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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 thes@rid 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 delocaliréettrons 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(pyramida)-C(trigona) and nitrogen insp? hybridization (with the electron doublet out of plahaserted
into carbon graphitic network at high laser fluence, and nitrile and pyridigiybridized configurations at
low laser fluence, in good line with the fact thep® andsp? hybridization states around carbon and nitrile
configuration with nitrogen, are preferred.
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[. INTRODUCTION position (most notably the N/C XPS ratiaf carbon nitride
films. However, the presence of many possible local environ-
The theoretical prediction of Liu and CoHefi on the ments and the lack of proper references have introduced
existence and the expected outstanding properties of the cgome controversy into the interpretation of the individual
valent 3-C3N,, followed by further theoretical studiérig-  contributions of the C 4 and N Is core levels(e.g., Refs.
gered many experimental efforts on the synthesis of this hyd3, 14, 19 and references therein
pothetical material. Mentioning only the few, hot filament Here we present an XPS study of carbon nitride films
chemical vapor depositioh;, plasma-enhanced chemical- prepared by pulsed laser depositi®iD). These films have
vapor depositionPECVD),®*° reactive rf sputtering®** dc  otherwise been characterized by infrar@®), Raman, and
magnetron sputterintf;}®ion beam assisted sputteril{j;l®  photoluminescence spectroscopies together with an optical
laser ablatiort® and reactive ion implantatiéhwere imple-  emission spectroscopic study of the gas phase procgsgés.
mented to grow thin carbon nitride films. More than 70 pa-The paper is organized as follows: After this Introduction the
pers report the synthesis ofsi, in different crystalline experimental procedures are first reviewed: details of film
forms, but as revealed by a recent critical review in Matsupreparation and the XPS analyses are presei@ed. I). In
moto, Xie, and Izumi® no definite evidence for the exis- Sec. Ill an assignment of the individual lines of the €and
tence of GN, has ever been presented. Beyond the strond\ 1s core levels is given as a result of a comparative analy-
efforts to achieve the stoichiometric compound, the preparasis of binding energies of carbon-carbon and carbon-nitrogen
tion of amorphous CIN0O<x<1.33) films has emerged as a bonds in solid carbon references and polymeric compounds
challenge, as these materials also display many interestingpntaining both carbon and nitrogen. The effects of the pro-
properties. In the overwhelming majority of the cases re<cess parameters and posttreatments on the chemical compo-
ported no more than 50 at. % of nitrogen has been incorposition of the films are reported in Sec. IV together with the
rated into carbon films in the amorphous state, which stillchanges in the chemical environment of the carbon and ni-
remains far from the stoichiometry corresponding to thetrogen atoms. The interpretation and the evolution of the
B-C3N, phaseg(57 at. %. For both types of compounds, there chemical structure of the films as a function of process pa-
is a need to prepare more homogeneous films for more coriameters is discussed in Sec. V in comparison with literature
vincing structural characterizations, which requires first adata. Finally, conclusions are drawn in Sec. VI.
deeper investigation of the parameters of the formation of a
carbon-nitrogen bond in a solid. In addition to structural in-
vestigations by selected area diffraction or x-ray diffraction, Il. EXPERIMENTAL PART
X-ray photoelectron spectroscofPS) emerged as a pow-
erful tool to provide surface information on the local envi-
ronment around both carbon and nitrogen, and indeed XPS Carbon nitride films were deposited in a conventional
was routinely used to determine the surface chemical comPLD system by ablating a high-purity graphite target in static

A. Film preparation and post-treatments
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nitrogen atmosphere. The deposition chamber was pumped be~1. Unfortunately the ratia.(E})/\ (ES) was hard to

by a diffusion pump, with a base pressurd0 ®mbar, and  determine in amorphous carbon nitrides. The attenuation
back filled with 0.01-5 mbar Nduring the experiments. |engths depended not only on the kinetic energies and on the
The beam of the ArF excimer las¢tambda Physik X atomic numbef® but also on the atomic densities inside the
=193 nm, output energy max. 240 mJ, 22 ns pulse durationmaterial. Now the density of the films changed with chang-
was focused onto the_target surface at normal mcujence. Thﬁg process parameters. Since the energy of the bulk plasmon
target was rotated with 1 rpm. The energy density on thg,, the C & level was directly proportional to the density of
target surface® was adjusted between 4 and 18 JdWy  ihe valence electrons around carbon, electron-energy-loss

changing both the output energy of the laser and the dimeng, . oqconyEELS) was used to monitor the changes in the
sions of the ablated area. Due to uncertainties in measuring;)
a

. ) ; omic density of the film&® In this study, the bulk plasmon
both the pulse energy and spot dimensions, the experiment he C 4 level shifted from 26.5 to 28.4 eV when
error in the absolute value of the energy densities was quote%pergy on the . T

) . he laser fluence from 4 to 13 Hcsuggesting an
to =20% at best. Films of 50—300 nm thickness were depos!_ncreasmg t . . .
ited on n-type S{100) wafers held at room temperature, at increase from medium to high \{alence electron density
target-to-substrate distancgbetween 30 and 70 mm and 80 aroucnd cz?\‘rbon. Inour calculations .we assumed th.at
Hz pulse repetition rate. NEQ)/N(EL)=1, as the electron energies and the atomic
Some samples were sputtered by argon ions or annealéimbers were in a close range, but this assumption might
in a ultrahigh vacuum chamber before XPS analysis. Théntroduce an error that could be estimated to be no more than
sputtering conditions weregp=3x10"°mbar, ion energy 15%. Another source of error was tle& situadsorption of
= 800eV, and an incidence angle of the ions with the suradventitious carbon leading to an underestimation of the N/C
face of around 40°. ratio. The extent of this error was hard to estimate, neverthe-
less it could be assumed this was a rather constant and sys-
tematic error.
In conclusion, thgN/C) ratio as calculated according to
The XPS spectra were recorded with a VSW™ spectromgq, (1) yields only an estimate of the absolute value of the
eter equipped with a 150 mm electron analyzer using &tomic ratio (N/C),. However, even if the XPS measure-
channel-plate detection mode. A monochromati Atadia-  ments reported here might inaccurately give the true atomic
tion source provided a photon beamiof =1486.6eV. The syrface compositions, the changes in thC) ratio cor-
analyzer was operated in the fixed analyzer transmissiofectly follow the evolution of the true (N/G ratio as a func-
mode at a constant pass energy of 22 eV. The experimentgbn of the process parameters.
resolution, including the source and the analyzer, was set at | jneshape analyses of the individual @ and N 1s lines
0.75 eV, measured by the broadening of tH&/2 line of a  \were carried out using a home-made software. The data were
gold foil. Sets of C 5, N 1s, O 1s, F 1s core level spectra first smoothed and subsequently deconvoluted including both
as well as wide scans were recorded. a gaussian broadening accounting for the experimental reso-
The energy levels were referenced to the Aiv/2, Ag |ution, electron-phonon interaction and amorphization ef-
3d5/2, and AgM4NsNs Auger lines at 83.98, 368.26, and fects, as well as a lorentzian broadening accounting for the
1129.79 eV, respectively. Charge effects due to the insulatingfetime of the core hole fixed to 0.21 eV for both the G 1
character of the films were partly compensated by an elecand N 1s lines. An inelastic Shirley form was postulated and
tron gun. The energies were referred to the €lihe A at  added to each individual elastic contribution of the photo-
284.6 eV, as discussed later. emission process. In the fitting procedure the lorentzian
Since the films were amorphous, all the carbon-carboibroadening, which was an atomic property of the element,
and carbon-nitrogen bonds were statistically distributed ofvas let fixed whereas the energy position, the intensity of
the surface and therefore the G and N 1s levels had to be  each individual contribution and the overall gaussian broad-
treated as a whole. The atomic ratio of nitrogen over carborgning were made variable. Farcontributions(n=2 or 3),
(N/C), could be expressed from the classical formula of phothis yield 2n+1 (5 or ) fitting parameters for a peak made
toelectron spectroscofy up of N points. With an energy step of 0.05 eV and a full
width at half maximum of 1.2 eV, the individual components
_ C N C N were composed of around 25 experimental points, ensuring
(NIC)= (/T ITETEIHIMEINE) (o o). NXN>2X(2n+1). In fact, only those fitting parameters
(&« :
that were believed not to be too strongly correlated were
) N allowed to vary together, such as the energy position of one
~ In Eq. (1) the recorded intensities of the Ns®nd C 15 ¢ontributioni and the intensity of another ofeThis ensured
lines, Iy and I respectively, are corrected for the atomic that the fit converged with the best probability toward the
photoionization cross sectionsy and o, the ratio of the  ynjque solution. It was reassuring to note that when starting
transmission functions of the analyZB{E})/T(E}) and the  from intentionally different initial parameters and using dif-
ratio of the attenuation lengths inside the materialferent sets of fitting parameters, the fit converged toward the
MEQ/N(EY), whereEy andE} were the kinetic energies at same solution, constituting further proof to the uniqueness of
the C 1Is and N 1s core levels, respectivelyrc/oy=0.56  the solution. Our conclusion was that, within the limits of the
(Ref. 24 and T(EE)/T(E}:‘) was experimentally determined experimental resolution that was not better than 0.75 eV, the

