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Thin carbon–nitrogen films~i.e., CNx! have been obtained by dual ion beam sputtering. The
chemical composition and the type of bonding of the CNx material have been examined, as a
function of the deposition parameters, by Fourier transform infrared spectroscopy, x-ray
photoelectron spectroscopy~XPS!, and electron energy loss spectroscopy~EELS!. The high
concentration of CwN bonds present in some of the samples, as stated by FT-IR, allowed us to
correlate this type of bonding with some of the features observed in the corresponding XPS and
EELS spectra. Nitrogen concentrations of up to 45 at. %, depending on the deposition conditions,
have been estimated by XPS and EELS. The films deposited at low energy were rather
homogeneous, as demonstrated by Auger electron spectroscopy depth profiling, and show the
highest C–N simple bonds concentration. On the contrary, the use of high energy assisting nitrogen
ions leads to the formation of carbonitrile groups~i.e., CwN!, as well as resputtering effects that
significantly reduce the thickness of the films and even hinder the growth of a film. The topography
and morphology of the different films, as determined by atomic force microscopy, were also
observed to depend on the conditions of assistance. ©2000 American Vacuum Society.
@S0734-2101~00!03002-5#

I. INTRODUCTION

Stimulated by the theoretical work of Liu and Cohen,1,2

nitrogenated carbon films, i.e., CNx , have been the subject of
numerous studies in the last few years. Liu and Cohen theo-
retically predicted the existence ofb-C3N4, a stable phase
with a bulk modulus and mechanical properties comparable
to those of diamond. In 1993 Niuet al.3 reported the synthe-
sis of small C3N4 crystallites by laser vaporization of graph-
ite using a N1 beam to bombard the growing film. Since
then, a large number of studies3–12 have been published, de-
scribing different approaches to grow carbon nitride films
using different experimental methods. CNx films have been
prepared by reactive magnetron sputtering,4,5 ion beam
deposition,6 dual ion beam sputtering,7 electron cyclotron
resonance plasma assisted vapor deposition,8 plasma en-

hanced chemical vapor deposition~CVD!,9,10 ion
implantation,11 and laser ablation under nitrogen ion beam
bombardment.3,12 The resulting films were predominantly
amorphous with a maximum nitrogen content of up to 45
at. %, i.e., the films are always carbon rich films. A few
authors have also reported nanometer-sizedb-C3N4 crystal-
lites, that appeared dispersed in an amorphous CNx

matrix.3,10,13 Dawei et al.10 have reported large area poly-
crystalline C3N4 films on Si~111! by rf plasma enhanced
CVD using various transition layers. To date, samples with
sufficient amounts of crystallized C3N4 and with mechanical
properties comparable to the predicted values have not been
reported. In spite of that, the CNx films still have potential
applications as hard, low friction wear resistant coatings.14–16

More recently Liu and Wentzcovitch17 pointed out the
existence of three C3N4 phases; the hexagonal, the defect
cubic zincblende, and the rhombohedral phase, whose cohe-
sive energies lie close to each other and also close to those of

a!Author to whom correspondence should be addressed; electronic mail:
josem.sanz@uam.es
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diamond and graphite. For applications as hard coatings, the
growth of graphite-like carbon and of the rhombohedral car-
bon nitride structure, which are soft phases, should be hin-
dered. Therefore the determination of the chemical structure
of the films has become a critical issue in the characterization
of these films, where not only the stoichiometry but also the
bonding structure have to be determined. The characteriza-
tion of CNx films is an actual problem, where the absence of
standard reference samples is a handicap. X-ray photoelec-
tron spectroscopy~XPS! and infrared ~IR! are the most
widely used techniques to obtain information about the sto-
ichiometry and type of bonding present in the CNx

films.4–9,11,18–23However, the complex nature of the spectra
and the lack of pure phases make their interpretation rather
controversial. Baker and Hammer7 have developed a model
of the CNx microstructure that enables the chemical state
assignment of up to eight components of the C 1s spectrum.
However, their differences in binding energies are so small
that only four are usually distinguished in the experiments.
Apparently the N 1s spectra are simpler and their interpreta-
tion in terms of three components is rather general, however
there still exists some controversy on the assignment of the
carbonitrile bonding. A similar problem is observed in the
interpretation of the IR spectra where the assignment of
broad overlapping bands associated withsp andsp2 hybrid-
ized C–C and C–N bonds is rather ambiguous.

