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XPS study of pulsed laser deposited CNx films
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1IPCMS-GSI, UMR 7504 CNRS, Boıˆte Postale 20, 67037 Strasbourg Cedex 2, France
2CNRS-PHASE, UPR 292 CNRS, Boıˆte Postale 20, 67037 Strasbourg Cedex 2, France

3Research Group on Laser Physics, 6701, P.O. Box 406, Szeged, Hungary
~Received 27 November 2000; published 28 November 2001!

The C 1s and N 1s core levels of carbon nitrides are composed of several contributions whose assignment
is controversial due to the lack of appropriate reference materials and the great variety of configurations of
carbon and nitrogen. From the comparison of nitrogen-containing polymeric compounds and solid carbon
references an assignment of the individual lines of the C 1s and N 1s core levels is given. Nitrogen-containing
polymeric compounds are used as reference materials as they provide a more adequate account of the screening
of the ionized states in the photoemission process than molecular references. This screening effect is even more
pronounced in case of aromatic or cyanogen-type bonds where delocalizedp electrons strongly affect the
screening of the core hole. In the second part of the paper these assignments are used to interpret the changes
of the chemical environment in pulsed laser deposited carbon nitride films as a result of systematic changes in
laser fluence, nitrogen pressure, and target-to-substrate distance. The effect of subsequent annealing and sput-
tering by argon ions is also discussed. The chemical structure of the films is dominated by nitrile,
N~pyramidal!-C~trigonal! and nitrogen insp2 hybridization~with the electron doublet out of plane! inserted
into carbon graphitic network at high laser fluence, and nitrile and pyridinicsp2-hybridized configurations at
low laser fluence, in good line with the fact thatsp3 and sp2 hybridization states around carbon and nitrile
configuration with nitrogen, are preferred.

DOI: 10.1103/PhysRevB.64.235416 PACS number~s!: 61.48.1c, 81.15.Gh
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I. INTRODUCTION

The theoretical prediction of Liu and Cohen1–3 on the
existence and the expected outstanding properties of the
valentb-C3N4, followed by further theoretical studies4 trig-
gered many experimental efforts on the synthesis of this
pothetical material. Mentioning only the few, hot filame
chemical vapor deposition,5–7 plasma-enhanced chemica
vapor deposition~PECVD!,8,9 reactive rf sputtering,10,11 dc
magnetron sputtering,12,13 ion beam assisted sputtering,14–16

laser ablation,16 and reactive ion implantation17 were imple-
mented to grow thin carbon nitride films. More than 70 p
pers report the synthesis of C3N4 in different crystalline
forms, but as revealed by a recent critical review in Mat
moto, Xie, and Izumi,18 no definite evidence for the exis
tence of C3N4 has ever been presented. Beyond the str
efforts to achieve the stoichiometric compound, the prepa
tion of amorphous CNx(0,x,1.33) films has emerged as
challenge, as these materials also display many interes
properties. In the overwhelming majority of the cases
ported no more than 50 at. % of nitrogen has been incor
rated into carbon films in the amorphous state, which s
remains far from the stoichiometry corresponding to
b-C3N4 phase~57 at. %!. For both types of compounds, the
is a need to prepare more homogeneous films for more
vincing structural characterizations, which requires firs
deeper investigation of the parameters of the formation o
carbon-nitrogen bond in a solid. In addition to structural
vestigations by selected area diffraction or x-ray diffractio
X-ray photoelectron spectroscopy~XPS! emerged as a pow
erful tool to provide surface information on the local env
ronment around both carbon and nitrogen, and indeed X
was routinely used to determine the surface chemical c
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position ~most notably the N/C XPS ratio! of carbon nitride
films. However, the presence of many possible local envir
ments and the lack of proper references have introdu
some controversy into the interpretation of the individu
contributions of the C 1s and N 1s core levels~e.g., Refs.
13, 14, 19 and references therein!.

Here we present an XPS study of carbon nitride film
prepared by pulsed laser deposition~PLD!. These films have
otherwise been characterized by infrared~IR!, Raman, and
photoluminescence spectroscopies together with an op
emission spectroscopic study of the gas phase processes20–22

The paper is organized as follows: After this Introduction t
experimental procedures are first reviewed: details of fi
preparation and the XPS analyses are presented~Sec. II!. In
Sec. III an assignment of the individual lines of the C 1s and
N 1s core levels is given as a result of a comparative ana
sis of binding energies of carbon-carbon and carbon-nitro
bonds in solid carbon references and polymeric compou
containing both carbon and nitrogen. The effects of the p
cess parameters and posttreatments on the chemical co
sition of the films are reported in Sec. IV together with t
changes in the chemical environment of the carbon and
trogen atoms. The interpretation and the evolution of
chemical structure of the films as a function of process
rameters is discussed in Sec. V in comparison with literat
data. Finally, conclusions are drawn in Sec. VI.

II. EXPERIMENTAL PART

A. Film preparation and post-treatments

Carbon nitride films were deposited in a convention
PLD system by ablating a high-purity graphite target in sta
©2001 The American Physical Society16-1
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nitrogen atmosphere. The deposition chamber was pum
by a diffusion pump, with a base pressure,1026 mbar, and
back filled with 0.01– 5 mbar N2 during the experiments
The beam of the ArF excimer laser~Lambda Physik,l
5193 nm, output energy max. 240 mJ, 22 ns pulse durat!
was focused onto the target surface at normal incidence.
target was rotated with 1 rpm. The energy density on
target surface,F was adjusted between 4 and 18 J/cm2 by
changing both the output energy of the laser and the dim
sions of the ablated area. Due to uncertainties in measu
both the pulse energy and spot dimensions, the experime
error in the absolute value of the energy densities was qu
to 620% at best. Films of 50–300 nm thickness were dep
ited on n-type Si~100! wafers held at room temperature,
target-to-substrate distancesd between 30 and 70 mm and 8
Hz pulse repetition rate.

Some samples were sputtered by argon ions or anne
in a ultrahigh vacuum chamber before XPS analysis. T
sputtering conditions were:p5331025 mbar, ion energy
5 800 eV, and an incidence angle of the ions with the s
face of around 40°.

B. X-ray photoelectron spectroscopy„XPS…

The XPS spectra were recorded with a VSW™ spectro
eter equipped with a 150 mm electron analyzer using
channel-plate detection mode. A monochromatic AlKa radia-
tion source provided a photon beam ofhn 51486.6 eV. The
analyzer was operated in the fixed analyzer transmis
mode at a constant pass energy of 22 eV. The experime
resolution, including the source and the analyzer, was se
0.75 eV, measured by the broadening of the 4f 7/2 line of a
gold foil. Sets of C 1s, N 1s, O 1s, F 1s core level spectra
as well as wide scans were recorded.

The energy levels were referenced to the Au 4f 7/2, Ag
3d5/2, and AgM4N5N5 Auger lines at 83.98, 368.26, an
1129.79 eV, respectively. Charge effects due to the insula
character of the films were partly compensated by an e
tron gun. The energies were referred to the C 1s line A at
284.6 eV, as discussed later.

Since the films were amorphous, all the carbon-carb
and carbon-nitrogen bonds were statistically distributed
the surface and therefore the C 1s and N 1s levels had to be
treated as a whole. The atomic ratio of nitrogen over carb
~N/C!, could be expressed from the classical formula of p
toelectron spectroscopy23

~N/C!5~ I N /I C!@$T~Ek
C!/T~Ek

N!%#@l~Ek
C!/l~Ek

N!#~sC/sN!.
~1!

