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Reactive RF Sputtering”

ABSTRACT Amorphous boron-carbon (a-BC), amorphous carbon-nitrogen
(a-CN), and amorphous boron-carbon-nitrogen (a-BCN) thin films were
deposited by reactive radio-frequency (RF) sputtering at room temperature.
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS) were used for structural and chemical characterization of the
films. These spectroscopy techniques revealed the formation of different
chemical bonds such as C=N and B-N in the a-BCN, C=N and C=N
bonds in the a-CN, and finally B-C bonds in the a-BC thin films. When
nitrogen gas is introduced into the chamber to deposit a-BCN films, the
carbon atoms are preferentially bonded to nitrogen atoms forming especially
sp> C=N rather than sp® C-N bonds. In the a-CN films, the content of the
C=N bonds is found to be more important than that of the C=N double
bonds. Carbon clusters are always present in the deposited films as observed
by XPS.

KEYWORDS amorphous thin films, boron—carbon-nitrogen, spectroscopy, sputtering

1. INTRODUCTION

In the past decade, boron carbide (BC),"*! carbon nitride (CN),?~*! and
boron carbonitride (BCN)!®7! materials were widely studied due to their remark-
able properties, in particular their high hardness, which allows them to be used
as hard coatings for mechanical applications. At present, there is a growing
interest in the synthesis of ternary boron-carbon-nitrogen (B-C-N) com-
pounds due to the possibility of adjusting the electrical, mechanical, and
optical properties of this system by varying the B, C, and N contents. Among
the available deposition methods, the radio-frequency (RF) sputtering process
is one of the most suitable to coat any substrate.!®! As film morphology, struc-
ture, composition, and properties are linked to the deposition parameters (gas
mixture composition, pressure, substrate temperature, source power), it is of
great importance to fully characterize the deposited films and to know the
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influence of the multiple parameters on the final
product. Amorphous alloys, with appropriate compo-
sition, based on boron, carbon, and nitrogen atoms
can be easily deposited by this technique. Particularly,
RF sputtering allows a precise control of the deposit
through the appropriate selection of experimental par-
ameters, and the films contain low levels of impurity
such as hydrogen, which is usually present in films
obtained by the chemical vapor deposition method."!
Additionally, the RF sputtering technique permits the
preparation of new materials based on carbon,
nitrogen, and boron atoms with a well-defined compo-
sition and structure, thus resulting in films with high
chemical stability and good mechanical, electrical,
and optical properties required in different fields of
applications.

In order to study these materials, we have deposited
amorphous carbon-nitrogen (a-CN), amorphous
boron-carbon (a-BC), and amorphous boron-
carbon-nitrogen (a-BCN) thin films by reactive RF
sputtering using graphite and B4C targets and argon
and nitrogen gas mixtures. Particular emphasis is
devoted to make clear the structural and chemical prop-
erties of the deposited films. Surface (X-ray photo-
electron spectroscopy; XPS) and bulk (Fourier
transform infrared spectroscopy; FTIR) techniques
have been used to characterize the structural properties
of the deposits.

2. MATERIALS AND METHODS

a-CN, a-BC, and a-BCN thin films used in this study
were deposited onto silicon substrates by reactive RF
sputtering in an ALCATEL SCM 451 deposition
system equipped with an ALCATEL ARF 601 RF gen-
erator operating at 13.56 MHz using, respectively,
graphite and boron carbide targets in a gaseous atmos-
phere of argon (Ar) and/or nitrogen (N;) depending
on the type of the required material. The a-CN, a-BC,
and a-BCN samples were prepared at room temperature
without heating the substrates. The total pressure of the