B. X-ray photoelectron spectroscopy(XPS)
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results of the deconvolution of the Ghand the N b levels  effects in the XPS process that will be further discussed. We
into individual lines were physically sound. discarded molecular compounds such as pyridine, hexameth-
ylenetriamine, urotropine or other pure organic molecules,
often referred to in the XPS analysis of films,***¥since
these materials can neither satisfactorily account for the
initial-state (charge transfemor the final-statéscreening of
Figures 1 and 2 display the evolution of G &nd N 1s  the core hole by electropsffects of the core level shift,
core level spectra, respectively, with processing laser fluencespecially when considering-conjugated systems. The ref-
®. The experimental spectra are fitted with a combination okrence to the carbon solid state is grapli® at 284.6 eV
three and two contributions to the Csland N Is lines, (Ref. 29 and to the polymer state aliphatic carbon of poly-
respectively. In our case attempts to put more than three linesthylene[high-density polyethylenéHDPE)] at 285.1 e\?°
on the C & core level or more than two lines on the M 1 regpectively. We consider these two sets of references to be
core level, respectively, did not improve the fit. It was some-cqngistent, as the aromatic carbon in galynethylstyreng
times possible to add one more line on the Ccbre level at  p s (set in position 1 in Table)lis shifted by—0.34 eV as
highe_r bi_nding energy. This f_ourth_ Iin_e accounts for a C'Ocompared to the aliphatic carbdset in position 2, in good
contribution shifted toward high binding energy due to theagreement with the difference 6f0.5 eV found between the

high polarization of the C-O bond. But even if this contribu- .= . . .
tion does exist, it remains weak and weakly overlaps thebmdlng energieg(G)-(HDPE)] (Table ). When comparing

main G—C and G—N contributions, therefore it will be ig- <" diamond(C 1s=285.6eV) and polyethylenéHDPE)

nored in the following discussion. Wide scans displayed, in(C 1s=285.1eV) as solid state and polymer references of

addition to carbon and nitrogen, oxygen and fluorine as imihe dtetra—C(tetra bond, respectively, we find a differ-

purities. The origin of this fluorine impurity, whose concen- €Nce of 0.5 eV. As both the near neighbors of cartonC
tration increased with the laser fluence, remained unclear. R'd H, respectivelyand the atomic densitigigh and low,
could either come from the graphite target or, more probabMespectively are different, this 0.5-eV difference is realistic
from the pump oil. and defines the accuracy limits of the method described
Carbon as well as nitrogen possess many bonding corfbove. Moreover, the energy position of the € deak of
figurations. Among the possible configurations of carbon, theliamond is influenced by the surface reconstruction or the
tetrahedraltetra), the trigonal(tri), and the lineaklin) con-  doping level. A band bending at the surface, which is in-
figurations, which correspond to ts@?®, sp?, andsphybrid-  duced by a deviation of the charge density at the surface as
ization states, respectively, are the most commonly encourcompared to the bulk and therefore a pinning of the Fermi
tered. Thesp? configuration may involve a pair of carbon level at a different position within the gap, may lead to a
atoms with a loner bond, such as in alkenes, or conjugatedshift of the C 1s peak. Therefore we also include the refer-
 bonds involving many pairs of conjugated carbon atoms irence of a tetrahedrally coordinated amorphous cagf®ri?
conjugatedr bonds. In this last case a significant decrease ofyhen dealing with the carbon-to-nitrogen bond, we report in
the bonding energy occurs, like the aromatic bond in Cy-aple | a reference polymer for both the carbon-nitrogen and
clized planar compounds. Other possible configurationsye equivalent carbon-carbon bond. A carbon atom is defined
such as those involving a nearly conjugatemf configura- 14 pe in an equivalent configuration to a nitrogen atom when
tion in fullerenelike compounds, will not be considered iny o same amount of bonds is involved in the carbon-

our analysis. Nitrogen atoms possess much more bondlr‘@arbon and the carbon-nitrogen bonds. Hence tetrahedral,

conﬁg_urations,_ d_ue to the occurrence of the _free doublet t.heffigonal and linear carbon bond configurations are equiva-
can either participate or not to the bond. Besides the termin ' . .- . -
ent to pyramidalsp?-hybridized either in- or out of plane,

collinear (col) nitrile bond illustrated by Polyacrilonitrile . . . . . !
(cob Y y and terminal collinear nitrogen bond configurations, both in-

(PAN) in Table | and thes p® hybridization witho bonds in a . . .
pyramidal (pyr) configuration like Polyethyleneimind?El), volving 0, 1, and 2 bonds, respectively. The dlﬁergn(ﬁa
between the C 4 core level of the carbon bound to nitrogen

we must distinguish among nitrogens witp? hybridization ¢ )
involved into aromatic carbon cycles, either as pyridiniclike@"d the carbon bound to an equivalent carbon is also re-
in Poly(4-vinylpyridine) (P4VP in Table ) or as pyrroliclike ported in Table | fo_r these reference compoun_ds. For ex-
in Poly(9-vinylcarbazolg (P9VC in Table ) trigonal con- ample when comparing HDPE and polyethyleneiniREl,
figurations(sp? IP andsp? OP, respectively We can note the carbon atom in tetragonal configuration bonded to an-
that pyridinic nitrogen cannot be inserted into a graphiticother tetragonal carbon in HDPE or to nitrogen in pyramidal
network as the free doublet is in an in-plane direction, butconfiguration in PEI exhibits binding energies at 285.10 and
pyrrolic nitrogen can be inserted as the free electron double?85.56 eV, respectively. This means that the substitution of
participates to the aromatic configuratitn. carbon by nitrogen in an equivalent configuration yields a
In Table | binding energies of carbon-carbon and carbonpositive shift §=0.46eV. The column enttled Ref.