In Eq. ~1! the recorded intensities of the N 1s and C 1s
lines, I N and I C respectively, are corrected for the atom
photoionization cross sectionssN and sC, the ratio of the
transmission functions of the analyzerT(Ek

C)/T(Ek
N) and the

ratio of the attenuation lengths inside the mater
l(Ek

C)/l(Ek
N), whereEk

C andEk
N were the kinetic energies a

the C 1s and N 1s core levels, respectively.sC/sN'0.56
~Ref. 24! andT(Ek

C)/T(Ek
N) was experimentally determine
23541
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to be'1. Unfortunately the ratiol(Ek
N)/l(Ek

C) was hard to
determine in amorphous carbon nitrides. The attenua
lengths depended not only on the kinetic energies and on
atomic number,25 but also on the atomic densities inside t
material. Now the density of the films changed with chan
ing process parameters. Since the energy of the bulk plas
on the C 1s level was directly proportional to the density o
the valence electrons around carbon, electron-energy-
spectroscopy~EELS! was used to monitor the changes in t
atomic density of the films.26 In this study, the bulk plasmon
energy on the C 1s level shifted from 26.5 to 28.4 eV whe
increasing the laser fluence from 4 to 13 J/cm2, suggesting an
increase from medium to high valence electron dens
around carbon. In our calculations we assumed t
l(Ek

C)/l(Ek
N)'1, as the electron energies and the atom

numbers were in a close range, but this assumption m
introduce an error that could be estimated to be no more t
15%. Another source of error was theex situadsorption of
adventitious carbon leading to an underestimation of the N
ratio. The extent of this error was hard to estimate, never
less it could be assumed this was a rather constant and
tematic error.

In conclusion, the~N/C! ratio as calculated according t
Eq. ~1! yields only an estimate of the absolute value of t
atomic ratio ~N/C!at. However, even if the XPS measure
ments reported here might inaccurately give the true ato
surface compositions, the changes in the~N/C! ratio cor-
rectly follow the evolution of the true (N/C!at ratio as a func-
tion of the process parameters.

Lineshape analyses of the individual C 1s and N 1s lines
were carried out using a home-made software. The data w
first smoothed and subsequently deconvoluted including b
a gaussian broadening accounting for the experimental r
lution, electron-phonon interaction and amorphization
fects, as well as a lorentzian broadening accounting for
lifetime of the core hole fixed to 0.21 eV for both the C 1s
and N 1s lines. An inelastic Shirley form was postulated an
added to each individual elastic contribution of the pho
emission process.27 In the fitting procedure the lorentzia
broadening, which was an atomic property of the eleme
was let fixed whereas the energy position, the intensity
each individual contribution and the overall gaussian bro
ening were made variable. Forn contributions~n52 or 3!,
this yield 2n11 ~5 or 7! fitting parameters for a peak mad
up of N points. With an energy step of 0.05 eV and a fu
width at half maximum of 1.2 eV, the individual componen
were composed of around 25 experimental points, ensu
n3N@23(2n11). In fact, only those fitting parameter
that were believed not to be too strongly correlated w
allowed to vary together, such as the energy position of
contributioni and the intensity of another onej. This ensured
that the fit converged with the best probability toward t
unique solution. It was reassuring to note that when star
from intentionally different initial parameters and using d
ferent sets of fitting parameters, the fit converged toward
same solution, constituting further proof to the uniqueness
the solution. Our conclusion was that, within the limits of t
experimental resolution that was not better than 0.75 eV,
6-2
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results of the deconvolution of the C 1s and the N 1s levels
into individual lines were physically sound.

III. INTERPRETATION OF THE INDIVIDUAL C 1 s AND N
1s LINES

Figures 1 and 2 display the evolution of C 1s and N 1s
core level spectra, respectively, with processing laser flue
F. The experimental spectra are fitted with a combination
three and two contributions to the C 1s and N 1s lines,
respectively. In our case attempts to put more than three l
on the C 1s core level or more than two lines on the N 1s
core level, respectively, did not improve the fit. It was som
times possible to add one more line on the C 1s core level at
higher binding energy. This fourth line accounts for a C
contribution shifted toward high binding energy due to t
high polarization of the C-O bond. But even if this contrib
tion does exist, it remains weak and weakly overlaps
main C—C and C—N contributions, therefore it will be ig-
nored in the following discussion. Wide scans displayed
addition to carbon and nitrogen, oxygen and fluorine as
purities. The origin of this fluorine impurity, whose conce
tration increased with the laser fluence, remained unclea
could either come from the graphite target or, more proba
from the pump oil.

Carbon as well as nitrogen possess many bonding c
figurations. Among the possible configurations of carbon,
tetrahedral~tetra!, the trigonal~tri !, and the linear~lin! con-
figurations, which correspond to thesp3, sp2, andsphybrid-
ization states, respectively, are the most commonly enco
tered. Thesp2 configuration may involve a pair of carbo
atoms with a lonep bond, such as in alkenes, or conjugat
p bonds involving many pairs of conjugated carbon atoms
conjugatedp bonds. In this last case a significant decrease
the bonding energy occurs, like the aromatic bond in
clized planar compounds. Other possible configuratio
such as those involving a nearly conjugatedsp2 configura-
tion in fullerenelike compounds, will not be considered
our analysis. Nitrogen atoms possess much more bon
configurations, due to the occurrence of the free doublet
can either participate or not to the bond. Besides the term
collinear ~col! nitrile bond illustrated by Polyacrilonitrile
~PAN! in Table I and thesp3 hybridization withs bonds in a
pyramidal~pyr! configuration like Polyethyleneimine~PEI!,
we must distinguish among nitrogens withsp2 hybridization
involved into aromatic carbon cycles, either as pyridinicli
in Poly~4-vinylpyridine! ~P4VP in Table I! or as pyrroliclike
in Poly~9-vinylcarbazole! ~P9VC in Table I! trigonal con-
figurations~sp2 IP andsp2 OP, respectively!. We can note
that pyridinic nitrogen cannot be inserted into a graph
network as the free doublet is in an in-plane direction,
pyrrolic nitrogen can be inserted as the free electron dou
participates to the aromatic configuration.28

In Table I binding energies of carbon-carbon and carb
nitrogen bonds in selected solid state and polymeric co
pounds are compiled including the bonding configuration
each atom. We have chosen solids29,31,32or, when these are
lacking, polymeric references from the same data set of
literature30 as they best simulate the initial- and final-sta
23541
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effects in the XPS process that will be further discussed.
discarded molecular compounds such as pyridine, hexam
ylenetriamine, urotropine or other pure organic molecul
often referred to in the XPS analysis of CNx films,14–19since
these materials can neither satisfactorily account for
initial-state~charge transfer! nor the final-state~screening of
the core hole by electrons! effects of the core level shift
especially when consideringp-conjugated systems. The re
erence to the carbon solid state is graphite~G! at 284.6 eV
~Ref. 29! and to the polymer state aliphatic carbon of po
ethylene@high-density polyethylene~HDPE!# at 285.1 eV,30

respectively. We consider these two sets of references t
consistent, as the aromatic carbon in poly~a-methylstyrene!
PaMS ~set in position 1 in Table I! is shifted by20.34 eV as
compared to the aliphatic carbon~set in position 2!, in good
agreement with the difference of20.5 eV found between the
binding energies@(G)-(HDPE)# ~Table I!. When comparing
now diamond~C 1s5285.6 eV) and polyethylene~HDPE!
~C 1s5285.1 eV) as solid state and polymer references
the C~tetra!—C~tetra! bond, respectively, we find a differ
ence of 0.5 eV. As both the near neighbors of carbon~C, C
and H, respectively! and the atomic densities~high and low,
respectively! are different, this 0.5-eV difference is realist
and defines the accuracy limits of the method descri
above. Moreover, the energy position of the C 1s peak of
diamond is influenced by the surface reconstruction or
doping level. A band bending at the surface, which is
duced by a deviation of the charge density at the surfac
compared to the bulk and therefore a pinning of the Fe
level at a different position within the gap, may lead to
shift of the C 1s peak. Therefore we also include the refe
ence of a tetrahedrally coordinated amorphous carbonaC.32