gas mixtures of argon and nitrogen (Pg.n,) Was
maintained at 10 2mbar. The nitrogen partial
pressure Py, was fixed to be 10~% mbar for a-CN and
5 x 107? mbar for a-BCN films. The RF power (Pgg)
was fixed at 350 W. The details of the experimental con-
ditions are summarized in Table 1. The atomic compo-
sition of these films as calculated from the intensity of
XPS core level spectra is also reported in this table.
The structure of these films was evaluated, at normal
incidence, using transmission infrared spectroscopy.
Infrared spectra of films deposited on silicon substrates
were recorded at room temperature using a PerkinElmer
2000 Fourier transform infrared spectrometer in the
4000-400 cm ™' wave number range. Photoelectron
spectra were acquired with a Fisons ESCALAB MK II
200R spectrometer equipped with a hemispherical
electron analyzer and a MgKa (hv = 1253.6 V) X-ray
source with an energy resolution of 0.5eV. The
pressure in the ion-pumped analysis chamber was
below 1.6 x 10”7 mbar during data acquisition. The
C 1s, B 1s, and N 1s regions were studied in an
interval of 10 eV. The core level binding energies (BE)
were referenced to the C 1s line at 284.5 eV due to
residual hydrocarbon. The binding energy values of
the photoelectron peaks were measured with an
accuracy of 0.05 eV.

3. RESULTS AND DISCUSSION
3.1. Infrared Spectroscopy

As it is well-known, the bonds present in the film can
be detected by infrared (IR) spectroscopy. In Figure 1,
the IR spectra of a-CN, a-BC, and a-BCN thin films
are shown, and the positions of the most important
bands are marked. In the same graph, the IR spectrum
of hexagonal boron nitride (h-BN) is also presented
for comparison. By comparison of the IR spectra of
a-BC, a-CN, and a-BCN films, a large variation in the
form and the position of the absorption bands can be
seen indicating the great difference in the structure

TABLE 1 Experimental Conditions of the Preparation of Films and Their Atomic Composition

PN2 PAr+N2 PRF Thickness B C N (0]
Samples Target (mbar) (mbar) (W) (nm) (%) (%) (%) (%)
a-CN C 102 102 350 700 0 62 32 6
a-BC B4C 0 1072 350 770 49 44.5 0 6.5
a-BCN B,C 5x 1073 1072 350 930 385 32 23 6.5
A. Essafti et al. 58
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FIGURE 1 IR Spectra of a-CN, a-BC, and a-BCN Thin Films
Deposited on Silicon Substrates and of Hexagonal Boron Nitride
(h-BN).

and composition of the films. As can be seen in
Figure 1, the IR spectra of the a-CN and a-BCN films,
deposited with nitrogen, are characterized by a large
band in the 3600-2800 cm ™' range. This band can
be assigned to O-H, N-H, and C-H groups. On the
contrary, the IR spectrum of a-BC does not clearly
show hydrogen contamination in the form of O-H,
N-H, or C-H bonds. The presence of hydrogenated
radicals is surprising because we do not introduce a
gas containing hydrogen atoms during the deposition
process of a-CN and a-BCN samples. The presence of
hydrogen radicals in the films may be explained by
the high reactivity of water vapor. Water vapor could
come from the residual gas or be absorbed during the
air exposure (a few months) of the samples before
their analysis as has been observed by Zocco et al. in
carbon nitride films.!"!

In the IR spectrum of a-CN films, we identified
different bands. The broad band in the 1800-
1000 cm ! range is due to the sp?> C=C stretching
mode, which is IR forbidden or not IR active.!!:!?]

The appearance of this large band suggests that the
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incorporation of the nitrogen into carbon breaks the
sp” symmetry and makes this feature IR active.!'?!
This asymmetric broad band presents a maximum at
approximately 1590 cm ™' indicating the absorption
due to the C=C and/or C=N double bond stretching
mode."¥ Also, the IR spectrum shows a relatively
narrow small band at around 2200 cm™'. This band
can be assigned to the nitrile (-C=N).!"¥ The above
observations suggest that the carbon nitride films
prepared by RF sputtering in nitrogen atmosphere
contain nitrogen atoms bonded to carbon atoms in
the bonding network such as C=N and C=N bonds.

The IR spectrum of a-BC films is characterized by an
asymmetric and broad band situated in the 1600-
650cm ! range, with the maximum of the absorption
at 1174 cm™". This broad band can originate from the
overlap and broadening of various vibration modes
such as C-C, C=C, and B-C bonds. This band has
also been detected in boron carbide material deposited
by hot filament-activated chemical vapor depo-
sition.!’ The form and the large width of this large
band are also typical for amorphous or highly disor-
dered materials. The earlier result has been confirmed
by X-ray diffraction analysis.