The film deposition technique considered here is dual ion
beam sputtering. The use of energetic ions to assist the depo-
sition is expected to enhance the incorporation of nitrogen in
the films. We present a complete characterization of the films
in terms of Fourier transform infrared spectroscopy~FT-IR!,
XPS Auger electron spectroscopy,~AES! depth profiling,
electron energy loss spectroscopy~EELS! and atomic force
microscopy~AFM!. The study is mainly focused on the in-
vestigation of the influence of the deposition parameters,
mainly bombarding energy and beam current density, on the
nitrogen content and the structure of the CNx films obtained
by dual ion beam sputtering~DIBS!.

II. EXPERIMENT

Carbon nitride thin films have been deposited in a DIBS
system. The method consists of the deposition of carbon via
Ar1 sputtering of a graphite target using a 3 cmKaufmann
ion source at an angle of incidence of 45°, whereas an end

Hall ion source~2 cm exit diameter! is used for simultaneous
bombardment of the growing film with N2

1 ions, that impinge
the film at 60° off normal. Si~100! wafers after cleaning in a
solution of HF and methanol~1:1 volume! and freshly
cleaved KCl have been used as substrates. The temperature
of the substrates was held at 200 °C during deposition. The
base and working pressures of the system were 131027 and
331024 Torr, respectively. The deposition parameters have
been summarized in Table I. The sputtering conditions of the
graphite target~i.e., 500 eV, 1 mA/cm2 Ar1 ions, 5 h depo-
sition time! were kept constant for all the films. With these
conditions, a constant flux of 1.531014 ~C atoms/cm2 s! has
been obtained at the substrates, as determined after Ruther-
ford backscattering spectrometry calibration of a nonassisted
film. On the contrary, the current densityJN of the N2

1 as-
sisting ions was varied according to the values collected in
Table I. Unfortunately, those changes in the current density
required also small changes~55–89 eV! in the energy of the
N2

1 beam. The ion to atom arrival rate ratio~ARR! is pre-
sented in Table I in units of N2

1 ions/C atoms.
FT-IR spectra were recorded in a Bruker IFS66V FTIR

spectrometer between 7000 and 560 cm21 with a resolution
of 4 cm21. Spectra were referred to a previously collected
spectrum of a pure KCl substrate.

XPS and AES analysis have been performed in a PHI-
3027 spectrometer equipped with a double pass cylindrical
mirror analyzer~CMA!. For XPS the CMA has been oper-
ated at a pass energy of 50 eV and the radiation source was
nonmonochromatized MgKa x-ray radiation (hn
51253.6 eV). A quantitative estimate of the composition,
i.e., N/C atomic ratio, was performed in terms of the relative
intensity of the respective 1s XPS signals and the sensitivity
factors supplied by the manufacturer.24 The results are in-
cluded in Table I. The spectra were charge corrected using
the position of the O 1s line. A primary electron beam of 3
keV was used for Auger analysis, while 2 keV Ar1 ions
rastered over an area of 2 mm32 mm were used to obtain
the in-depth profile of the films. TheKLL Auger peaks of C,
N, and O as well as Si(LMM ) were monitored as a function
of the sputtering time. The Auger spectra were recorded in
the integral N(E) mode but the respective intensities were
measured as the peak to peak height of the derivative spectra.
Both surface and in-depth analysis were performed for all the
samples. The relative thickness of the films was determined

TABLE I. Energy and current densityJN of the N2
1 ions used to assist the deposition of carbon nitride films, ion

to atom arrival rate ratio~ARR! and averaged atomic composition@N#/@C# as determined by XPS and EELS.