When dealing with the carbon-to-nitrogen bond, we repor
Table I a reference polymer for both the carbon-nitrogen a
the equivalent carbon-carbon bond. A carbon atom is defi
to be in an equivalent configuration to a nitrogen atom wh
the same amount ofp bonds is involved in the carbon
carbon and the carbon-nitrogen bonds. Hence tetrahe
trigonal, and linear carbon bond configurations are equi
lent to pyramidal,sp2-hybridized either in- or out of plane
and terminal collinear nitrogen bond configurations, both
volving 0, 1, and 2p bonds, respectively. The differenced
between the C 1s core level of the carbon bound to nitroge
and the carbon bound to an equivalent carbon is also
ported in Table I for these reference compounds. For
ample when comparing HDPE and polyethyleneimine~PEI!,
the carbon atom in tetragonal configuration bonded to
other tetragonal carbon in HDPE or to nitrogen in pyramid
configuration in PEI exhibits binding energies at 285.10 a
285.56 eV, respectively. This means that the substitution
carbon by nitrogen in an equivalent configuration yields
positive shift d50.46 eV. The column entitled Ref
~C—N!–~C—C! displays the references used in the determ
nation ofd. In the last column of Table I the binding energie
EB , corrected with reference to carbon in graphite at 28
eV, are compiled for different carbon-carbon and carbo
nitrogen bond configurations. In the following,d andEB will
6-3
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TABLE I. XPS binding energies of carbon-carbon and carbon~boron!-nitrogen bonds in reference solid state~S! and polymer~P!
compounds. The energy references are 284.6 eV for solid state references~Refs. 29 and 31! and 285.0 eV for polymer compounds~Ref. 30!.
C~tetra!, C~B!~tri!, C~lin! refer to carbon in the tetrahedral, trigonal, and linear configurations, respectively. N~pyr!, N~sp2 IP!, N~sp2 OP!
and N~col! refer to nitrogen in the pyramidal, in-planesp2-hybridized and out of planesp2-hybridized, and collinear configurations
respectively.

235416-4
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TABLE I. ~Continued!.
ns
s

e
uum
be derived in the light of existing theoretical interpretatio
of the binding energy shift of a core level. Based on the
considerations the assignment of the individual lines of th
1s and the N 1s levels will be given.
23541
e
C

A. C 1s levels

The binding energy of the core levelK of a photoelectron
escaping the surface of a sample referenced to the vac
6-5
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level,Eb
vac(K), can be expressed in the general framework

the charge potential model:33,34

Eb
vac~K !5Eb,0

vac~K !1k~K !qi1S j Þ i~qj /r i j !2Erelax~K !,
~2!

whereEb,0
vac(K) is the binding energy referred to the vacuu

level of a reference state, which is generally equal to
binding energy of the core level of the atomic state accord
to Koopman’s theorem;k(K)qi is a term of polarization of
the bond wherek is a two-electron integral between the co
K and the valence electrons;S j Þ i(qj /r i j ) is the electrostatic
potential of Madelung’s-type accounting for the interacti
of the environment that in the case of a covalent bond
proportional to the first neighbors, andErelax(K) encom-
passes the relaxation effects due to the core hole in the
state. This last multielectronic term stems from an interact
upon ionization of a core hole by the cloud of the valen
band electrons. In Eq.~2! we assume that the work functio
is identical whatever the sample. Therefore this term is om
ted throughout the text.

In the case of diamond and graphite where the bond
volves identical atoms, there is no charge transfer at all,
intermediate termsEICT52k(K)qi2S j Þ i(qj /r i j ) cancel
and Eq.~2! reduces to

Eb
vac~K !5Eb,0

vac~K !2Erelax~K !, ~3!

whereEICT is the energy of the initial charge transfer.
The chemical shift between diamond and graphite

therefore due to a difference in the relaxation energy of
two carbon electronic configurations. The fours bonds in
diamond are strongly oriented along the four directions
the tetrahedral arrangement, and therefore can hardly pa
pate in the screening of the core hole. Conversely, thep
bond can more easily be delocalized in conjugated or a
matic systems and therefore can more actively participat
the screening of the core hole. Indeed a line shifta51 eV is
reported in the competitive CVD growth of diamond islan
and graphitic layers on Cu~111! @Ref. 29# ~Table I!. This 1
eV shift is also supported by recent literature data on
high-temperature graphitization of a diamond surface.35

In the case of CNx compounds, polarization occurs in th
initial state, due to the difference of electronegativity b
tween carbon and nitrogen atoms. Nitrogen has a gre
electronegativity, therefore the electron cloud of the C—N
covalent bonds tends to move toward the N atom.36 This
transfer of negative charges increases the binding energ
the C 1s level and decreases the binding energy of the Ns
level. It should be noted, however, that~i! the amplitude of
the charge transfer is weak as the electronegativities of
bon and nitrogen are rather close but~ii ! it increases with the
number of C—N bonds due to the increasing polarization
the 1s electrons with increasing number of C—N bonds;~iii !
this charge transfer is dependent on the nature of the bon
between carbon and nitrogen that can be of the amine-
N—C, imine- or aromatic-type NvC, or nitrile-type NwC,
and~iv! the polarization term@k(K)qi # in Eq. ~2! is compen-
sated by the electrostatic potential@S j Þ i(qj /r i j )# due to the
neighboring atoms. Applying Eq.~3! to carbon-carbon bond
23541
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of configurationsi and j, respectively~i and j 5sp3 or sp2!,
and Eq.~2! to carbon-nitrogen bonds of equivalent config
rations, the net shift in binding energyd(Ci-Nj ) due to sub-
stitution of a carbon Cj by a nitrogen Nj of equivalent con-
figuration is

d~Ci-Nj !5kqi1SkÞ i~qk /r ik!1Erelax~Ci-Cj !

2Erelax~Ci-Nj !, ~4!

The absolute binding energiesEb ~C 1s, Ci-Nj ! for each
Cj -Nj configuration are obtained from the absolute bindi
energies of the respective Ci-Cj configuration,Eb(Ci-Cj ), by

Eb~Ci-Nj !5Eb~Ci-Cj !1d~Ci-Nj !. ~5!