nitrogen bonds in selected solid state and polymeric com¢C—N)—(C—C) displays the references used in the determi-
pounds are compiled including the bonding configuration ormation of 6. In the last column of Table | the binding energies
each atom. We have chosen saofitié*?or, when these are Eg, corrected with reference to carbon in graphite at 284.6
lacking, polymeric references from the same data set of theV, are compiled for different carbon-carbon and carbon-
literature® as they best simulate the initial- and final-statenitrogen bond configurations. In the followingandEg will

IIl. INTERPRETATION OF THE INDIVIDUALC 1 sANDN
1s LINES
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TABLE I. XPS binding energies of carbon-carbon and carlflboron-nitrogen bonds in reference solid std® and polymer(P)
compounds. The energy references are 284.6 eV for solid state refe(Beées29 and 3jland 285.0 eV for polymer compoun¢Ref. 30.
C(tetra), C(B)(tri), C(lin) refer to carbon in the tetrahedral, trigonal, and linear configurations, respectivphyr) NN(sp? IP), N(sp?> OP)
and Ncol) refer to nitrogen in the pyramidal, in-plarsp?-hybridized and out of plansp?-hybridized, and collinear configurations,

respectively.
Bond type References Nature Formula Cls Nls 8 Ref. A Eg
(eV) V) (V) (C-N)- V) V)
(S
C(tri)-C(tri)
Graphite (G) [29] S 284.60 284.60
Ctetra)-C(tri)
ta:C [32] S 284.44
285.25
Poly(c.-methylstyrene) P (1) 284.66 (1) 285.16
(PaMS) [30] (2)285.00 (2) 285.50
C(tetra)-C(tetra)
Diamond (D) [29] S 285.60 285.60
Polyethylene (HDPE) [30] P 285.10 285.60
n
C(tetra)-N(pyr)
Polyethyleneimine (PEI) [30] P H 285.56 399.07 046 PEI-HDPE 113.51 286.06
/rv N 1\
h
Polystyrene (PS) [30] P (1)284.76 (1)285.26
(2) 285.00 (2)285.50
C(tri)-N(sp IP)
Poly(4-vinylpyridine) (P4VP) P (1) 285.00 399.34 123 P4VP-PS 11335  (3)285.83
[30] (2) 285.48
(3)285.99
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TABLE I. (Continued.

Bond type References Nature Formula Cls Nls 6 Ref. A Eg
(eV) eV) (V) (C-N)- V) V)
(CO
Poly(2-vinylnaphtalene) P (1)284.76
(PVN) [30] (2) 285.00
C(tri)-N(spOP)
Poly(9-vinylcarbazole) P 2 (1) 284.67 400.22 095  PYVC-  C(tr)114.61 (3)285.55
(PIVC) [30] 4 (2) 285.00 PaMS  Ctetr)113.81 (4)286.41
(3)285.61
(4) 286.41
3 N 3
! 1
—
Ctri)-N(pyr)
N,N’-Dipheny!-1,4- R i (1)284.70 399.92 128  PA-PaMS 113.98 286.44

P
phenylenediamine 5 3 (2)285.94
[poly(aniline) oligomer] (PA) ! !
[30]

C(lin)-N(col)

Polyactylonitrile (PAN) [30] P (1) 285.48 399.57 - - 11284  286.73
(2)286.35
(3)286.73
B(tri)-N(sp? IP)
(partial)
Boron nitride ( hexagonal S B B B - 397.90 113.00
NB) [31] NSNS N
1elelel
NSNS NN S
s elelelel
ST NN N N
i elelel
\N/ \N/ \N/
(1) Enis(NB) - Ec)(G)
be derived in the light of existing theoretical interpretations A. C 1s levels

of the binding energy shift of a core level. Based on these
considerations the assignment of the individual lines of the C The binding energy of the core levi€lof a photoelectron
1s and the N & levels will be given. escaping the surface of a sample referenced to the vacuum
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level, Ex?{K), can be expressed in the general framework of
the charge potential mod&t>*

4 Jem?®

[}

ELK) = EYSK) + K(K) i+ 510 75) — Erea K), cts ‘,

(2) 1
whereE(K) is the binding energy referred to the vacuum (
level of a reference state, which is generally equal to the ;
binding energy of the core level of the atomic state according
to Koopman’s theoremk(K)q; is a term of polarization of
the bond wherd is a two-electron integral between the core
K and the valence electrons;..i(q;/r;;) is the electrostatic
potential of Madelung’s-type accounting for the interaction
of the environment that in the case of a covalent bond is
proportional to the first neighbors, arff,,(K) encom-
passes the relaxation effects due to the core hole in the final
state. This last multielectronic term stems from an interaction
upon ionization of a core hole by the cloud of the valence 13 Jem?
band electrons. In Eq2) we assume that the work function |
is identical whatever the sample. Therefore this term is omit-
ted throughout the text.

In the case of diamond and graphite where the bond in-
volves identical atoms, there is no charge transfer at all, the
intermediate termsE,cr=—Kk(K)q;—2;.(q;/r;;) cancel
and Eq.(2) reduces to

Intensity (Arb. Units)

283 287 291
Binding Energy (eV)

val _ £ va
Ep C(K)_ Eb,g(K)_ EreladK), 3 FIG. 1. Effect of the laser fluence on the G tore level of
carbon nitride films deposited gt=5 mbar andd=50 mm. The

whereEcr is the energy of the initial charge transfer. éooints represent the experimental data while the solid lines the
The chemical shift between diamond and graphite i single contributionsA, B, and C together with the overall fit. The

therefore due o a d!f‘ferenc_e n the relaxation energy .Of theassignment of the individual contributions is discussed in the text.
two carbon electronic configurations. The foarbonds in
diamond are strongly oriented along the four directions of
the tetrahedral arrangement, and therefore can hardly particf configurations andj, respectively(i andj=sp* or sp?),
pate in the screening of the core hole. Conversely, the and Eq.(2) to carbon-nitrogen bonds of equivalent configu-
bond can more easily be delocalized in conjugated or arorations, the net shift in binding energyC;-N;) due to sub-
matic systems and therefore can more actively participate iftitution of a carbon by a nitrogen N of equivalent con-
the screening of the core hole. Indeed a line shift1 eV is  figuration is
reported in the competitive CVD growth of diamond islands
and graphitic layers on QL1l) [Ref. 29 (Table ). This 1
eV shift is also supported by recent literature data on the S(Ci-Nj) =k + Zii(Ai/Tik) + Ereial G- Cp)
high-temperature graphitization of a digmqnd surf?‘i’cg. —Eremd C-N)), (4)