For a-BCN films, the IR spectrum presents a broad
band in the 1800-1200 cm ' range, with three clear
maxima located at about 1380, 1540, and 1664 cm ™.
From the IR analysis, one can identify the incorporation
of nitrogen atoms in the a-BCN films in comparison
with a-BC films. This result is confirmed also by XPS
spectroscopy measurements. It can be seen also that
the width and the shape of the main band of a-BCN
films is large enough (240 cm™') in comparison with
that of h-BN (80 cm™'). The most characteristic
features of the h-BN spectrum is the strong band
centered at 1380 cm ™', which corresponds with the
B-N bond stretching vibration, along with the
sharper band at 810 cm™ ! attributed to the B-N-B
bending vibration. Therefore, the a-BCN analyzed
samples may correspond with boron nitride films con-
taining carbon atoms incorporated in their structure,
which either alter the BN bond strength or form other
types of bond with similar vibration energy. Otherwise,
the IR bandwidth of the high and asymmetric band
centered at 1380 cm ™! of boron nitride depends on
the crystallographic phase (80 cm ™! and 230 cm ™! for
the hexagonal and amorphous phases, respectively).!®!
Thus, the a-BCN films can correspond with amorphous
phase. This behavior has been confirmed by X-ray

Study of a-BC, a-CN, and a-BCN Thin Films
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diffraction.'”! The ternary boron-carbon-nitrogen
system is very complex due to the large variety of
possible binary systems such as B-N, C-N, and B-C
discussed above and presented in the same figure. In
addition to the possible binary B-N, C-N, and B-C
bonds, the large bandwidth of this broad band can be
attributed of the existence of the overlapping of differ-
ent bands such as C=N, C-C, and C=C. In previous
work, we have reported!"”! that this broad band is
formed principally by B-N (1380 cm ™ '), and C=N-
B (1540 cm™!) bonds, and the band at 1664 cm ™’
can be assigned either to N-H and/or C=O
vibrations.

3.2. X-Ray Photoelectron
Spectroscopy

Figure 2 shows the XPS spectra of C 1s binding states
of a-CN, a-BC, and a-BCN thin films deposited on a
silicon substrate. It can be observed that the shape
and the binding energies of the C 1s core level spectra
differ from one material to another. These spectra are
characterized by a main band at 284.5 eV characteristic

= C-C c-B (b

L

>

x c-0

n

c

-qé a-BC

- c-C (c
2é0 l 2&5 I 280

Binding Energy (eV)
FIGURE 2 C 1s Core Level XPS Spectra of (a) a-CN, (b) a-BC,

and (c) a-BCN Thin Films: (---) Experimental Spectra; (—) Curve
Fits.
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of C-C bonds indicating the presence of carbon
clusters in the samples.

The C 1s spectrum of a-CN films (Fig. 2a) consists in
quite a large peak with an asymmetry on the high
binding energy side, indicating the presence of carbon
atoms in different chemical environments. A best
deconvolution of the experimental C 1s core level
spectrum necessitates at least four Gaussian com-
ponents. These components, located at 284.6, 286.1,
287.3, and 288.8¢eV in binding energy, can be
assigned, respectively, to C-C and/or C=C, C=N,
C=N, and C=0 binding types."®!°! The presence
of the peak at 288.8eV associated with C=O bonds
in accordance with the oxygen contamination of the
surface is probably formed after the exposure of the
film to the ambient atmosphere.*"!

The C 1s spectrum (Fig. 2b) of a-BC thin films is also
asymmetric and broad. It clearly shows bands of two
overlapping peaks: the first one at lower binding
energy (283¢V) associated with B-C bonds!"® and
the other one at 284.5 eV, which is attributed to C-C
bonds. Additional to B-C and C-C bonds, the amor-
phous a-BC films also contain a small number of C-O
bonds caused by surface contamination after the
exposure of the film to the ambient atmosphere as
observed also in carbon nitride films.