In Table I thed(Ci-Nj ) values are also reported for variou
combinations of the carbon and nitrogen configuration sta
i and j. TheEb(Ci-Cj ) andEb (Ci2Nj ) reported in the last
column of Table I are deduced from the binding energies
graphite and diamond, and reference polymers~PaMS,
PS,...!. Comparing now the binding energy values obtain
from the fit of the measured C 1s spectra with those com
piled in Table I we propose the following assignment of t
three main contributions to the C 1s core level:

FIG. 1. Effect of the laser fluence on the C 1s core level of
carbon nitride films deposited atp55 mbar andd550 mm. The
points represent the experimental data while the solid lines
single contributionsA, B, andC together with the overall fit. The
assignment of the individual contributions is discussed in the te
6-6
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~1! The lineA at 284.6 eV is exclusively assigned to gr
phitic carbon i.e., graphiticlike or amorphous carbons in
films and adventitious carbon adsorbed on the surface. As
samples have been exposed to air prior to XPS analysis
last contribution must be accounted for. It is plausible, ho
ever, to assume that the extent of surface pollution is roug
constant from one sample to another, so that this contribu
can be considered as a constant background to the sign

~2! A close inspection of Table I suggests that the lineB at
around 286.060.2 eV in Fig. 1 may be attributed to man
bond configurations of carbon such as~i! diamond or dia-
mondlike carbon and~ii ! carbon singly bonded to nitrogen
either as as C—N or as asp2 hybridizedp CvN bond,
whatever the configuration of carbon is. All these bond
ergies range within 285.55–286.41 eV~Table I!. Since this
0.86 eV range is of the same order as the experimental r
lution ~>0.75 eV! we believe that it is hopeless to try t
separate these contributions and only a global analysi
relevant. The small shift in the peak position with changi
deposition conditions~Fig. 1! is probably due to variations in
the relative proportions of each of these carbon-carbon
carbon-nitrogen contributions. The presence within the sa
C 1s line of many bonds is due to some compensation
tween charge transfer and relaxation effects on the core l
of the positively charged carbon atom. In thep-type bond
the transfer of charge to nitrogen increases, inferring a p
tive shift of the binding energy, but the screening of the c
hole by thep electrons is more efficient, especially if thesep
electrons are delocalized, and this now infers a negative s
of the binding energy. On the other hand, the charge tran
to nitrogen is weaker in ans-type bond, but the screening
also not so efficient due to the localized character of ths
electrons. Therefore the attribution of the 1.5 eV posit
chemical shift relative to elemental graphiticlike carbon o
served in contributionB cannot be explained in a simpl
way.

~3! Finally we assign the third lineC at 287.2–287.7 eV
to multiple s C—N bonds such as the diamine (uCN2u)
bond. In this case the increase in the charge transfer shift
line toward higher binding energies according to Eqs.~4! and
~5!. The charge transfer and screening, however, as both
clude long-range order effects, are nonlinear, i.e., are
strictly proportional to the number of C—N bonds. Unfortu-
nately, in the absence of proper solid references or deta
quantum chemical calculations on the energy levels of
ionized atom, it is useless to speculate on a more accu
localization of this feature. Another possible assignme
however, might be nitrile-type triple bonds~—CwN! and
carbon linked to oxygen. A nitrile terminal bond is report
at 286.73 eV in Table I, not far from the binding energies
line C. It is expected that the terminal nitrile bond will no
screen the core hole so efficiently than the other C—N
bonds, due to a lower extent of screening in the former c
This is confirmed in Table I by the positive shift of the ca
bon in position 3 in the nitrile group of polyacrylonitril
~PAN! by 1.26 and 0.38 eV relative to aliphatic carbons inb
~position 1! and a ~position 2! of the nitrile group, respec
tively. The approximate 0.5 eV shift of contributionC with
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increasing laser fluence~Fig. 1! is in line with the conclusion
that more than one single chemical environment contrib
to this feature, as well.

B. N 1s core levels

As shown in Fig. 2. the N 1s spectra display a double
feature: a low binding energy componenta at 398.8
60.4 eV and a high binding energy one,b, at 400.0
60.4 eV. The assignment of these N 1s peaks has long bee
discussed in the literature.13–15,19,37Considering the N 1s
binding energies of the polymers reported in Table I as r
erences, we assign the low binding energy componenta to
unsaturated nitrogen in nitrile or pyridiniclike bonds. Th
assignment is based on the binding energy values of nitro
in planar configuration such as poly~4-vinylpyzidine! ~P4VP!
at 399.34 eV or collinear configuration such as PAN
399.57 eV. However, the binding energy of the nitroge
boron bond in hexagonal boron nitride, the unique solid
tride that may be relevant to the present study, is also v

FIG. 2. Effect of the laser fluence on the N 1s core level of
carbon nitride films deposited atp55 mbar andd550 mm. The
points represent the experimental data while the solid lines
single contributionsa and b together with the overall fit. The as
signment of the individual contributions is discussed in the text
6-7
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low at 397.9 eV, although it exhibits a strong aromatic ch
acter with the free electron doublet. The shift toward lo
binding energy may be explained both by the larger nega
charge transfer in the initial state as a consequence of
larger overlap of thep bonds and to the larger relaxatio
energy of the positively charged nitrogen atom in the fi
state. Changes in the contribution from different chemi
environments around nitrogen with changing process par
eters may explain the shift in the position of the line~Fig. 2!.
Lines at 398.060.2 eV attributed to N-Si bonds31,38 might
interfere with linea; however, in our case any contributio
from silicon bonds could be excluded because of the t
absence of any Si2p signal in the wide scans.

We ascribe now lineb at 400.0 eV to single N—C bonds
with nitrogen in pyramidal configuration like
N,N8-diphényl-1,4-phenylenediamine~PA! at 399.92 eV or
to a p N-C bond of pyrrole-type with the free electron do
blet out of the graphite plane like in P9VC at 400.22 e
~Table I!. The positive shift in the binding energy is due to
weaker negative charge transfer in the initial state and
weaker relaxation of the final state whens single oriented
bonds are involved. In P9VC thep electrons that could par
ticipate to the relaxation are transferred to the carb
nearby. On the other hand, lower binding energy has b
measured for PEI where C~tetra!-N~pyr! bonds are involved.
In the case of this reference, however, it is suspected tha
presence of many terminal N-H bonds will markedly chan
the charge transfer and the relaxation effects. This glo
interpretation is in agreement with that put forward by Ro
ning et al.,19 but differs from many other one’s.13–15 This
point will be discussed in more detail in Sec. V.

In order to further support the assignments propo
above, let us consider now the difference in the binding
ergies of two neighboring carbon and nitrogen in a giv
configuration,D(N 1s– C 1s). According to Eq.~2!

D~N 1s– C 1s!5DEb,0
vac~N 1s– C 1s!

1DEICT~N 1s– C 1s!

2DErelax~N 1s– C 1s!, ~6!

whereDEb,0
vac, DEICT , andDErelax(N 1s– C 1s) are the dif-

ferences in the energy level reference, in the energy of
initial charge transfer, and in the relaxation energy betw
the N 1s and C 1s levels, respectively. These values sen
tively depend on the initial charge transfer effect as the te
are of opposite signs on C and N atoms. Due to the e
tronegative character of nitrogen relative to carbon, there
depletion and an enhancement in the electron density on
bon and nitrogen, respectively. Therefore the transfer te
add up inDEICT of Eq. ~6!. Conversely, the relaxation term
are substracted, as—in a first approximation—the relaxa
effect mainly depends on the cloud of delocalizedp elec-
trons and not on the nature of the atom to be screened.