In the case of CNcompounds, polarization occurs in the
initial state, due to the difference of electronegativity be- o .
tween carbon and nitrogen atoms. Nitrogen has a greatd€ absolute binding energids, (C 1s, G-N;) for each
electronegativity, therefore the electron cloud of the-lg  Cj-N; configuration are obtained from the absolute binding
covalent bonds tends to move toward the N affrithis  energies of the respective-C; configurationE,(Ci-C;j), by
transfer of negative charges increases the binding energy of
the C Is level and decreases the binding energy of thesN 1
level. It should be noted, however, th@t the amplitude of
the charge transfer is weak as the electronegativities of car-
bon and nitrogen are rather close kil it increases with the  In Table | the5(Ci-N;) values are also reported for various
number of G—N bonds due to the increasing polarization of combinations of the carbon and nitrogen configuration states
the 1s electrons with increasing number of-@\ bonds;(iii ) i andj. The E,(Ci-Cj) andE, (Ci—N;) reported in the last
this charge transfer is dependent on the nature of the bondireplumn of Table | are deduced from the binding energies of
between carbon and nitrogen that can be of the amine-typgraphite and diamond, and reference polyméPaMS,
N—C, imine- or aromatic-type N-C, or nitrile-type N=C, PS,..). Comparing now the binding energy values obtained
and(iv) the polarization termik(K)q;] in Eq.(2) is compen-  from the fit of the measured Cslspectra with those com-
sated by the electrostatic potentjid;.i(q;/r;;)] due to the piled in Table | we propose the following assignment of the
neighboring atoms. Applying E@3) to carbon-carbon bonds three main contributions to the GsXkore level:

Ep(Gi-N;) =Ep(Gi-Cj) + 6(Ci-N;). ©)
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(1) The lineA at 284.6 eV is exclusively assigned to gra-
phitic carbon i.e., graphiticlike or amorphous carbons in the
films and adventitious carbon adsorbed on the surface. As the
samples have been exposed to air prior to XPS analysis this Nils
last contribution must be accounted for. It is plausible, how-
ever, to assume that the extent of surface pollution is roughly
constant from one sample to another, so that this contribution
can be considered as a constant background to the signal.
(2) A close inspection of Table | suggests that the Bat
around 286.8:0.2eV in Fig. 1 may be attributed to many
bond configurations of carbon such @s diamond or dia-
mondlike carbon andii) carbon singly bonded to nitrogen,
either as ar C—N or as asp? hybridized w C=N bond,
whatever the configuration of carbon is. All these bond en-
ergies range within 285.55-286.41 €Vable |). Since this
0.86 eV range is of the same order as the experimental reso-
lution (=0.75 eV} we believe that it is hopeless to try to
separate these contributions and only a global analysis is
relevant. The small shift in the peak position with changing
deposition conditiongFig. 1) is probably due to variations in
the relative proportions of each of these carbon-carbon and
carbon-nitrogen contributions. The presence within the same
C 1s line of many bonds is due to some compensation be-
tween charge transfer and relaxation effects on the core level
of the positively charged carbon atom. In thetype bond
the transfer of charge to nitrogen increases, inferring a posi-
tive shift of the binding energy, but the screening of the core
hole by ther electrons is more efficient, especially if these e .
electrons are delocalized, and this now infers a negative shift 398 402
of the binding energy. On the other hand, the charge transfer Binding Energy (eV)
to nitrogen is weaker in ao-type bond, but the screening is
also not so efficient due to the localized character of ¢he FIG. 2. Effect of the laser fluence on the N tore level of
electrons. Therefore the attribution of the 1.5 eV positivecarhon nitride films deposited =5 mbar andd=50 mm. The
chemical shift relative to elemental graphiticlike carbon ob-peints represent the experimental data while the solid lines the
served in contributiorB cannot be explained in a simple single contributions and 8 together with the overall fit. The as-

way. signment of the individual contributions is discussed in the text.
(3) Finally we assign the third [in€ at 287.2-287.7 eV

to multiple o C—N bonds such as the diamine-(CN,—) . . . Lo . .
bond. In this case the increase in the charge transfer shifts t Ecreasmg laser quenc_(Elg. Dis n line W'th the ConCIUS'O.n
line toward higher binding energies according to E4sand that more than one single chemical environment contribute
(5). The charge transfer and screening, however, as both if© this feature, as well.

clude long-range order effects, are nonlinear, i.e., are not
strictly proportional to the number of-GN bonds. Unfortu-
nately, in the absence of proper solid references or detailed
guantum chemical calculations on the energy levels of the As shown in Fig. 2. the N 4 spectra display a double
ionized atom, it is useless to speculate on a more accurafeature: a low binding energy component at 398.8
localization of this feature. Another possible assignmentt0.4eV and a high binding energy ong, at 400.0
however, might be nitrile-type triple bonds—C=N) and *=0.4eV. The assignment of these N feaks has long been
carbon linked to oxygen. A nitrile terminal bond is reported discussed in the literatuté-*>°3"Considering the N &

at 286.73 eV in Table I, not far from the binding energies ofbinding energies of the polymers reported in Table | as ref-
line C. It is expected that the terminal nitrile bond will not erences, we assign the low binding energy componetat
screen the core hole so efficiently than the otherMNC  unsaturated nitrogen in nitrile or pyridiniclike bonds. This
bonds, due to a lower extent of screening in the former caseassignment is based on the binding energy values of nitrogen
This is confirmed in Table | by the positive shift of the car- in planar configuration such as p&yvinylpyzidine (P4VP

bon in position 3 in the nitrile group of polyacrylonitrile at 399.34 eV or collinear configuration such as PAN at
(PAN) by 1.26 and 0.38 eV relative to aliphatic carbong8in  399.57 eV. However, the binding energy of the nitrogen-
(position 1 and « (position 2 of the nitrile group, respec- boron bond in hexagonal boron nitride, the unique solid ni-
tively. The approximate 0.5 eV shift of contributidb with  tride that may be relevant to the present study, is also very

Intensity (Arb. Units)

B. N 1s core levels
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low at 397.9 eV, although it exhibits a strong aromatic char- —=—line B - line B
acter with the free electron doublet. The shift toward low < 11s0- —e—line o - line B
binding energy may be explained both by the larger negativeZ ;
charge transfer in the initial state as a consequence of thi 1145+
larger overlap of ther bonds and to the larger relaxation & Nem it
energy of the positively charged nitrogen atom in the final % "]
state. Changes in the contribution from different chemical
environments around nitrogen with changing process paramg
eters may explain the shift in the position of the liifrég. 2).
Lines at 398.6:0.2 eV attributed to N-Si bonds3 might
interfere with linea; however, in our case any contribution
from silicon bonds could be excluded because of the total,
absence of any Sf2signal in the wide scans. & 10 12 P A