The Cls core level spectrum of a-BCN film (Fig. 2c)
is also asymmetric and clearly shows the presence of
different chemical states. The XPS analysis of this
spectrum gives evidence of C atoms in three environ-
ments. The first peak with a binding energy at
284.5 €V is characteristic of carbon in a more neutral
species such as graphite, the second peak at 285.6 eV
can be assigned to carbon bonded to nitrogen with
mainly the sp> C=N binding state, and the last one
at higher binding energy of 287.3 eV can be assigned
to CO-containing bond species probably formed after
the exposure of the film in air. No evidence of a peak
at lower binding energy (283 eV) indicates the absence
of C-B bonds in the films. This result confirms the
result obtained with the infrared spectroscopy
analysis. In conclusion, the carbon is preferentially
bound to nitrogen rather than to boron in the ternary
amorphous a-BCN  films deposited by RF
sputtering.!!”!

Figure 3 shows the B 1s core level spectra of a-BC and
a-BCN films. In the same figure, we also present the
B 1s spectrum (Fig. 3a) of hexagonal boron nitride
(h-BN) as reference. The B 1s peak binding energy of
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FIGURE 3 B 1s Core Level XPS Spectra of (a) Hexagonal BN, (b)

a-BC, and (c) a-BCN Thin Films: (--) Experimental Spectra; (—)
Curve Fits.

h-BN measured as the standard for comparison is
190.5 eV. The B 1s spectrum (Fig. 3b) for the a-BC
film is characterized mainly with the peak at 188.7 eV
characteristic of B-C bonds. The shoulder at higher
binding energy (190.5 eV) can correspond with B-O
and/or B-C-0O bonds. The film contamination by
oxygen is due to the exposure of the film for a long
time in the ambient atmosphere before the analysis
(as mentioned above). The B 1s binding energy of amor-
phous a-BCN was found to be nearly equal taking the
value at 190.7 eV. This energy level coincides with
that of the h-BN used as reference but is clearly
higher than that obtained from boron carbide
(188.7 eV). The B 1s core level spectrum of a-BCN
film (Fig. 3¢) is characterized by two bands. The band
at 190.7 eV is identified as originating from boron
bound to nitrogen. A strong chemical shift is
observed from 188.7eV for a-BC film toward
190.7 eV for a-BCN film as nitrogen is incorporated
into a-BC films. These results suggest that the boron
in the a-BCN is not present as B-C bonds but as
B-N bonds. The same behavior has also been
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observed in the C 1s core level (see above). The
binding energy at 190.7 eV is slightly higher than that
obtained for boron nitride pattern (reference h-BN).
This slight shift can be attributed to the incorporation
of carbon into the BN network. The other one at
higher binding energy at 191.7 eV can be assigned to
the ternary B-N=C phase in accordance with the
results of Gomez-Aleixandre et al.!*!]

Figure 4 shows the N 1s core level spectra of the
a-CN and a-BCN thin films. The N 1s of hexagonal
boron nitride is also included in the figure as a
standard for comparison (Fig. 4a). The N 1s core level
spectrum of a-CN films consists in a relatively large
and asymmetric peak centered at 398.8eV, which indi-
cates that there are, in fact, multiple bonding types
present within the films, while the corresponding
energy in h-BN is 398.1 eV. Therefore, we have decon-
voluted this peak into two Gaussian components. The
curve fitting of the N 1s peak of the film is presented
in Figure 4b. As is seen from the figure, the component
centered at 398.6 eV can be associated with a contri-
bution of N=C bonding type.""! Some authors

N-B (a)
N 1s .A
[ ]
c %
s 9%
J ‘
h-BN \
—_ C=N (b)
g N=C
=
£ lacN
()
P}
£ N-B (c
N=C
a-BCN

T T T T T T T T T T

404 402 400 398 396 394
Binding energy (eV)