In order to check the consistency of the proposed ass
ments, in Fig. 3 we plottedD(N 1s– C 1s) for the (a-B) and
(b-B) line pairs as a function of the processing laser flue
and we compared these values with theD~N1s-C1s! values
obtained for reference compounds~Table I!. The expected
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range ofD~N1s-C1s! variation does not exceed 2 eV. A
though showing large variations with the laser fluence,
values of the (b-B) difference lie within the energy rang
expected for the N(sp2OP)uC(tetra) or N~pyr!—C~tri!
configurations at high and the N(sp2-IP)uC(tri) configura-
tion at low laser fluence~Table I!. On the other hand the
values of the (a-B) difference are characteristic of nitril
bonds. No other combination of the experimental N 1s and C
1s lines yield D(N 1s– C 1s) values consistent with the
carbon-nitrogen configurations reported in Table I. This
especially true for combinations involving lineA. References
involving carbon multiply bonded to nitrogen are lackin
Therefore we do not consider lineC in these combinations.

In summary, the corollary of the above comparati
analysis is that the low binding energy componenta may be
assigned to nitrile rather than aromatic-type nitrogen bo
whereas the high binding energy componentb may involve
nitrogen in pyramidal or aromatic configurations, whatev
the configuration of the carbon to which it is bonded. Ne
ertheless, large variations in the binding energies of thes
1s contributions are expected, owing to the variety of po
sible nitrogen configurations.

IV. EFFECT OF THE PLD PROCESS PARAMETERS

Pulsed laser deposition offers relatively easy control
film properties in a fairly broad range of process paramet
In the following the effects of the process parameters~laser
fluenceF, nitrogen pressurep, target-to-substrate distanced!
and posttreatments~argon ion sputtering and thermal annea
ing! on the chemical composition of the films will be re
ported. Based on the assignments derived in the prece
section, changes in the chemical environment both aro
nitrogen and carbon atoms will also be detailed, as de
mined from the changes in the relative weight of the in
vidual spectral components of the C 1s and N 1s lines.

FIG. 3. Binding energy difference between the N 1s and the C
1s core levelsD(N 1s– C 1s) corresponding to (a-B) ~full circle!
and (b-B) ~full square! line pairs, respectively, as a function of th
laser fluence for films deposited atp55 mbar andd550 mm. Dot-
ted lines represent the binding energy corresponding to a g
carbon-to-nitrogen configuration according to the references c
piled in Table I.
6-8
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A. Effect of laser fluence

The amount of nitrogen incorporated into the films c
sensitively be controlled by tuning the fluence of the ablat
laser pulses. For 5 and 1 mbar similar dependences on
ence were obtained. The critical value is approximately 6
J/cm2. The films deposited at 4 J/cm2 contain only'9 at. %
nitrogen. With increasing fluence the nitrogen conte
steeply increases, reaching'44 at. % at 8 J/cm2 and the
maximum value22 of '45 at. % at 10 J/cm2. Further increase
does not promote further incorporation of nitrogen atoms
above 10 J/cm2 even a slight decrease is noticed.

Figures 4 and 5 display the changes in the relative ab
dance of the individual components of the C 1s and N 1s
spectra as a function of laser fluence, for films deposited
target-to-substrate distanced of 50 mm, p55 and 1 mbar,
respectively. LineA, corresponding to unsaturated carbon
graphitic type gives generally the major contribution to the
1s spectra. At low fluence, the relative abundance of t
contribution is 80%. In the 6–8 J/cm2 fluence domain the
intensity of lineA drops leveling at around 40–50% above
J/cm2. To the contrary, the initially weak linesB andC gain
strength between 6 and 10 J/cm2, suggesting that at thes
ablation pressures fluences larger than 6 J/cm2 promote the
formation of carbon-nitrogen bonds. Above 10 J/c2

changes in the fluence have apparently no further influe
on the bond structure.

FIG. 4. Evolution of the relative abundance of the individu
components of the N 1s and C 1s lines as a function of the lase
fluence for films deposited atp55 mbar andd550 mm.
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The changes in the relative weight of the two compone
of the N 1s spectra shown in Figs. 4 and 5 reveal that t
laser fluence has an effect not only on the amount of nitro
incorporated into the amorphous network, but also on
bond configuration of the nitrogen atoms. At 5 mbar and
J/cm2 the N 1s spectrum can satisfactorily be fitted by
single lineb while at 1 mbar the relative abundance of th
line is '80 at. %. Accounting in addition on theD~N1s-C1s!
values of the (b2B) difference~Fig. 3!, we conclude that
nitrogen atoms present in low concentration and at low
ence are first incorporated in a pyridiniclike configuratio
With increasing nitrogen concentration more and more ato
form nitrile-, as reflected in the steep increase in the rela
intensity of line a in proportion to b. In films deposited
using fluences above 8 J/cm2, the latter bond types becom
dominating, exceeding 60% relative abundance. This ef
is more pronounced at high nitrogen pressures.

As shown in Figs. 1 and 2, the peak positions of comp
nentsB andC of the C 1s core level anda andb of the N 1s
core level spectra, respectively, shift to higher binding en
gies with increasing laser fluence. We consider this shift a
direct consequence of the contribution from different chem
cal environments to each of the lines. A closer inspection
Fig. 3 reveals that the (b2B) difference is the more af-
fected. As both linesb and B encompass many carbon-to
nitrogen configurations, we cannot draw a definite conc
sion. However N~pyr!-C~tri! and N(sp2 OP!-C~tetra!

l

FIG. 5. Evolution of the relative abundance of the individu
components of the N 1s and C 1s lines as a function of the lase
fluence for films deposited atp51 mbar andd550 mm.
6-9



lin
u

e.
ts

n-
te
a

ar
tio

,

d
o

e
-
m
g
t

.0
on-
nts

re
um
en
ic

nt
ird
.
xi-

ond
tent
on-
on-

-

d at

ed,
s 2

u-

ly
ted
the
he

he
t
-
gen

ic
at

g

t. In
ms

ut
%
to

t

dual

ned

f
ura-
re,

a
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configurations are now mostly expected. By contrast, the
a is less affected when changing the laser fluence. This s
gests that the nitrile configuration is predominant.

B. Effect of nitrogen pressure

When ablating with pulses of medium fluences, i.
6–10 J/cm2, nitrogen incorporation at at. % level star
at around 1022 mbar. Between 1022 and approximately
531021 mbar the N/C ratio exponentially increases with i
creasing pressure, reaching a maximum with approxima
45 at. % nitrogen between 0.5 and 1.0 mbar. Further incre
in pressure results in a slight decrease. Beyond 5 mb
drastic decrease in deposition rate and powder forma
hinder film formation.

Figure 6 shows the changes in the abundances of the
dividual components of the C 1s and N 1s core level spectra
as a function of nitrogen pressure. The laser fluence isF
58 J/cm2 and the target-to-substrate distance isd550 mm.
At low N2 pressure componentA dominates, as expecte
from the assignment of this line to a graphitic carbon-carb
bond exclusively. An increase in pressure from 1022 to ap-
proximately 531021 mbar results in a drop in componentA,
i.e., in the abundance of carbon atoms in pure graphitic
vironment, from'90% to '30%. Concomitantly, compo
nentB, which is the measure of the number of carbon ato
in diamond like configuration and those connected to a sin
nitrogen atom, sharply increases. Our analysis suggests

FIG. 6. Evolution of the relative abundance of the individu
components of the N 1s and C 1s lines as a function of nitrogen
pressure for films deposited atF58 J/cm2 andd550 mm.
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in films deposited under N2 pressures between 0.5 and 1
mbar, half of the carbon atoms exists in these bonding c
figurations. Beyond 1 mbar the intensity ratio of compone
A and B shows an opposite behavior: whereasA slightly
increases, componentB decreases with increasing N2 pres-
sure. The turning point in both functions are exactly the
where the nitrogen content of the films reaches its maxim
value. This means that in a relative intensity vs nitrog
content~or N/C ratio! representation, the apparently biphas
character of both functions simplifies: componentA de-
creases whileB increases with increasing nitrogen conte
within the whole pressure domain investigated. The th
component of the C 1s spectra,C, remains less significant
Its fraction, however, monotonously increases up to appro
mately 22% at 0.5 mbar, without noticeable changes bey
this pressure. All these experimental findings are consis
with the proposed assignments: with increasing nitrogen c
tent the abundance of both components related to carb
nitrogen bond configurations,B and C, increases at the ex
pense ofA. The contribution ofC, assigned to multiples
C—N bonds, becomes significant on samples deposite
the highest N2 pressures only.