Sample
Energy
~eV!

JN

~mA/cm2!
ARR

@N2
1/Cl#

@N#/@C#
~XPS!

@N#/@C#
~EELS!

A0 0 ¯ 0 0 —
A1 55 0.031 1.25 0.32 0.2
A2 65 0.055 2.26 0.38 —
A3 71 0.066 2.71 0.41 —
A4 73 0.072 2.96 0.49 0.6
A5 76 0.077 3.16 0.51 —
A6 87 0.083 3.41 0.58 1.0
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by AES sputter depth profiling measuring the time needed to
completely sputter the film~i.e., time at which the CKLL
signal reduces to 50% of the steady state value! and assum-
ing that the sputtering behavior of all the samples was the
same during its depth profiling.

The films were also examined in a Philips CM 200 FEG
microscope equipped with a GATAN GIF imaging system.
The films were floated off in water and then supported on a
copper grid coated with a holey carbon film. The EELS spec-
tra were acquired in transmission mode with the GIF system
at an accelerating voltage of 200 kV. The energy resolution
was about 0.8 eV and the illuminated area 1–2mm. Quanti-
tative analysis was performed using the Gatan EL/P soft-
ware.

The morphology of the CN films was examined with a
home built AFM working in air and using the lever deflec-
tion method. The piezo was calibrated by imaging highly
oriented pyrolitic graphite and silicon grids~2 mm32 mm
and 5mm35 mm!. Two types of cantilevers from Park Sci-
entific, triangular and rectangular shaped with spring con-
stants 0.05 and 0.01 N/m, respectively, were used. All im-
ages were acquired without filtering in the constant force
mode, taking simultaneously friction and topographic im-
ages.

III. RESULTS

Both the thickness and the nitrogen content of the CNx

films were observed to depend on the ARR, as can be seen in
Fig. 1, where the surface N/C atomic ratio, stated by XPS,
and the relative thickness of the films, obtained by AES
depth profiling, are shown. When ARR increases, two effects
are observed: the increase of the proportion of N atoms in-
corporated into the film and the continuous decrease of the
thickness of the films. N/C rapid increase until saturation is
reached at around N/C50.4. Further increase of the ARR
leads to the resputtering of the films.

Concerning the XPS estimated compositions, it is impor-
tant to note that our films contain similar fractions of nitro-
gen as those observed by other authors.6,8,19,20 AES depth

profiling demonstrated that the relative nitrogen concentra-
tion was constant along the film. The oxygen content was
very low in the bulk of the film but increased slightly at the
surface due to the exposure of the films to the atmosphere.
The N/C atomic ratio can also be estimated from the inten-
sities of the carbon and nitrogenK edges of the EELS spectra
~cf. Sec. III C!. The respective results are summarized in
Table I. The discrepancies with respect to the XPS data,
mainly at high ARR, could arise from matrix effects that can
affect EELS measurements that give information coming
from the whole volume of the film. In addition, XPS surface
measurements could be affected by the presence of small
amounts of adventitous carbon that could reduce the N sig-
nal.

Both XPS and EELS measurements also show that when
the ARR is higher than 2.8 N2

1 ions/C atoms, the films incor-
porate significant Fe, W, Cr, and Ni impurities, coming from
the assisting ion gun, and K and Cl, coming from the KCl
substrates, in increasing amounts as the current density of the
beam of assistance is increased. The total amount of the me-
tallic contaminants depended on the deposition parameters,
but was always below 10 at. %~up to 20% in sample A6,
grown under extreme assistance conditions!. Therefore, for
practical purposes the ARR should be kept below 2.8
N2

1 ions/C atoms. In this case, we obtain homogeneous films
with N/C ratios on the order of 0.35.