FIGURE 4 N 1s Core Level XPS Spectra of (a) Hexagonal BN, (b)

a-CN, and (c) a-BCN Thin Films: (--) Experimental Spectra; (—)
Curve Fits.
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attribute this to the N-C single bond in B-C3Njy. In
infrared spectroscopy (see Fig. 1) and Raman spec-
troscopy (not presented in this work) performed on
amorphous carbon nitride films, the existence of an
absorption band characteristic of the vibration C-N
single bonds was not seen. From this analysis, we
cannot assign any of the N 1s peaks to a sp’> C-N
bonding type. The second component located at
400.1 eV can be assigned to a N=C double bonding con-
figuration as has been reported by Chowdhury et al.!**!
The integrated intensity of the N=C component is
small compared with the N=C component. This
result confirms that the C atoms are preferentially
bound to N atoms in the C=N triple bonding con-
figuration as deduced above from the deconvolution
of the C 1s spectrum.

As is seen from the Figure 4c, the N 1s spectrum of
the amorphous a-BCN film is broad and asymmetric
with a width of 3.5eV. This value and the shape of
the N 1s spectrum of the a-BCN film indicate that
there are two components with different binding
energies: one peak at almost 397.7 eV that can be
assigned to N-B bonds, which is consistent with the
reported value for h-BN, and the other peak, located
at 399.2 eV, can be attributed to N=C binding state,
as suggested by Jin et al.'”*! and in accordance with
our FTIR results as discussed above. This behavior
shows that the nitrogen atoms can be bound both to
boron (N-B) and to carbon (N=C) forming as a
result the B-N-C ternary system.

4. CONCLUSIONS

A comparative study of a-BC, a-CN, and a-BCN thin
films deposited by reactive RF sputtering has been carried
out using IR and XPS analysis. Both IR and XPS spec-
troscopy show that the structural and chemical character-
istics change strongly from one material to another.
From XPS and IR results, the carbon atoms are present
in the films as C-C bonds and in the a-BCN films,
and the carbon is preferentially bound to nitrogen
forming C=N bonds rather than bonding to boron
atoms. The bonding types between carbon, nitrogen,
and boron atoms forming the different material have
been determined from the analysis of the deconvoluted
C 1s, N 1s, and B 1s core level XPS spectra. A mixture
of diverse bonding types with different proportions
composes the a-BC, a-CN, and a-BCN films.

A. Essafti et al.

ACKNOWLEDGMENT

This research was partially supported by the
Moroccan-Spanish convention between CNRST and
CSIC (2006/2007).

REFERENCES

1. Lee, S.; Mazurowski, J.; Ramseyer, G.; Dowben, P. A. Charac-
terization of boron carbide thin films fabricated by plasma
enhanced chemical vapor deposition from boranes. J. Appl.
Phys. 1992, 72, 4925-4933.

2. Ahmad, A. A.; lanno, N. J.; Hwang, S.-D.; Dowben, P. A.
Sputter deposition of high resistivity boron carbide. Thin
Solid Films 1998, 335, 174-177.

3. Liu, A. Y.; Cohen, M. L. Prediction of new low compressibility
solids. Science 1989, 245, 841-842.

4. Kulich, W.; Popov, C.; Zambov, L. Deposition, characteriz-
ation and applications of nitrogen-rich amorphous carbon
nitride films. New Diamond Frontier Carbon Technol. 2001,
11, 53-76.

5. Ech-chamikh, E.; Essafti, A.; Azizan, M.; ljdiyaou, Y. Optical
characterization of a-C:N thin films deposited by RF sputter-
ing. Sol. Energy Mater. Sol. Cells 2006, 90, 1424—-1428.

6. Gago, R.; Jimenez, |; Agullo-Rueda, F; Albella, J. M
Czigany, Zs.; Hultman, L. Transition from amorphous boron
carbide to hexagonal boron carbon nitride thin films induced
by nitrogen ion assistance. J. Appl. Phys. 2002, 92, 5177-5182.

7. Kosinova, M.L.; Rumyantsev, Yu. M.; Fainer, N. I;
Maximovski, E. A.; Kuznetsov, F. A. The structure study of
boron carbonitride films obtained by use of trimethylamine
borane complex. Nucl. Instruments Methods Phys. Res. A
2001, 470, 253-257.

8. Yue, J.; Cheng, W.; Zhang, X.; He, D.; Chen, G. Ternary BCN
thin films deposited by reactive sputtering. Thin Solid Films
2000, 375, 247-250.