At the lower end of the pressure domain investigat
where the nitrogen concentration in the films is as low a
at. %, line b dominates the N 1s spectrum. At 1022 mbar
90% of the few nitrogen atoms exists in pyramidal config
ration bonded tosp2 carbon. An increase in the N2 pressure
from 1022 to 1021 mbar results in dramatic changes not on
in the absolute number of the nitrogen atoms incorpora
into the network but also in the relative abundance of
bond types. While the total nitrogen concentration in t
films increases from 2 to 31.5 %, the contribution of lineb
falls from 90 to 41 % with a concomitant increase in t
relative intensity of linea from 10 to 59 %, suggesting tha
the number of sites involving N atoms in nitrile-, pyridinic
type bonds increases much faster than the remaining nitro
in pyramidal configuration or the incorporation of pyrrol
nitrogen. According to our analysis in the films grown
1021 mbar 19 at. % of the total atoms~considering N and C
atoms only! exists in the former state, 13 at. % occupyin
sites of the latter configuration. At and above 1021 mbar the
relative abundance of both components remains constan
terms of absolute values the concentration of nitrogen ato
corresponding to linea increases continuously througho
the whole pressure domain reaching 26 at. at
5 mbar, while the number of nitrogen atoms corresponding
b line is maximum~at 19 at. %! in the films deposited a
around 1 mbar.

The analysis of theD(N 1s– C 1s) differences further
strengthens the soundness of the assignment of the indivi
C 1s and N 1s lines. From the~b-B! values at 114.2
60.1 eV and ~a-B! lines at 112.860.1 eV, respectively,
the main carbon-to-nitrogen contributions can be assig
to N~pyr!—C~tri!, N(sp2 OP)-C~tri or tetra! and
N~col!—C~lin! configurations~Fig. 7!. The constant value o
the differences suggests that the carbon-nitrogen config
tions remain fairly stable when varying the nitrogen pressu
while keeping the laser fluence constant.

l
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In summary we can state that within this domain of p
cess parameters the nitrogen content tends to saturate at'45
at. %, implying an apparent stabilization of a stoichiome
near CN. Interestingly, the same limiting value~47–50 %!
was reported for carbon nitride films grown by combini
PLD with an atom beam as the nitrogen source,39 instead of
the N2 atmosphere used in our experiments. The change
the relative abundance of the individual components w
nitrogen pressure reveal that incorporation of increas
amount of nitrogen atoms into the films results in charac
istic changes in the local chemical environment of the m
jority of the carbon atoms.

C. Effect of target-to-substrate distance

The changes in both the C 1s and N 1s spectra of the
films deposited at target-to-substrate distances betwee
and 70 mm are marginal in comparison with those due
changes in pressure and fluence. An increase in the dist
from 30 to 70 mm results in less than 10% increase in
N/C ratio at 1 mbar and 10 J/cm22. Deposition at greate
distances clearly promotes the incorporation of multiples
C—N bonds as apparent from the monotonous increas
the abundance of lineC of the C 1s spectra and lineb of the
N 1s spectra, respectively~Fig. 8!. This result points to the
importance of gas phase processes in determining the
composition: with increasing target-to-substrate distance,
probability of collisions of the ablated species with N2 mol-
ecules in the gas phase and therefore the probability of
corporating nitrogen into the species impinging the surf
increases. TheD(N 1s– C 1s) differences calculated for th
~b-B! and ~a-B! line pairs are constant at 114.160.1 and
112.5560.1 eV, again verifying that nitrogen atoms pref
pyramidal,sp2 OP and nitrile configurations, respectively.

D. Effect of argon ion sputtering

As shown by the wide scans recorded on a film depos
at high laser fluence, sputtering by argon ions greatly in

FIG. 7. Binding energy difference between the N 1s and the C
1s core levelsD(N 1s– C 1s) corresponding to (a-B) ~full circle!
and (b-B) ~full square! lines pairs, respectively, as a function
nitrogen pressure for films deposited atF58 J/cm2; d550 mm.
Dotted lines represent the binding energy corresponding to a g
carbon-to-nitrogen configuration according to the references c
piled in Table I.
23541
-

in
h
g
r-
-

30
o
ce
e

in

lm
e

n-
e

d
-

ences the overall intensity of the N 1s core level~Fig. 9!,
having apparently no effect on the relative abundance
each contribution of the N 1s core level~Table II!. Concomi-
tantly, the contributionsB and C also become weaker~Fig.
10 and Table II!, in line with the partial assignment of thes
lines to carbon singly or multiply bonded with nitroge
However, it should also be noted that the ratioB/(a1b)
increases with ion bombardment~Table II!, despite the de-
creasing lineB observed in Fig. 10. This again supports t
assignment of contributionB not only to single carbon-
nitrogen bonds but also to diamondlike carbon that is mu
hardly sputtered. The presence of additional diamond
carbon is further evidenced by EELS spectra on the Cs
edge displaying a broad contribution around 28.4 eV t
remains unchanged, and another one around 33.3 eV tha
clearly be assigned to the bulk plasmon of diamondlike c
bon ~DLC not shown!. These sputtering effects have be
observed on samples deposited at different laser fluences
nitrogen pressures, and are in qualitative agreement w
those reported by Berto´ti and co-workers on the effect o
Ar1, N2

1, He1 and H2
1 bombardment on chemical compos

tion and structure of carbon nitride films of stoichiomet
close to CN.40 The ion sputtering reduces the oxygen and
fluorine concentrations, as well, suggesting that most
these impurities are weakly adsorbed.

en
-

FIG. 8. Evolution of the relative abundance of the individual
1s and C 1s lines as a function of the target-to-substrate distancd
for films deposited atF510 J/cm2 andp51 mbar.
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E. Effect of vacuum annealing

The effects of thermal treatment at moderate temperat
are different from those of sputtering. The results of anne
ing of a film prepared at relatively high laser fluence~F
510 J/cm2; p51 mbar;d570 mm! at 275 °C in vacuum are
reported in Table II. Again the oxygen and fluorine contrib
tions strongly decrease, while the intensity of the N 1s core
level remains now practically not affected, revealing that
majority of the carbon-nitrogen bonds remains stable at
temperature. On the C 1s core level, no significant rear
rangement in the relative abundance of the components
be obtained except the high-energy one,C. This finding can
be explained by the easier removal of either some wea
bound C-O, multiple carbon-to-nitrogen bonds. The co
comitant decrease in contributionb of the N 1s core level
suggests, however, that the second explanation is the m
plausible.