We ascribe now ling3 at 400.0 eV to single N-C bonds Laser fluence (J/cm?)
with  nitrogen in  pyramidal  configuration like
N,N’-diphenyl-1,4-phenylenediaminéPA) at 399.92 eV or FIG. 3. Binding energy difference between the B dnd the C
to a7 N-C bond of pyrrole-type with the free electron dou- 1s core levelsA(N 1s—C 1s) corresponding to4-B) (full circle)
blet out of the graphite plane like in POVC at 400.22 eVand (3-B) (full square line pairs, respectively, as a function of the
(Table ). The positive shift in the binding energy is due to a laser fluence for films deposited jat= 5 mbar andd=50 mm. Dot-
weaker negative charge transfer in the initial state and to #d lines represent the binding energy corresponding to a given
weaker relaxation of the final state whensingle oriented cgrbop-to-nitrogen configuration according to the references com-
bonds are involved. In P9VC the electrons that could par- Piled in Table I.
ticipate to the relaxation are transferred to the carbons
nearby. On the other hand, lower binding energy has beeffinge of A(N1s-Cls) variation does not exceed 2 eV. Al-
measured for PEl where(tetrg-N(pyr) bonds are involved. though showing large variations with the laser fluence, the
In the case of this reference, however, it is suspected that thealues of the -B) difference lie within the energy range
presence of many terminal N-H bonds will markedly changeexpected for the N{p?OP)—C(tetra) or Npyn—C(tri)
the charge transfer and the relaxation effects. This globatonfigurations at high and the Big*-1P)—C(tri) configura-
interpretation is in agreement with that put forward by Ron-tion at low laser fluencéTable ). On the other hand the
ning et al.*® but differs from many other one’s7° This  values of the &-B) difference are characteristic of nitrile
point will be discussed in more detail in Sec. V. bonds. No other combination of the experimental \Nahd C

In order to further support the assignments proposeds lines yield A(N1s—C1s) values consistent with the
above, let us consider now the difference in the binding enearbon-nitrogen configurations reported in Table |. This is
ergies of two neighboring carbon and nitrogen in a givenespecially true for combinations involving lie References

L]
i

l N(sp’ OP) - C(tetra)

113.5

diffi

_‘(

Nisp® IF) - Citri)
113.04 (coly-Clin T

112,54 H/f/_:\t\z

112.0

ing energy

Bind
ad
>

configuration,A(N 1s—C 1s). According to Eq.(2) involving carbon multiply bonded to nitrogen are lacking.
Therefore we do not consider lir@ in these combinations.
A(N 1s-C 1s)=AE;T(N 1s-C 1s) In summary, the corollary of the above comparative
analysis is that the low binding energy componemhay be
+AEcr(N 1s-C 1s) assigned to nitrile rather than aromatic-type nitrogen bonds

— AE,u(N 1s-C 1s) 6) whereas the high binding energy compongnnay involve
rela ' nitrogen in pyramidal or aromatic configurations, whatever
where AEY%S, AEicr, and AEu(N 1s—C 1s) are the dif- the configuration of the carbon to which it is bonded. Nev-

ferences in the energy level reference, in the energy of thgrthele;s, Iqrge variations in the bi_nding energie.s of these N

initial charge transfer, and in the relaxation energy betweerd$ contributions are expected, owing to the variety of pos-

the N 1s and C s levels, respectively. These values sensi-Sible nitrogen configurations.

tively depend on the initial charge transfer effect as the terms

are of o_pposite signs on.C and N atoms. Due to the el.ec- IV EFFECT OF THE PLD PROCESS PARAMETERS

tronegative character of nitrogen relative to carbon, there is a

depletion and an enhancement in the electron density on car- Pulsed laser deposition offers relatively easy control of

bon and nitrogen, respectively. Therefore the transfer term8Im properties in a fairly broad range of process parameters.

add up inAE,7 of Eq. (6). Conversely, the relaxation terms In the following the effects of the process parametéaser

are substracted, as—in a first approximation—the relaxatiofiluence®, nitrogen pressurp, target-to-substrate distandg

effect mainly depends on the cloud of delocalizecelec- and posttreatmentgrgon ion sputtering and thermal anneal-

trons and not on the nature of the atom to be screened. ing) on the chemical composition of the films will be re-
In order to check the consistency of the proposed assigrported. Based on the assignments derived in the preceding

ments, in Fig. 3 we plotted (N 1s—C 1s) for the (@-B) and  section, changes in the chemical environment both around

(B-B) line pairs as a function of the processing laser fluenceanitrogen and carbon atoms will also be detailed, as deter-

and we compared these values with th@N1s-Cls) values mined from the changes in the relative weight of the indi-

obtained for reference compound@Bable ). The expected vidual spectral components of the G &nd N Is lines.
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2
Laser fluence (J/cm’) FIG. 5. Evolution of the relative abundance of the individual

FIG. 4. Evolution of the relative abundance of the individual components. of the Na_and C X lines as a function of the laser
components of the Ndland C X lines as a function of the laser fluence for films deposited gt=1 mbar anc=50 mm.
fluence for films deposited gt=5 mbar andd=50 mm.

The changes in the relative weight of the two components
of the N 1s spectra shown in Figs. 4 and 5 reveal that the

The amount of nitrogen incorporated into the films canlaser fluence has an effect not only on the amount of nitrogen
sensitively be controlled by tuning the fluence of the ablatingncorporated into the amorphous network, but also on the
laser pulses. For 5 and 1 mbar similar dependences on flipond configuration of the nitrogen atoms. At 5 mbar and 4
ence were obtained. The critical value is approximately 6—8&/cnf the N 1s spectrum can satisfactorily be fitted by a
Jlcnt. The films deposited at 4 J/émontain only=9 at. %  single line 3 while at 1 mbar the relative abundance of this
nitrogen. With increasing fluence the nitrogen contentline is ~80 at. %. Accounting in addition on th&(N1s-C1s)
steeply increases, reaching44 at.% at 8 Jichand the values of the §—B) difference(Fig. 3, we conclude that
maximum valu& of ~45 at. % at 10 J/cfa Further increase nitrogen atoms present in low concentration and at low flu-
does not promote further incorporation of nitrogen atoms an@nce are first incorporated in a pyridiniclike configuration.
above 10 J/ciheven a slight decrease is noticed. With increasing nitrogen concentration more and more atoms

Figures 4 and 5 display the changes in the relative aburform nitrile-, as reflected in the steep increase in the relative
dance of the individual components of the @ &nd N I1s  intensity of line « in proportion toB. In films deposited
spectra as a function of laser fluence, for films deposited at &sing fluences above 8 J/énthe latter bond types become
target-to-substrate distanceof 50 mm, p=5 and 1 mbar, dominating, exceeding 60% relative abundance. This effect
respectively. LineA, corresponding to unsaturated carbon ofis more pronounced at high nitrogen pressures.
graphitic type gives generally the major contribution to the C  As shown in Figs. 1 and 2, the peak positions of compo-
1s spectra. At low fluence, the relative abundance of thisnentsB andC of the C Is core level andr and g of the N 1s
contribution is 80%. In the 6—8 J/énfluence domain the core level spectra, respectively, shift to higher binding ener-
intensity of lineA drops leveling at around 40—-50% above 8 gies with increasing laser fluence. We consider this shift as a
Jlcnt. To the contrary, the initially weak lineé8 andC gain  direct consequence of the contribution from different chemi-
strength between 6 and 10 JAnsuggesting that at these cal environments to each of the lines. A closer inspection of
ablation pressures fluences larger than 6 3/promote the  Fig. 3 reveals that thed—B) difference is the more af-
formation of carbon-nitrogen bonds. Above 10 Jcm fected. As both lineg3 and B encompass many carbon-to-
changes in the fluence have apparently no further influenceitrogen configurations, we cannot draw a definite conclu-
on the bond structure. sion. However Npyn-C(tri) and N@Ep? OP-C(tetra