9. Montasser, K.; Hattori, S.; Morita, S. Characterization of hard
transparent B—-C—N-H thin films formed by plasma chemi-
cal-vapor deposition at room temperature. J. Appl. Phys.
1985, 58, 3185-3189.

10. Zocco, A.; Perrone, A.; Luches, A.; Rella, R.; Klini, A;
Zergioti, I.; Fotakis, C. Optical characterisation of CN, thin
films deposited by reactive pulsed laser ablation. Thin Solid
Films 1999, 349, 100—104.

11. Li, D.; Chung, Y. W.; Yang, S.; Wong, M. S.; Adibi, F;
Sproul, W. D. Infrared absorption and nuclear magnetic res-
onance studies of carbon nitride thin films prepared by reac-
tive magnetron sputtering. J. Vac. Sci. Technol. A 1994, 12,
1470-1473.

12. Kaufman, J. H.; Metin, S.; Saperstein, D. D. Symmetry break-
ing in nitrogen-doped amorphous carbon: Infrared obser-
vation of the Raman-active G and D bands. Phys. Rev. B
1989, 39, 13053-13060.

13. He, X-M.; Shu, L.; Li, W-Z; Li, H.-D. Structure and properties
of carbon nitride films synthesized by low energy ion bom-
bardment. J. Mater. Res. 1997, 712, 1595-1602.

14. Mutsukura, N.; K-ichi Akita. Infrared absorption spectroscopy
measurements of amorphous CN films prepared in CH4/N,
r.f. discharge. Thin Solid Films 1999, 349, 115-119.

62



02: 52 30 January 2011

Downl oaded At:

63

. Deshpande, S. V.; Gulari, E.; Harris, S. J.; Weine, A. M. Fila-

ment activated chemical vapor deposition of boron carbide
coatings. Appl. Phys. Lett. 1994, 65, 1757-1759.

. Gomez-Aleixandre, C.; Essafti, A.; Fernandez, M.; Fierro, J. L.

G.; Albella, J. M. Influence of diborane flow rate on the struc-
ture and stability of CDV boron nitride films. J. Phys. Chem.
1996, 700, 2148-2153.

. Essafti, A.; Ech-chamikh, E.; Fierro, J. L. G. Structural and

chemical analysis of amorphous B—N-C thin films deposi-
ted by RF sputtering. Diamond Relat. Mater. 2005, 14,
1663-1668.

. D’anna, E.; De Giorgi, M. L.; Luches, A.; Martino, M

Perrone, A.; Zocco, A. Study of C-N binding states in
carbon nitride films deposited by reactive XeCl laser ablation.
Thin Solid Films 1999, 347, 72-77.

. Riedo, E.; Comin, F; Chevrier, J.; Schmithusem, F;

Decossas, S.; Sancrotti, M. Structural properties and surface

20.

21.

22.

23.

morphology of laser-deposited amorphous carbon and
carbon nitride films. Surf. Coat. Technol. 2000, 125, 124—-128.
Ech-chamikh, E.; Essafti, A.; lidiyaou, Y.; Azizan, M. XPS
study of amorphous carbon nitride (a-C:N) thin films depos-
ited by reactive RF sputtering. Solar Energy Mater. Solar Cells
2006, 90, 1420-1423.

Gomez-Aleixandre, C.; Essafti, A.; Albella, J. M. Kinetic study
of the diborane/methylamine reaction: composition and
structure of C-B-N films. J. Phys. Chem. B. 2000, 104,
4397-4402.

Chowdhury, A. K. M. S.; Cameron, D. C.; Hashmi, M. S.J.
Bonding structure in carbon nitride films: variation with nitro-
gen content and annealing temperature. Surf. Coat. Technol.
1999, 772, 133-139.

Jin, Y. S.; Shibata, T.; Matsuda, Y.; Fujiyama, H. Structural and
bonding properties of carbon nitride films prepared by dc
magnetron sputtering. Thin Solid Films 1999, 345, 18-22.

Study of a-BC, a-CN, and a-BCN Thin Films