V. DISCUSSION

Although XPS has long been used as a routine techn
for the characterization of carbon nitride films, there is s
no agreement in the interpretation of the C 1s and N 1s core
level spectra and therefore in the determination of the bo
ing around carbon and nitrogen. This is quite detrimental
correct predictions in the synthesis of such compounds. V

FIG. 9. XPS wide scans of films deposited atp55 mbar; d
550 mm andF513 J/cm2. ~A! before and~B! after sputtering by
argon ions.
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ous authors peak fitting procedure not only differs in t
number of contributions they propose but also in the ass
ment of each component to chemical environments~Refs.
18, 19, 37, and references therein!. The assignments put for
ward in this paper are in agreement with some reports, bu
variance with some others. When comparing the differ
interpretations we focus on the reasoning used to settle
respective assignment.

Marton and co-workers14–15assigned the N 1s high bind-
ing energy contributionb to nitrogen atoms bonded t
sp2-hybridized carbon and the low binding energy contrib
tion a to nitrogen atoms bonded tosp3-hybridized carbon.
Their approach is based on a comparison with orga
molecules containing nitrogen such as pyridine or hexam
ylenetriamine. Such molecules might be considered
references of nitrogen in the single configuratio
N(sp2 IP!—C~tri! and N~pyr!—C~tetra!, respectively.
Based on theoretical calculations and EELS measurem
on the C 1s core level Sjostromet al.13 and Ronninget al.19

suggested, however, an inverse assignment. Their result
also supported by the interpretation of the N 1s levels in
3,5,11,13-tetraazacycloazine, a molecule that contains n
gens both in linear and pyramidal configurations.41 Our in-
terpretation is in line with the latter assignments, except th

FIG. 10. C 1s core level spectra of a carbon nitride film depo
ited atp55 mbar;d550 mm andF513 J/cm2!. ~A! before and~B!
after sputtering by argon ions. The arrow indicates the position
line B in Fig. 1.
of
TABLE II. Effect of the ion bombardment andin vacuothermal treatment on the relative proportion
each individual C 1s and N 1s line.

C 1s
line ~%!

N 1s
line ~%! (C/N)at B/(a1b)

A B C a b
Before 51 34 15 59 41 1.9 0.65

Ar ions bombardment
After 61 29 10 60 40 2.7 0.80

Before 35 41 24 51 49 1.2 0.48
In vacuoannealing

After 41 44 16 60 40 1.1 0.50
6-12
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based on the occurrence of an infrared signal correspon
to nitrile vibration at 2200 cm21, these late authors negle
the possible contribution of nitrile bonds to this line. Sin
the relative amplitude of the different carbon-nitrogen vib
tions is not known and even strongly depends on the p
ence of conjugated carbons, we think that on the basis o
and Raman measurements alone the contribution of ni
bonds to the XPS spectra cannot be discarded. Muhl
Mendez37 introduced the concept of mixing environme
around nitrogen and carbon atoms, such as the one we
developed in this study, and they interpreted the differ
lines as governed by the charge transfer of the lone dou
on nitrogen that can widely vary according to the configu
tion of the surrounding carbon atoms. The shift of the pea
therefore governed by the charge transfer. They do not c
sider the screening of the ionized core hole.

The assignment of the three main linesA, B, andC of the
C 1s core level also differs according to the authors. T
interpretation of Ronninget al.19 considers that lineA can be
attributed to both any elemental carbon~diamondlike and
graphiticlike carbons! and tosp2 carbon linked to nitrogen
whereas lineB is attributed tosp3 carbon-to-nitrogen bond
and lineC to tetrahedral carbon multiply bonded to nitroge
Muhl and Mendez,37 as well as Marton and co-workers14–15

partially accounting for the relaxation effects in the fin
state, put forward a completely different interpretation of t
same features. They assign pure carbon to lineA, and sp2

carbon-nitrogen andsp3 carbon-nitrogen bonds to lineB and
line C, respectively. Our interpretation is in line with Ref. 1
for line C and Ref. 37 for lineA but differs from both for line
B in the sense that we consider that more than one ca
bonding configuration can be assigned to the photoemis
line merging from the fitting process around 286 eV. W
believe that either the omission of the screening of the i
ized atom or the consideration of organic molecules as
erences or the poor experimental resolution might exp
the large variations in the interpretation of these individ
lines. It is interesting to note the direction of the energy sh
when the relaxation effects are not properly considered
they are neglected this would induce according to expres
~2! an upwards shift of the binding energies both on the Cs
and N 1s levels, asErelax(K).0. Therefore strong variation
of the absolute binding energy might be expected. This
be illustrated by the case of molecules and polymers b
containing carbon and nitrogen atoms that are in the s
configuration. The C 1s and N 1s binding energies in hex
amethylenetetramine at 286.9 and 399.4 eV, respectiv
quite differs from the values reported in polyethyleneimi
~PEI! ~285.56 and 399.07 eV, respectively! of the same
C~tetra!-N~pyr! configuration. Hence large shifts occur b
tween molecular and polymer compounds when nop elec-
trons are involved in the carbon-nitrogen bond. The Cs
line shifts toward a higher binding energy in the molecu
indicating that the relaxation effect here is smaller than
the polymer. On the N 1s core level, smaller deviations ar
observed probably due to the presence of the lone doubl
electrons. By contrast the C 1s and N 1s binding energies in
pyridine are 285.5 and 399.8 eV, respectively, to be co
pared with 285.99 and 399.35 eV in the polymer P4VP d
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playing the same C~tri!-N(sp2 IP) configuration. The effect
is not so pronounced whenp electrons are involved in the
carbon to nitrogen bond.

Although continuously improving, the interpretation o
the XPS features will remain essentially speculative u
successful preparation of large area films of well-defin
CNx solid-state phases. Up to now only diffraction studies
small selected areas have been reported, but even the
pretation of the many patterns yet remained qu
ambiguous.18 The reports upon XPS data on CNx films dis-
play generally many contributions on both C 1s and N 1s
lines, pointing to the presence of different configurati
states of carbon and nitrogen coexisting in an amorph
matrix. No doubt, comparative studies on well-defin
samples might help in improving the interpretation of XP
data, but perhaps it could be more instructive to compare
interpretation with XPS data recorded on samples wh
single lines are observed on both levels or with samples
pared at high temperature as better crystallized phases
expected. Among the few data that match these criterio
Woo et al.42 reported single C 1s contributions at 285.56 and
287.26 eV at relatively large (N/C'0.36) and low (N/C
'0.16) nitrogen loading on CNx films prepared by dc- and
rf-plasma enhanced CVD at 1073 K, respectively. The
lines were attributed to tetrahedral carbon coordinated to
trogen and carbon in the nitrile bond, respectively. Unfor
nately, the films were not fully covering the Si substrate a
therefore some ambiguity still existed on the interpretation
the N 1s lines between N–C and N–Si species. Wuet al.11

performed XPS analyses on rf CVD films prepared at arou
773 K. They reported two lines on the N 1s lines instead of
one line on the C 1s level at 286.5 eV that are attributable t
some carbon-to-nitrogen bonds. The occurrence of one si
line of the C 1s line indicated that many configuration stat
of carbon bonded to nitrogen would be included in th
single line. Unfortunately, they neither reported the spec
nor they provided information about the spectral resoluti
Matsumotoet al.43 found by rf thermal plasma CVD at 82
K one single line on C 1s and N 1s levels at 285.25 and
400.0 eV, respectively, with a high N/C ratio of 1.43. How
ever, the deposits showed powderlike texture and a low d
sity due to large incorporation of hydrogen and oxyge
Moreover, many contributions were presumably hidden
the very broad width~;4 eV! of the N 1s line. In conclu-
sion, on a close inspection, literature on CNx films prepared
at high temperatures and characterized by XPS spectros
does not appear to be conclusive. This is due both to
difficulty in the high-temperature synthesis of CNx films and
to the poor resolution generally used in the XPS spectra.
difficulty to achieve CNx films at high temperatures can b
explained by the high etching rate of the plasma in prese
of nitrogen and by the high volatility of the nitrile bond.