Taking into account that the sputtering conditions, i.e., the
flux density of C atoms arriving to the substrate, were held
constant during the deposition of all the samples, the con-
tinuous decrease of the thickness observed in Fig. 1 can only
be explained by the existence of intense resputtering phe-
nomena of the carbon nitride films grown under N2

1 bom-
bardment. The energies and fluxes used in this work to assist
the sample are not expected to induce significant physical
resputtering.25 In fact, the sputtering coefficient of graphite
under argon bombardment is very low.26 However, if the
carbon films are bombarded with nitrogen, chemical sputter-
ing takes place through the reaction of the nitrogen ions with
the atoms of the film, giving rise to the formation of volatile
compounds, like C2N2, N2, CNH, and CNOH.25,27,28Accord-
ing to Fig. 1, it seems that for values of the ARR above 3.0,
such resputtering phenomena are very intense and the growth
process is clearly hindered. A simple growth model29 enables
us to estimate that the resputtering coefficients of carbon and
nitrogen under N2

1 bombardment are close to 0.3 and 1.95,
respectively. This high value of the resputtering coefficient
of nitrogen confirms the difficulties of incorporating nitrogen
into the films.

A. FT-IR

Figure 2 shows the FT-IR transmission spectra of differ-
ent films ~as labeled! deposited on KCl according to the
deposition conditions given in Table I. The contribution of
the substrate was previously subtracted. The spectra appear
characterized by two intense vibration bands: a broad ab-
sorption peak spanning from 1150 up to 1750 cm21, which
apparently has two major components at 1300 and 1500

FIG. 1. N/C atomic ratio as stated by XPS and sputtering times of the
complete AES depth profiles of the different CNx films as a function of the
ARR.
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cm21 and a much sharper peak, centered at 2060 cm21. An-
other very weak contribution is also observed at around 2170
in some of the samples, especially in A2 and A3. The former
is the main band that appears in the IR spectrum of samples
A1 and A2. The band around 2060 cm21, however, is clearly
observable in A3 and grows along the successive samples
~i.e., A3–A6! with increasing N2

1 assistance and becomes
the predominant feature in sample A6. The appearance and
continuous growth of the band at 2060 cm21 is the main
effect to be observed in Fig. 2. It clearly indicates the for-
mation of a new bonding type that modifies the basic struc-
ture of samples A1 and A2.

The interpretation of the broad absorption band around
1300 cm21 has been given by Kaufmanet al.30 in terms of
the well known bands observed by Raman spectroscopy in
graphite. These authors attribute the IR band at 1300 and
1500 cm21 to different carbon vibrations, mostly to C–C,
CvC, C–N, and CvN vibrations in an amorphous network
of threefold and fourfold coordinated carbon~i.e., sp2 and
sp3!. The band centered at 2060 cm21, clearly separated
from the region of singly and doubly bonded carbon, is at-
tributed to a vibration mode of some CwN carbonitrile con-
taining compound.18–20,30In fact, the position of this band is
close to that of KCN, compound that has an intense absorp-
tion at around 2080 cm21.31 The progressive increase of the
intensity of this peak when the assisting conditions increase
can be related to the incorporation to the film of K atoms
from the substrate activated by the ion bombardment, and is
consistent with the progressive thinning of the films. Finally,
the position of the small band at 2170 fits with that of car-
bodiimides ( – NvCvN– ).19 According to this interpreta-
tion, which is generally accepted, the IR spectra of samples

A1, A2, and A3 suggest that N is mainly bonded tosp2 and
sp3 hybridized C, as if the incorporated N were substituting
the C atoms to form an extended inorganic CNx carbon ni-
tride solid. The intensity of the carbonitrile absorption in
these three samples is weak, but it has to be taken into ac-
count that this absorption is strongly dependent on the matrix
where the carbonitrile groups are embedded, so that FTIR
can be underestimating the carbonitrile concentration. As the
assisting conditions are increased, through samples A4, A5,
and A6, the CNx film does not grow and the band associated
with sp hybridization of C and N emerges and becomes al-
most the only absorption band in the IR spectrum of sample
A6, probably related to the formation of KCN.