A. Effect of laser fluence
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in films deposited under Npressures between 0.5 and 1.0
mbar, half of the carbon atoms exists in these bonding con-
figurations. Beyond 1 mbar the intensity ratio of components
A and B shows an opposite behavior: whereasslightly
increases, componei® decreases with increasing, lpres-
sure. The turning point in both functions are exactly there
where the nitrogen content of the films reaches its maximum
value. This means that in a relative intensity vs nitrogen
content(or N/C ratig representation, the apparently biphasic
character of both functions simplifies: componehtde-
) creases whileB increases with increasing nitrogen content
within the whole pressure domain investigated. The third
component of the C 4 spectra,C, remains less significant.
—eo—line A Its fraction, however, monotonously increases up to approxi-
—m—line B mately 22% at 0.5 mbar, without noticeable changes beyond
—4—line C this pressure. All these experimental findings are consistent
with the proposed assignments: with increasing nitrogen con-
tent the abundance of both components related to carbon-
nitrogen bond configuration® and C, increases at the ex-
pense ofA. The contribution ofC, assigned to multipler
C—N bonds, becomes significant on samples deposited at
0 the highest N pressures only.
T At the lower end of the pressure domain investigated,
0.01 0.1 1 10 where the nitrogen concentration in the films is as low as 2
N, pressure (mbar) at. %, line 8 dominates the N 4 spectrum. At 102 mbar
_ ) o 90% of the few nitrogen atoms exists in pyramidal configu-
FIG. 6. Evolution of the relatlye abundance pf the |pd|V|duaI ration bonded tcsp2 carbon. An increase in the,Npressure
components of the Nsland C s lines as a function of nitrogen ¢4, 16-2 15 10~ mbar results in dramatic changes not only
pressure for fims deposited dt=28 J/cnt andd=50 mm. in the absolute number of the nitrogen atoms incorporated
into the network but also in the relative abundance of the
configurations are now mostly expected. By contrast, the lingond types. While the total nitrogen concentration in the
a is less affected when changing the laser fluence. This sugiims increases from 2 to 31.5 %, the contribution of lige
gests that the nitrile configuration is predominant. falls from 90 to 41 % with a concomitant increase in the
relative intensity of linea from 10 to 59 %, suggesting that
the number of sites involving N atoms in nitrile-, pyridinic-
type bonds increases much faster than the remaining nitrogen
When ablating with pulses of medium fluences, i.e.,in pyramidal configuration or the incorporation of pyrrolic
6-10 J/cr, nitrogen incorporation at at.% level starts nitrogen. According to our analysis in the films grown at
at around 102mbar. Between 107 and approximately 10 'mbar19at. % of the total atonisonsidering N and C
5x 10" ! mbar the N/C ratio exponentially increases with in- atoms only exists in the former state, 13 at. % occupying
creasing pressure, reaching a maximum with approximatelgites of the latter configuration. At and above t@nbar the
45 at. % nitrogen between 0.5 and 1.0 mbar. Further increagelative abundance of both components remains constant. In
in pressure results in a slight decrease. Beyond 5 mbar t&rms of absolute values the concentration of nitrogen atoms
drastic decrease in deposition rate and powder formatiogorresponding to linex increases continuously throughout
hinder film formation. the whole pressure domain reaching 26 at. at %
Figure 6 shows the changes in the abundances of the irt mbar, while the number of nitrogen atoms corresponding to
dividual components of the Csland N 1s core level spectra, g line is maximum(at 19 at.% in the films deposited at
as a function of nitrogen pressure. The laser fluenc® is around 1 mbar.
=8 J/cnt and the target-to-substrate distancelis50 mm. The analysis of theA(N1s—C 1s) differences further
At low N, pressure componerk dominates, as expected strengthens the soundness of the assignment of the individual
from the assignment of this line to a graphitic carbon-carborC 1s and N 1s lines. From the(B-B) values at 114.2
bond exclusively. An increase in pressure froni 4@ ap- +0.1eV and(a-B) lines at 112.80.1eV, respectively,
proximately 5< 10~ * mbar results in a drop in componeht  the main carbon-to-nitrogen contributions can be assigned
i.e., in the abundance of carbon atoms in pure graphitic ento  N(pyn—C(tri), N(sp? OP)-Qtri or tetrg and
vironment, from~90% to ~30%. Concomitantly, compo- N(col)—C(lin) configurationgFig. 7). The constant value of
nentB, which is the measure of the number of carbon atomshe differences suggests that the carbon-nitrogen configura-
in diamond like configuration and those connected to a singléions remain fairly stable when varying the nitrogen pressure,
nitrogen atom, sharply increases. Our analysis suggests thahile keeping the laser fluence constant.

~—o—line
—v—line o

75 1

50 —

Nitrogen abundance (%)

25 1
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50
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B. Effect of nitrogen pressure
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FIG. 7. Binding energy difference between the B dnd the C I/’—\'\.
1s core levelsA(N 1s—C 1s) corresponding to4-B) (full circle) S 404
and (8-B) (full square lines pairs, respectively, as a function of Yy
nitrogen pressure for films deposited &t=8 J/cnf; d=50 mm. § .\‘—_d.
Dotted lines represent the binding energy corresponding to a given *
carbon-to-nitrogen configuration according to the references com- é 30 -
piled in Table I. g °°7 | T®lineA

2 —M—line B
In summary we can state that within this domain of pro- & —A—line C

cess parameters the nitrogen content tends to saturatémt
at. %, implying an apparent stabilization of a stoichiometry 20
near CN. Interestingly, the same limiting val(7—-50 % I — T T 1

was reported for carbon nitride films grown by combining 3 4 5 6 7

PLD with an atom beam as the nitrogen souttimstead of Target-substrate distance (cm)

the N, atmosphere used in our experiments. The changes in

the relative abundance of the individual components with  FG_ 8. Evolution of the relative abundance of the individual N
nitrogen pressure reveal that incorporation of increasings and C is lines as a function of the target-to-substrate distahce
amount of nitrogen atoms into the films results in characterfor films deposited ath = 10 J/cnf and p= 1 mbar.

istic changes in the local chemical environment of the ma-

jority of the carbon atoms.

ences the overall intensity of the NsXore level(Fig. 9),
C. Effect of target-to-substrate distance having apparently no effect on the relative abundance of
each contribution of the N<lcore level(Table Il). Concomi-
tly, the contribution® and C also become weakdFig.
and Table I, in line with the partial assignment of these

The changes in both the Csland N 1s spectra of the n
films deposited at target-to-substrate distances between i%%
and 70 mm are marginal in comparison with those due tcfines to carbon sinal liolv bonded with nit
changes in pressure and fluence. An increase in the distan : gly or muitiply: bonded with ‘nitrogen.
from 30 to 70 mm results in less than 10% increase in the O WVeVer It .ShQUId also be noted that the raﬂﬁb@ﬁ,@)