Another way to improve the local characterization arou
carbon and nitrogen in CNx films is to perform X-ray absorp-
tion spectroscopy~XAS! in close addition to XPS. In XAS
spectroscopy the ejected electron fills the lowest unoccup
states and as such are now participating in the relaxa
process. Therefore it is reduced compared to XPS. The
ergy of the electron transition is given by an equation sim
6-13
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TABLE III. Energy of the CC and CN bonds.

Bond type Single Double Triple
C—C C—N CvC CvN CwC CwN

Energy~kJ/mol! 347 305 611 615 837 891
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to equation~2! but with a termErelax(K) that is reduced.
Moreover, it is possible to separate the carbon and nitro
in p states, corresponding to thep→p* transitions from the
s states, corresponding to thes→s* transitions. Finally, the
technique is selective like XPS and with some precauti
can be quantitative. Unfortunately, there are only a few X
reports in the literature concerning CNx films,12,44using both
XAS and XPS. The results are in good agreement and t
strengthen our interpretation. However, the ambiguity c
cerning the nitrile contribution cannot be alleviated.

The results of the analysis outlined in the preceding s
tion reveal that the nitrogen pressure and the laser fluence
obviously the two main parameters determining the chem
structure of the pulse laser deposited CNx films. Their effects
are, however, of different nature. Nitrogen incorporation
directly proportional to the nitrogen pressure up to appro
mately 1 mbar, while not much affecting the distribution
C—N bonds. To the contrary the dependence on laser flue
displays a thresholdlike behavior at 6–8 J/cm2, affecting
both the incorporation of nitrogen and the distribution
nitrogen-carbon bond configuration.

Examination of Figs. 1–5 points out rather large var
tions of respective concentrations in the carbon and nitro
species. Bearing in mind the assignment of carbon and n
gen contributions presented above, we can consider two
mains as a function of the laser fluence. At low laser flue
the content of multiply bonded carbon is rather high bu
decreases up to near 6 J/cm2. We assign this line to
p-delocalized carbon in graphiticlike network with some n
trogen incorporation into the aromatic carbon cycles. On
contrary in the high-fluence range~above around 10 J/cm2!
the dissociation rate of nitrogen will be significantly e
hanced. We expect that now simple C—N bonds, in substi-
tutional position in a DLC carbon framework, and nitri
bonds are formed. It is believed, however, that the surf
process is predominant as the species impinge the su
with a high energy and therefore the process is more or
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governed by the thermodynamics, the more at the high
fluence. A simple look at the relative stability of C—C and
C—N bonds reported in Table III suggests that the trip
bond CwN is more stable than CwC bond by 55 kJ/mol
while the double CvC and CvN have equal stability and
the single C—C bond is more stable than C—N bond by 40
kJ/mol.28 Therefore it is expected that the nitrile configur
tion will predominate over the formation of simple or mu
tiple C—N bonds. These trends are in good agreement w
ab initio based tight-binding molecular dynamics calcu
tions where the formation of paracyanogenlike structure
increased with nitrogen incorporation45 and the lowering of
the hardness on the films with a high nitrogen content.46

VI. CONCLUSIONS

From the comparison of nitrogen-containing polyme
compounds and solid carbon references an assignmen
the individual lines of the XPS C 1s and N 1s core levels
of carbon nitride films grown by pulsed laser depositi
is given. These assignments are used to interpret
changes in the chemical structure of the films as a re
of systematic changes in process parameters~laser fluence,
nitrogen pressure, and target-to-substrate distance!, subse-
quent annealing and sputtering by argon ions. Albeit th
are some evidence of nitrogen incorporation into carbon g
phiticlike network, the formation of nitrile group is dominan
as soon as the nitrogen-to-carbon atomic ratio increases.
N~pyramidal!—C~tetrahedral! multiple bond configuration
characteristic of cubic C3N4 cannot unambiguously be dete
mined from XPS analyses. Better spectral resolution toge
with binding energy calculations, as well as improvement
the preparation techniques and comparative characteriza
are required to reach this goal.

ACKNOWLEDGMENT

Many thanks are due to Professor J.F. Nicoud~IPCMS-
GMO, Strasbourg! for helpful discussion.
u,

s.

.

hys.

.

*Author to whom correspondence should be addressed.
1A. Y. Liu and M. L. Cohen, Science245, 841 ~1989!.
2A. Y. Liu and M. L. Cohen, Phys. Rev. B41, 10 727~1990!.
3A. Y. Liu and R. M. Wentzcovitch, Phys. Rev. B50, 10 362

~1994!.
4D. M. Teter and R. J. Hemley, Science271, 53 ~1996!.
5Y. Zhang, Z. Zhou, and H. Li, Appl. Phys. Lett.68, 634 ~1995!.
6P. H. Fang, Appl. Phys. Lett.69, 136 ~1996!.
7Y. Chen, L. Guo, and E. G. Wang, Philos. Mag. Lett.75, 155

~1997!.
8T. Y. Yen and C. P. Chou, Solid State Commun.95, 281 ~1995!.
9S. Veprek, J. Weidmann, and F. Glatz, J. Vac. Sci. Technol. A13,
2914 ~1995!.

10K. M. Yu, M. L. Cohen, E. E. Haller, W. L. Hansen, and J. C. W
Phys. Rev. B49, 5034~1994!.

11D. Wu, D. Fu, H. Guo, Z. Zhang, X. Meng, and X. Fan, Phy
Rev. B56, 4949~1997!.

12S. Lopez, H. M. Dunlop, M. Benmalek, G. Tourillon, M. S
Wong, and W. D. Sproul, Surf. Interface Anal.25, 315 ~1997!.

13H. Sjostrom, S. Stafstrom, M. Boman, and J. E. Sundgren, P
Rev. Lett.75, 1336~1995!.

14D. Marton, K. J. Boyd, A. H. Al-Bayati, S. S. Todorov, and J. W
6-14



,

P

.

.

an

o

or

or

S

d

c

py

Th.
ler,

ys.

on.

ter-

.

J.

.
i,

o,

XPS STUDY OF PULSED LASER DEPOSITED CNx FILMS PHYSICAL REVIEW B 64 235416
Rabalais, Phys. Rev. Lett.73, 118 ~1994!.
15K. J. Boyd, D. Marton, S. S. Todorov, A. H. Al-Bayati, J. Kulik

R. A. Zuhr, and J. W. Rabalais, J. Vac. Sci. Technol. A13, 2110
~1995!.

16Z. F. Ren, Z. P. Huang, J. W. Xu, J. H. Wang, P. Bush, M.
Siegal, and P. N. Provencio, Science282, 1105~1998!.

17H. Xin, C. Lin, W. P. Xu, L. Wang, S. Zou, X. Wu, X. Shi, and H
Zhu, J. Appl. Phys.79, 2364~1996!.

18S. Matsumoto, E. Q. Xie, and F. Izumi, Diamond Relat. Mater8,
117 ~1999!.

19C. Ronning, H. Feldermann, R. Merk, H. Hofsass, P. Reinke,
J. U. Thiele, Phys. Rev. B58, 2207~1998!.

20C. Fuchs, R. Henck, E. Fogarassy, J. Hommet, and F. Le N
mand, J. Phys. IV9, 145 ~1999!.
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