B. XPS

XPS spectroscopy has been extensively used to study the
incorporation of nitrogen and to address the chemical nature
of CNx , i.e., to determine the bonding type.4–9,11,22,23

The respective C 1s XPS spectra for different carbon ni-
tride samples, as labeled~cf. Table I! are shown in Fig. 3.
The changes in both the position of the maximum and the
line shape of the spectrum are clearly observable, however
its analysis is rather controversial. Usually the C 1s spectra
are analyzed in terms of several components that are as-
signed to different C–N bonds based on the data for organic
molecules that include the respective type of bonding. How-
ever, the variety of organic molecules and their dispersion in
binding energies are large enough to make the assignment
ambiguous and speculative. In fact, the consideration of all
the possible C environments leads to so many overlapping
components,~i.e., up to eight according to Bakeret al.7!, that
they cannot be unambiguously deconvoluted. Therefore, we
have preferred to analyze the experimental spectra~i.e., full
line in Fig. 3! in terms of the spectrum corresponding to the
sample grown with lower assistance, A1, which is the start-
ing point of the set of samples, so that we can observe the
part of the spectrum which grows~i.e., component C2, dotted

FIG. 2. FT-IR spectra of different CNx samples as labeled~cf. Table I!.

FIG. 3. Experimental C 1s XPS spectra~full line! of different CNx films as
labeled~cf. Table I!. Dashed line: C1 contribution proportional to A1 spec-
trum. Dotted line: C2 contribution increasing with nitrogen content.
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line in Fig. 3! as a function of the deposition conditions or
the increasing nitrogen content of the films. The deconvolu-
tion of every experimental spectrum has been depicted in
Fig. 3, where the dashed lines~labeled C1! represent a con-
tribution that is proportional to that of sample A1, and the
dotted lines~labeled C2! show the contribution that increases
with the assistance and the nitrogen content. A further analy-
sis of these contributions is difficult and ambiguous as no
new features are clearly distinguished. However, the evolu-
tion of both contributions clearly indicates that increasing the
nitrogen content of the film leads to the growth of existing
components or to the formation of new bonding types with
higher binding energies.

Very commonly, the C 1s XPS peak is analyzed in terms
of four contributions that shift around 1 eV between each
other. According to Boyd, Martonet al.,6 and Soutoet al.,23

the main components should be assigned to C–C bonds at
284.6 eV, C–N peaks at 286.6 eV, and at 287.3 for trigonal
sp2 and tetragonalsp3 bonded carbon, respectively, and
C–O bonds around 290 eV. Other authors21,22 have also
identified the CwN triple bond at 286.3 eV very close to the
peak associated with the trigonal C–N bond. Therefore, it
appears that the components corresponding to the nitrogen
substituted bonds would contribute to the high energy tail of
the spectrum, which would explain the increasing asymmetry
of the peaks when the nitrogen content is increased, and
which is in agreement with our results.

The N 1s XPS spectra also show important line shape
changes for the different samples. The dependence is shown
in Fig. 4 for the same films as those represented in Fig. 3.
The changes in the N 1s line shape may also be understood
as due to changes in the population of the different nitrogen
bonding states. In this case, however, the main changes ap-
pear to occur at binding energies around 399 eV, i.e., in the
middle of the spectrum. The experimental spectra have been
deconvoluted using three principal components at 398.1,
399.1, and 400.7 eV, designed as N1, N2, and N3, respec-
tively. The assignment of these components to definite