N/C ratio at 1 mbar and 10 J/ciA Deposition at greater mcrea}ses.Wlth on bompardmeﬁ[able ,”)' de;plte the de-
distances clearly promotes the incorporation of multiple C€r€@sing lineB observed in Fig. 10. This again supports the
C—N bonds as apparent from the monotonous increase iSSignment of contributiorB not only to single carbon-

the abundance of lin€ of the C 1s spectra and lingg of the nitrogen bonds but also to diamondlike c_a_rbon th_at is mu_ch
N 1s spectra, respectivelfFig. 8. This result points to the hardly s_puttered. The presence of additional diamondlike
importance of gas phase processes in determining the filgarbon is further evidenced by EELS spectra on thesC 1
composition: with increasing target-to-substrate distance, thedge displaying a broad contribution around 28.4 eV that
probability of collisions of the ablated species with Mol- ~ remains unchanged, and another one around 33.3 eV that can
ecules in the gas phase and therefore the probability of inclearly be assigned to the bulk plasmon of diamondlike car-
corporating nitrogen into the species impinging the surfacéon (DLC not shown. These sputtering effects have been
increases. Th& (N 1s—C 1s) differences calculated for the observed on samples deposited at different laser fluences and
(B-B) and (a-B) line pairs are constant at 114:D.1 and nitrogen pressures, and are in qualitative agreement with
112.55-0.1eV, again verifying that nitrogen atoms prefer those reported by Bertioand co-workers on the effect of
pyramidal,sp? OP and nitrile configurations, respectively. Art, N2+, He" and |-|z+ bombardment on chemical composi-
tion and structure of carbon nitride films of stoichiometry
close to CN*° The ion sputtering reduces the oxygen and the

As shown by the wide scans recorded on a film depositefluorine concentrations, as well, suggesting that most of
at high laser fluence, sputtering by argon ions greatly influthese impurities are weakly adsorbed.

D. Effect of argon ion sputtering
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FIG. 9. XPS wide scans of films deposited @5 mbar; d

=50 mm andd =13 J/cni. (A) before and(B) after sputtering by FIG. 10. C Is core level spectra of a carbon nitride film depos-
argon ions. ited atp=>5 mbar;d=50 mm andd =13 J/cnd). (A) before andB)

after sputtering by argon ions. The arrow indicates the position of
E. Effect of vacuum annealing line B in Fig. 1.

The effects of thermal treatment at moderate temperatures - . _
are different from those of sputtering. The results of anneal®Us authors peak fitting procedure not only differs in the
ing of a film prepared at relatively high laser fluenge number of contributions they propose but allso in the assign-
=10J/cnt: p=1 mbar;d=70mm at 275 °C in vacuum are ment of each component to chemical gnwronme{tﬁtefs.
reported in Table II. Again the oxygen and fluorine contribu-18: 19, 37, and references theneifihe assignments put for-
tions strongly decrease, while the intensity of the &lcbre ~ Ward in this paper are in agreement with some reports, but at
level remains now practically not affected, revealing that the/ariance with some others. When comparing the different
majority of the carbon-nitrogen bonds remains stable at thid!lerpréetations we focus on the reasoning used to settle the
temperature. On the Cslcore level, no significant rear- eSPective assignment. =~ —
rangement in the relative abundance of the components can Marton and co-workef$~**assigned the N4 high bind-

be obtained except the high-energy oeThis finding can N9 energy contributions to nitrogen atoms bonded to
be explained by the easier removal of either some weakl p*-hybridized carbon and the low binding energy contribu-

bound C-O, multiple carbon-to-nitrogen bonds. The conion a to nitrogen atoms bonded ®p’-hybridized carbon.
comitant decrease in contributigh of the N 1s core level ~ 1heir approach is based on a comparison with organic

suggests, however, that the second explanation is the moPaolecules containing nitrogen such as pyridine or hexameth-
plausible. ylenetriamine. Such molecules might be considered as

references of nitrogen in the single configurations

N(sp? IP—C(tri) and Npyn—C(tetra, respectively.

Based on theoretical calculations and EELS measurements
Although XPS has long been used as a routine techniquen the C & core level Sjostronet al'® and Ronninget al1°

for the characterization of carbon nitride films, there is still suggested, however, an inverse assignment. Their results are

no agreement in the interpretation of the €adnd N 1s core  also supported by the interpretation of the N fevels in

level spectra and therefore in the determination of the bond3,5,11,13-tetraazacycloazine, a molecule that contains nitro-

ing around carbon and nitrogen. This is quite detrimental foigens both in linear and pyramidal configurati6h©ur in-

correct predictions in the synthesis of such compounds. Variterpretation is in line with the latter assignments, except that,

V. DISCUSSION

TABLE Il. Effect of the ion bombardment and vacuothermal treatment on the relative proportion of
each individual C $ and N Is line.

