and CrN. In this mode
of sputtering, relative humidity does not affect the pro-
portions of the compounds formed and CrO2 (90%)
stoichiometric predominates in coexistence with low
contents of CrN (10%). The Cr, O, N and H contents
obtained by various techniques are given inTable 3.

The LEEIXS results are completed by XPS mea-
surements of Cr 2p, O 1s and N 1s. In order to elim-
inate the carbon and oxygen contamination on the
surface, all samples were sputtered with Ar+ ions
for 1 min with energy equal to 2 keV and an emis-
sion current with intensity equal to 10 mA. InFig. 4,
we present two XPS spectra (N 1s and O 1s) from
chromium oxynitride film deposited with 5 sccm of
dry air flow.Fig. 5gives O 1s XPS spectra of the sam-
ples deposited with 5 and 10 sccm of air at 65% RH.

540 538 536 534 532 530 528 526 524 522 520
0

5000

10000

15000

20000

(a)

O1s (Cr
2
O

3
) at 530.1 eV

O1s satellite
at 531.5 eV O1s (CrO

2
) at 529.6 eV

In
te

ns
ity

Binding Energy (eV)

540 538 536 534 532 530 528 526 524 522 520
0

2000

4000

6000

8000

10000

12000

14000

16000

(b)

O1s satellite
at 531.5 eV

O1s (CrO
2
) at 529.6 eV

In
te

ns
ity

Binding Energy (eV)

Fig. 5. O 1s XPS spectra for chromium oxynitride sample deposited
with 5 sccm (a) and 10 sccm (b) of air at 65% RH.

In Fig. 4, the decomposition of the N 1s peak clearly
shows the existence of two components: a major com-
ponent at 396.4± 0.1 eV attributed to N 1s from CrN
in agreement with the literature value 396.6 ± 0.2 eV
[18] and a second component, called satellite peak, at
397.4 ± 0.1 eV. Furthermore, the decomposition of O
1s peak reveals the presence of two peaks, the first one
at 530.1±0.1 eV, which corresponds to the O 1s from
Cr2O3 also in agreement with the literature value of
530.2± 0.2 eV [18] and the second peak (satellite) at
531.5 ± 0.1 eV.

In Fig. 5a, simulation of O 1s XPS spectra clearly
shows the existence of three O 1s components. A first
component at 529.6±0.1 eV, which can be attributed to
the O 1s coming from CrO2 in agreement with the lit-
erature value of 529.3 eV[19]. The second component
at 530.1±0.1 eV corresponds to the O 1s from Cr2O3,
and a third satellite component at 531.5 ± 0.1 eV. In
the case of the XPS spectrum (Fig. 5b) sample with
10 sccm of air 65% RH (b), we observe the presence of
two peaks, at 529.6±0.1 eV characteristic of CrO2 and
a satellite peak at 531.5± 0.1 eV. The presence of the
two satellite lines N 1s (397.4 eV) and O 1s (531.5 eV)
could be attributed to a different chromium compound
containing nitrogen and oxygen like CrxNyOz type.

The N 1s and O 1s satellite peak areas are used to de-
termine the stoichiometry of CrxNyOz compound and
was found to be (CrO2)3–N. It is obvious from three
CrO2 grouping with a nitrogen incorporation which
disturbs the O–Cr bond to give a satellite peak O 1s at
531.5 eV and another satellite peak N 1s at 397.4 eV.
However it is not known if this nitrogen is close or free
in the CrO2 networks. The percentage of (CrO2)3–N
present in each of the samples could be deduced from
the percentages of the satellite peaks O 1s and N 1s
and the content of (CrO2)3–N varies according to the
air flow and relative humidity (Fig. 6).

From the variations of the concentration in
(CrO2)3–N (Fig. 6), we note that with 5 sccm air flow,
the content of (CrO2)3–N increases to the detriment
of Cr2O3 concentration according to relative humidity
and reaches a maximum when the relative humidity
is 65% RH. At 10 sccm of air flow, the content of
(CrO2)3–N decreases according to the relative hu-
midity whereas the content of CrO2 increases. The
variations of the content of (CrO2)3–N can be related
to the amount of CrO2 and nitrogen in chromium
oxynitride thin films. At 5 sccm of air flow, the thin
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Fig. 6. Evolution of Cr and compound content determined by LEEIX spectroscopy and XPS as a air flow and relative humidity.

films, which contain CrO2 and nitrogen (>3%) ex-
hibit a significant content of (CrO2)3–N. On the other
hand, films containing a low nitrogen content (±1%)
show a small proportion of (CrO2)3–N.

In conclusion, relative humidity accelerates the
formation of CrO2 and (CrO2)3–N to the detriment
of Cr2O3 while the content of (CrO2)3–N is propor-
tional to the nitrogen content in chromium oxynitride
thin films.

5. Conclusion

The LEEIXS and XPS measurements provide use-
ful information about the nature of the formed com-
pounds. Indeed, XPS results revealed the presence
of a compound other than CrN, Cr2O3 and CrO2,
determined by the LEEIXS. This compound contains
nitrogen and oxygen and it has a (CrO2)3–N stoi-
chiometry. Currently it is not known if this nitrogen is
close to or free in CrO2 network. In a metallic sputter-

ing mode, when the films contain a significant amount
of nitrogen (higher than 3 at.%), relative humidity fa-
vors the formation of (CrO2)3–N to the detriment of
Cr2O3 phase whereas the quantity of CrO2 is close
to that of (CrO2)3–N. When the compound sputter-
ing mode is installed, the nitrogen quantity is very
weak, and does not exceed 1.5 at.% The content of
(CrO2)3–N decreases whereas that of CrO2 increases
with an increase in relative humidity and it stabilized
to 81% when the relative humidity reaches 65%. In
this deposition mode the Cr2O3 compound is not ob-
served. Tof-SIMS profiles showed that the chromium
oxynitride thin films do not present an inhomogeneity
in the profile of concentration.
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