chemical states is not unique,~i.e., many nitrogen species
give N 1s binding energies in the range 398–401 eV!, but
there is a general agreement to assign the peak at lower bind-
ing energy, N1 at 398.1 eV, to N-sp3 C bonds, and the peak
at higher binding energy, N3, to N-sp2 C bonds. The peak
at 399.1 eV, N2, can be associated with the formation of
carbonitrile-like bonds due tosp configurations ~i.e.,
CwN!.11,22 It has been necessary to include a small contri-
bution at energies close to 403 eV, which accounts for the
presence of N2 or N–O species.4,5 Finally, for samples A4,
A5, and A6, another component around 397 eV has been
used, assigned to the formation of metallic nitrides~due to
the metallic impurities present in these samples, as men-
tioned before!.

The binding energy of the centroid of the spectra, i.e.,
BE~centroid!5*N(E)E dE/*N(E)dE, where N(E) is the
intensity of the spectrum at every energy, is observed to shift
as the nitrogen content varies. The centroid of the respective
C 1s peaks have been depicted in Fig. 5~a! as a function of
the nitrogen content of the film, which corresponds to the
assisting conditions as indicated in Table I. The maximum
shift of the centroid corresponds to sample A6 and accounts
for 1.4 eV with respect to that measured in amorphous car-
bon and more than 1 eV with respect to that of sample A1. It
is worth mentioning that, according to the IR data, the spec-
trum for sample A6 is mainly due to CwN states, whose
binding energy results very close to the values reported for
CvN in C 1s, which could explain the controversy existing
in the literature with respect to these species.

Figure 5~b! shows the respective centroids for the N 1s
spectra as a function of the nitrogen content of the film.

FIG. 4. XPS spectra of the N 1s line for different CNx samples as labeled.
Experimental spectra and the components used in the deconvolution are
shown.

FIG. 5. Centroid of the C 1s peak~a! and N 1s peak~b! as a function of the
N/C atomic ratio.
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Interestingly, the observed value of the shift for N 1s ~i.e.,
0.5 eV! is smaller than that measured for C 1s and in the
opposite direction~i.e., towards lower binding energies! with
respect to the spectrum for A1, i.e., for N/C above 30 at. %.
The opposite behavior of both shifts indicates a decrease of
covalency and an increase of the charge transfer when the
nitrogen content increases.

As in the case of the previous FT-IR characterization, the
XPS results indicate that the carbon nitride films are a mix-
ture of various carbon phases. The relationship between the
concentration of the different phases and the nitrogen con-
centration of the films is consistent, at least qualitatively,
with that of IR spectra. Figure 6~a! shows the peak areas of
the N 1s components associated with N1 and N3 contribu-
tions and the intensity of the component N2, assigned to
CwN, normalized to the N11N21N3 area, as a function of
the nitrogen content in the film as given by XPS. For com-
parison, Fig. 6~b! shows the equivalent data as obtained from
the IR spectra, i.e., the intensity of the absorption band as-
sociated with singly1doubly bounded carbon and that as-
signed to the carbonitrile-like bond. The comparison sug-
gests the correlation between components N2 of XPS spectra
and the carbonitrile band of the FTIR. The quantitative
agreement between both techniques is rather poor, but the
trend pointed out by both techniques is similar, the CwN
nitrile-like structure replaces both the N–Csp3 and N–Csp2

bonds as the assisting parameters are increased and the for-
mation of some interface layer takes place. The quantitative
discrepancies between FTIR and XPS could be due to the
fact that we are including C–C and CvC bonds in the FTIR

spectra but also to different matrix effects in both techniques
~as mentioned in Sec. III A!. In addition, the changes in the
background of the FTIR spectra also make difficult the cor-
rect quantification of the FTIR areas.

The evolution of features N1 and N3 indicates that the
peak at the higher binding energy, i.e., N3, nitrogensp2

bonded, becomes slightly dominant in the films when the
nitrogen content increases, suggesting that the Nsp3 bonded
is preferentially sputtered or replaced. As the growth of
b-C3N4 requires the formation of covalent C–N bonds the
above results indicate that increasing the assisting conditions
to incorporate more nitrogen to the films leads to the forma-
tion of ionic bonds of the nitrile type instead of the desired
C3N4.