C1s N 1s
line (%) line (%) (C/IN);: Bl(a+pB)
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 11 0.50
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based on the occurrence of an infrared signal correspondinglaying the same @i)-N(sp? IP) configuration. The effect
to nitrile vibration at 2200 cm', these late authors neglect is not so pronounced when electrons are involved in the
the possible contribution of nitrile bonds to this line. Sincecarbon to nitrogen bond.
the relative amplitude of the different carbon-nitrogen vibra-  Although continuously improving, the interpretation of
tions is not known and even strongly depends on the preghe XPS features will remain essentially speculative until
ence of conjugated carbons, we think that on the basis of IRuccessful preparation of large area films of well-defined
and Raman measurements alone the contribution of nitril€N, solid-state phases. Up to now only diffraction studies on
bonds to the XPS spectra cannot be discarded. Muhl ansimall selected areas have been reported, but even the inter-
MendeZ’ introduced the concept of mixing environment pretation of the many patterns yet remained quite
around nitrogen and carbon atoms, such as the one we haaenbiguous® The reports upon XPS data on Chims dis-
developed in this study, and they interpreted the differenplay generally many contributions on both G @and N 1s
lines as governed by the charge transfer of the lone doubldines, pointing to the presence of different configuration
on nitrogen that can widely vary according to the configurastates of carbon and nitrogen coexisting in an amorphous
tion of the surrounding carbon atoms. The shift of the peak isnatrix. No doubt, comparative studies on well-defined
therefore governed by the charge transfer. They do not corsamples might help in improving the interpretation of XPS
sider the screening of the ionized core hole. data, but perhaps it could be more instructive to compare our
The assignment of the three main linksB, andC of the  interpretation with XPS data recorded on samples where
C 1s core level also differs according to the authors. Thesingle lines are observed on both levels or with samples pre-
interpretation of Ronningt al® considers that lind can be  pared at high temperature as better crystallized phases are
attributed to both any elemental carbédiamondlike and expected. Among the few data that match these criterions,
graphiticlike carbonsand tosp? carbon linked to nitrogen Woo et al*? reported single C 4 contributions at 285.56 and
whereas lineB is attributed tosp® carbon-to-nitrogen bond 287.26 eV at relatively large (NAS0.36) and low (N/C
and lineC to tetrahedral carbon multiply bonded to nitrogen. ~0.16) nitrogen loading on CNfilms prepared by dc- and
Muhl and MendeZ as well as Marton and co-workéfs'®  rf-plasma enhanced CVD at 1073 K, respectively. These
partially accounting for the relaxation effects in the final lines were attributed to tetrahedral carbon coordinated to ni-
state, put forward a completely different interpretation of thetrogen and carbon in the nitrile bond, respectively. Unfortu-
same features. They assign pure carbon to Ap@ndsp? nately, the films were not fully covering the Si substrate and
carbon-nitrogen andp® carbon-nitrogen bonds to lifkand  therefore some ambiguity still existed on the interpretation of
line C, respectively. Our interpretation is in line with Ref. 19 the N 1s lines between N—C and N—Si species. \&al*
for line C and Ref. 37 for linéA but differs from both for line  performed XPS analyses on rf CVD films prepared at around
B in the sense that we consider that more than one carbor73 K. They reported two lines on the N lines instead of
bonding configuration can be assigned to the photoemissioone line on the C & level at 286.5 eV that are attributable to
line merging from the fitting process around 286 eV. Wesome carbon-to-nitrogen bonds. The occurrence of one single
believe that either the omission of the screening of the ionfine of the C s line indicated that many configuration states
ized atom or the consideration of organic molecules as refef carbon bonded to nitrogen would be included in this
erences or the poor experimental resolution might explaisingle line. Unfortunately, they neither reported the spectra
the large variations in the interpretation of these individualnor they provided information about the spectral resolution.
lines. It is interesting to note the direction of the energy shiftMatsumotoet al** found by rf thermal plasma CVD at 823
when the relaxation effects are not properly considered. IK one single line on C 4 and N s levels at 285.25 and
they are neglected this would induce according to expression00.0 eV, respectively, with a high N/C ratio of 1.43. How-
(2) an upwards shift of the binding energies both on thesC 1 ever, the deposits showed powderlike texture and a low den-
and N Is levels, a1, K) >0. Therefore strong variations sity due to large incorporation of hydrogen and oxygen.
of the absolute binding energy might be expected. This caiMoreover, many contributions were presumably hidden by
be illustrated by the case of molecules and polymers botlthe very broad widt~4 eV) of the N 1s line. In conclu-
containing carbon and nitrogen atoms that are in the samsion, on a close inspection, literature on Ciims prepared
configuration. The C 4 and N 1s binding energies in hex- at high temperatures and characterized by XPS spectroscopy
amethylenetetramine at 286.9 and 399.4 eV, respectivelyloes not appear to be conclusive. This is due both to the
quite differs from the values reported in polyethyleneiminedifficulty in the high-temperature synthesis of Cfilms and
(PEl (285.56 and 399.07 eV, respectivelpf the same to the poor resolution generally used in the XPS spectra. The
C(tetra-N(pyr) configuration. Hence large shifts occur be- difficulty to achieve CN films at high temperatures can be
tween molecular and polymer compounds whenmnelec-  explained by the high etching rate of the plasma in presence
trons are involved in the carbon-nitrogen bond. The € 1 of nitrogen and by the high volatility of the nitrile bond.
line shifts toward a higher binding energy in the molecule, Another way to improve the local characterization around
indicating that the relaxation effect here is smaller than orcarbon and nitrogen in CNilms is to perform X-ray absorp-
the polymer. On the N 4 core level, smaller deviations are tion spectroscopyXAS) in close addition to XPS. In XAS
observed probably due to the presence of the lone doublet gpectroscopy the ejected electron fills the lowest unoccupied
electrons. By contrast the Gsland N 1s binding energies in  states and as such are now participating in the relaxation
pyridine are 285.5 and 399.8 eV, respectively, to be comprocess. Therefore it is reduced compared to XPS. The en-
pared with 285.99 and 399.35 eV in the polymer P4VP disergy of the electron transition is given by an equation similar
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TABLE lll. Energy of the CC and CN bonds.

Bond type Single Double Triple
c—C C—N Cc=C C=N C=C C=N

Energy(kJ/mol) 347 305 611 615 837 891

to equation(2) but with a termE,(K) that is reduced. governed by the thermodynamics, the more at the highest
Moreover, it is possible to separate the carbon and nitrogefiuence. A simple look at the relative stability of-GC and

in 7 states, corresponding to the— 7* transitions from the C—N bonds reported in Table Il suggests that the triple
o states, corresponding to the— o* transitions. Finally, the Pond C=N is more stable than==C bond by 55 kJ/mol
technique is selective like XPS and with some precaution¥/hile the double €&<C and G=N have equal stability and
can be quantitative. Unfortunately, there are only a few XASe S'ng'e G—C bond is more stable than-&N bond by 40

reports in the literature concerning CRims *244using both kJ/mol2® Therefore it is expected that the nitrile configura-

XAS and XPS. The results are in good agreement and theﬁi/on will predominate over the formation of simple or mul-
strengthen our interpretation. However, the ambiguity confP/€ C—N bonds. These trends are in good agreement with
cerning the nitrile contribution cannot be alleviated. ab initio based ftight-binding molecular dynamics calcula-

The results of the analvsis outlined in the precedin Sections where the formation of paracyanogenlike structures is
y P 9 increased with nitrogen incorporaticrand the lowering of

tion reveal that the nitrogen pressure and the laser fluence aﬁﬁe hardness on the films with a high nitrogen contént
obviously the two main parameters determining the chemica '

structure of the pulse laser deposited,GiNns. Their effects VI. CONCLUSIONS

are, however, of different nature. Nitrogen incorporation is ) ) o )
directly proportional to the nitrogen pressure up to approxi- From the comparison of nitrogen-containing polymeric
mately 1 mbar, while not much affecting the distribution of €0MpPounds and solid carbon references an assignment of
C—N bonds. To the contrary the dependence on Iaserfluenctge '”d'V'dUQ' !lnes_of the XPS Csland N Is core Ievel_s_
displays a thresholdlike behavior at 6—8 Jcraffecting of carbon nitride films grown by pulsed laser deposition

both the incorporation of nitrogen and the distribution of'S_gven.. These assignments are used to interpret the
nitrogen-carbon bond configuration. changes in the chemical structure of the films as a result

Examination of Figs. 1-5 points out rather large varia—o!c systematic changes in process pafame(“e@r fluence,
tions of respective concentrations in the carbon and nitrogeHItrOgen pressure, and target-to-substrate disjaradse-
species. Bearing in mind the assignment of carbon and nitrgduent anneqllng and sputtering by argon 1ons. Albeit there
gen contributions presented above, we can consider two dgre some evidence of mtroggn mcor_pqratlon mtp carbpn gra-
mains as a function of the laser fluence. At low laser l‘Iuencé’h't'C“ke network_, the formation of mtnlg group s dominant
the content of multiply bonded carbon is rather high but tds soon as the nltrogen—to-carbon atomic ratio Increases. The
decreases up to near 6 JikmMe assign this line to N(pyrampa}—C(tetrghedral multiple bopd configuration
m-delocalized carbon in graphiticlike network with some ni- ch_aractenstlc of cubic §N, cannot unamblguously_be deter-
trogen incorporation into the aromatic carbon cycles. On thdnined from XPS analyses. Better spectral resolution together
contrary in the high-fluence rangabove around 10 J/cin with bmdlng_energy c_alculatlons, as well as improvement in
the dissociation rate of nitrogen will be significantly en- the preparation technques and comparative characterizations
hanced. We expect that now simple-®l bonds, in substi- are required to reach this goal.
tutional position in a DLC carbon framework, and nitrile
bonds are formed. It is believed, however, that the surface
process is predominant as the species impinge the surface Many thanks are due to Professor J.F. NicdlRICMS-
with a high energy and therefore the process is more or leSSMO, Strasbourgfor helpful discussion.
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