C. EELS

In Fig. 7 we have depicted the CK edge EELS spectra for
three CNx samples~i.e., A1, A4, and A6! and for amorphous
carbonA0 . This carbon film was obtained by evaporation of
graphite and shows a typical spectrum with the characteristic
C 1s–p* transition peaking at 285 eV energy loss~due to
CvC bonds!, followed by a very broad resonance centered
around 297 eV, mainly due to C 1s–s* transitions in the
C–C and CvC bonds. The spectrum for the nitrogenated
sample A1 is rather similar to that for amorphous carbon if
the 1s–p* resonance at 285 is substituted by a newp*
resonance at 286 eV, which indicates the formation of NvC
bonds with C in thesp2 hybridization.4,32 A contribution at
285 eV, reminiscent of the amorphous carbon, can still be
distinguished. The shape of the edge clearly suggests a simi-
lar graphite-likesp2 structure, but shifted in energy due to
the formation of C–N bonds and a higher C 1s binding en-

FIG. 6. Evolution of the intensity of the (N11N3) and N2 contributions to
the N 1s XPS signal~a! and of the C–N1C–C1CvN1CvC and CwN
to the FT-IR spectra~b!, as a function of N/C atomic ratio.

FIG. 7. EELS spectra at the CK edge of evaporated carbon, A0, and dif-
ferent CNx samples, A1, A4, and A6.
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ergy. Further increase in the assisting parameters leads to
significant changes in the EELS spectra, as those shown for
samples A4 and A6. In general we observe a continuous
decrease of the C 1s–s* transition as well as the growth of
a new peak at 287.5 eV that becomes the main feature in the
spectrum for sample A6. This peak is assigned to a C 1s–p*
transition in CwN bonds, i.e., with C insphybridization, in
good agreement with the previous discussion of the FTIR
and XPS spectra that clearly indicated the formation of car-
bonitrile groups.

The spectrum of sample A6 resembles that of
polyacrylonitrile,4 dominated by a sharpp* transition at
287.2 eV. In the case of sample A4, thep* resonance be-
comes a doublet due to at least two different carbon core-
level energies corresponding to carbon in different bonding
sites with respect to the nitrogen atoms, i.e., at 286~CvN!
and 287.5~CwN!.

These results can be compared with those obtained by
XPS and FT-IR. In fact, for sample A4 the relative intensity
of the two main contributions@i.e., C–N1CvN and CwN,
see Fig. 6~a!# observed by the different techniques is rather
similar. Furthermore, in the case of sample A6 we can ob-
serve that thep* resonance at 287.5 eV dominates the spec-
trum indicating that, in good agreement with the FT-IR and
XPS results presented previously, the CwN bond originates
in this resonance. It is also in good agreement with ap*
(C3N) transition reported by Lopezet al.4 EELS also indi-
cates the presence of metallic impurities in sample A6, indi-
cating that the presence of CwN bonds could be related not
only to the high nitrogen content in that film or to the pres-
ence of KCN but also to the existence of those metallic im-
purities.

Figure 8 shows the nitrogenK edges for the same samples
as in Fig. 7. It can be seen that the edge appears similar to the
respective carbon edges. The spectra show two predominant
transitions, the 1s–p* ~due to CvN and/or CwN! and the
1s–s* . Interestingly, the 1s–p* peak in sample A1 is very
broad. Zhuet al. 33 suggest that the broadening they observe
in the nitrogen x-ray absorption near edge spectra of
pyridine-like compounds is due to the presence of different
structural environments for the nitrogen incorporated in the
graphene layers. Another possible contribution to these
broad transitions could come from the presence of interstitial
N, as it has been proposed by Jime´nezet al.34 for two peaks
observed around 396 and 401 eV in the nitrogen near-edge
x-ray absorption structure~NEXAFS! spectra of boron ni-
tride.

Increasing the nitrogen content above N/C50.4 leads to
the growth of a new peak at 395.6 eV again associated with
the increase of carbonitrile groups~i.e., sp hybridization!.
The increase of the relative intensity of thep* to the s*
transition observed in these spectra correlates well with the
FT-IR and XPS information, and can be explained by the
decrease of the proportion of C–N bonds in the sample. Fi-
nally, sample A6, as its FTIR spectrum indicates, has contri-
butions coming mainly from CwN bonds, consequently, its
1s–p* transition at 395.6 eV and its 1s–s* transition at

around 402.1 eV can be assigned to nitrogen triply bonded to
carbon, i.e.,sp hybridized nitrogen.

D. AFM Images

Representative 2mm32 mm AFM images of the differ-
ent CNx films deposited on KCl are shown in Fig. 9. They
show rather clearly the evolution of the film morphology as
the ARR increases.

It is interesting to observe that for ARR lower than 2.4
~samples A1 and A2! the films present a homogeneous grain
structure. The grain size increases with ARR probably be-
cause the surface mobility of the atoms arriving at the film is
enhanced by the ion bombardment.

However, at intermediate values of ARR~i.e., between
2.4 and 3.0, corresponding to samples A3 and A4! the films
develop deep valleys and intestine-like features, probably as-
sociated with the preferential resputtering of the graphite
phases, as indicated by the XPS, EELS, and FT-IR informa-
tion, and also to the sputtering of the KCl substrates. The
morphology of these samples resembles that induced in poly-
urethane after bombardment with Ar ions.35

At ARR higher than 3.0~samples A5 and A6!, the dam-
age and resputtering effects are very significant, leading to
the disappearance of the previous texture. In fact the films
are very thin and the morphology seems to be dominated by
the sputtering of the KCl substrate.

IV. CONCLUSIONS

Thin CNx films have been obtained by DIBS. The films
have been characterized as a function of the deposition pa-
rameters by FT-IR, XPS, EELS, AES depth profiling, and
AFM.

FIG. 8. EELS spectra at the NK edge for different CNx films, A1, A4, and
A6.
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The nitrogen content of the films has been observed to
depend on the current density and energy of the assisting
nitrogen ions. In fact, it appears that N/C'0.4 is a limit for
an N-doped amorphous C structure with reasonable thick-
ness, which agrees with the experimental evidence, pointed
out by other authors.7

FT-IR, XPS and EELS indicate that the nitrogen content
and the type of bonding of the amorphous CNx synthesized

material are strongly correlated to the assisting parameters.
At low doses of N2

1 assistance, ARR,2.4, films are mainly
formed by a combination of C–N and CvN bonding, em-
bedded in a graphite like structure with C–C and CwC
bonds. Increasing the assisting conditions leads to films with
increasing amounts of CwN bonds, probably associated with
the formation of KCN, with a higher nitrogen content and
intense resputtering phenomena that reduce significantly the

FIG. 9. 2mm32 mm AFM images of different CNx films as labeled.
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thickness of the samples and hinders the growth of the film.
Values of ARR higher than 3.0 result in the formation of
very thin films. The morphology of the films has also been
investigated by AFM as a function of the deposition param-
eters.

Features associated with CwN bonds in the XPS and
EELS spectra of C and N signals have been identified using
the fact that, under the experimental conditions employed in
this work, we produced films with increasing amounts of
carbonitrile groups, as FT-IR spectra suggest.
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34I. Jiménezet al., Appl. Phys. Lett.68, 2816~1996!.
35B. A. Banks, inIon Bombardment Modification of Surfaces. Fundamen-

tals and Applications, edited by O. Auciello and R. Kelly~Elsevier, Am-
sterdam, 1984!, p. 406.
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