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Abstract

Carbon species produced during reactive laser deposition of carbon fitridgg CN  films were characterized with Auger,
X-ray photoelectron and electron energy-loss spectroscopiestFer * ando + w plasmons show that the carbon atoms
are in sg configuration, and the absence of losses in the 26-30 eV is indicative of the non-existenengbriglized
carbon. When ther loss is applied to ), or G, photoelectrons, the asymmetric tail in the XPS spectra is satisfactorily
reproduced. With this analysis, the minor peaks are assigned to the inelastic losses, and the two main peaks to nitrogen,
substitution on sphybridized carbon rings, developing pyridine and pyrrole-like configurati@2001 Elsevier Science
B.V. All rights reserved.

PACS 68.55Nq; 81.15Fg; 82.80.Pv
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A large number of scientific reports dealt with the tion, several C structures have been theoretically
synthesis of carbon nitride CM solids. This experi- proposed[ %, resulting in two kinds of materials.
mental effort is driven by the conjecture, attributed Some of them are characterized by tetra-coordinated
to Cohen[ 1, that a solid formed by carbon and sp*-hybridized carbon, showing diamond-like prop-
nitrogen would have a hardness comparable to thaterties ( high atomic density, hardness, low electric
of diamond. Cohen’s speculation was tested after- and high thermal conductivity , while the others,
ward using the knownB-Si;N, as an archetype characterized by graphite-like $pybridized carbon,
structure by several ab initio calculatiohd 2, giving possess properties closer to that of graphite. Then,
the hypotheticaB-C,;N, material. This material ba-  the distinction between $pand sp-hybridized car-
sically consists of sphybridized carbon atoms bon is essential in the characterization of CN  solids.
bonded to sp -hybridized nitrogen atoin$ 3 . In addi- One of the most useful analytical tools for detect-

ing differences in the hybridization character in pure

—_ _ carbon films is electron energy loss spectroscopy
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4604. cal principle that electron, when traversing a thin foil
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transferring, or losing, energy to the material. One whereV,;,,,,q @ndV g are volumes that enclose the
singularity of EELS among the electronic spectro- same number of atoms. Using the cell volumes,
scopies is that it probes the primary excitation, and 160.15 and 45. 385 A, for silicon and diamond,
for that reason, register each excitation event inde- respectively, we can thus write that Ep Diamdnrd
pendently of the de-excitation mechanism. EELS is Ep (S)*1.88. The plasmon energy of crystalline
sensible to vibrational excitatiors phondns , collec- silicon is 17 eV, and the estimated value with the
tive excitations( plasmons , intraband and interband above expression gives a 32.9 eV for diamond,
transitions, and inner shell excitations. On carbon compared to an experimental value of 33feV] 11. In
species, two main features have been observed in thean analogous way, knowing the plasmon energy and
reflection EELS. On one hand, we have the cell dimensions for thg3-Si;N,, the 3-C;N,, plas-
plasmon[ 6 . Its physical origin is the dipole transi- mon energy can be estimated. The cell volume is
tion m — w* between thew energy bands of car- 144.62 B forp-Si;N, [2] and its respective plasmon
bon. This loss has been observed to appear near theenergy is in the 21 4-23.5 eV range ]10. By ab
edge of the backscattered electrons within a wide initio methods, the calculated equilibrium volume for
range of energies, and it is centered at 6 eV for B-C;N, is 88.35 & [ 3. Then, the expected plasmon

HOPG [ 7. However, this characteristic energy can
be lower for other carbon systems, like polymers,
fullerenes and aromatic compounfld 8. While the
m— m* transition is valid in the sp- or $ghy-
bridized carbon, it is prohibited in the $prherefore,

it is representative of €p and sp-hybridized bonds.
It is accepted as a rule that the lack of this

energy for B-C;N, is: Ep (B-C;Np) =Ep (B-
SizN,) = 1.28. Thereafter, the probable plasmon en-
ergy for high-density carbon nitride material should
be in the 27.5-30.0 eV range. Simplifying, for a two
isoelectronic materials, the material with highest mass
density must have a greater characteristic plasmon
energy. Consequently, the search of any feature over

resonance would indicate the existence of a purely 27 eV by EELS is good way to look for high-density

sp’-hybridized carbon bond]9 . On the other hand,
we have thes + m peak. Making an allowance for
the free electron approximation, then, the maximum
in the energy-loss function correspond to the classi-
cal plasmons energy Ep:

Ep=\47h?n.e?/m,,

where n, is the number of electrons taking part in
plasmon oscillations per volume unitn, is the
electron mass ance is the electron charge. This
approximation is useful to estimate the plasmon en-
ergy for an unknown material, knowing the plasmon
energy of a related isoelectronic and isomorphic
material. For example, consider a crystalline silicon
and diamond. Given that silicon and carbon con-
tribute with the same number of valence band elec-
trons, £ = 4, we can write:

(1)

£
Epéi _ VSi _ VDiamond 2
EpzDiamond f - VSi ' ( )
VDiamond

carbon nitride solids.

Moreover, since the energy losses are independent
of the origin of the electrons travelling in the solid,
the photoelectrons should undergo the same process.
Several works can be found where X-ray photo-
electron spectroscopy XPS is used as central ana-
lytical technique to characterize GN filmg 2.
Although there is not an uncontroversial XPS assig-
nation scheme for the principal contributions, there
exists a tendency to interpret the asymmetric factor
or peaks to the high binding-energy side, as chemical
species on its owh 12, without considering that the
energy losses should necessarily be present.

With the aim to corroborate the preceding argu-
ments, we have prepared a series of a;CN films by
ablating a high purity graphite target, in the presence
of molecular nitrogen under different experimental
conditions. Laser energy, humber of pulses and pulse
repetition rate were kept fixed at 800 mJ, 10,000 and
10 Hz, respectively. This method has been proven to
be useful for growing high-density hard films, as
diamond-like carborf DLL[ 13 and related materi-
als[14 . Then, the prepared material were in situ
analyzed by XPS, Auger electron spectroscopy
(AES), and EELS.
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AES and XPS spectra show that the prepared
films contain only carbon and nitrogen. Thus, we can
unequivocally discard any-€ O or-N O bonds. The
maximum nitrogen concentration that was attainable
with this preparation method was 30%. This corre-
sponds to a stoichiometry of G, , in a good
accord with the usual values reported utilizing PVD
methodd 1b .

In Fig. 1, the EELS fingerprints are presented for:
(a) graphite and b CN films grown at 100 mTorr
of N,. The primary energy to collect those spectra is
1000 eV. This gives a mean free path of 27 A;
hence, the superficial effect are minimum and the 41'0 465 460 32‘;5
observed transitions correspond to collective bulk Binding energy (eV)
excitations. The films grown at vacuum shows tWo fig. 2. High resolution XPS of N for a sample prepared at 100
main singularities, ther + w and = energy losses at  mTorr of N,.
an energy of 27 and 6 eV, respectivdly 116 . By
means of the qualitative pattern matching suggested ] ) )
by Belton and Schmiefj 15, it can be shown that the for CN, films, with respect to the vacuum-deposited

Intensity (arb. units)

bridized carbon. For the films grown at 100 mTorr of c€onclusion of Spaeth et dl. 17.
nitrogen( Fig. { B) , ther + 7 peak is shifted down For a detailed analysis of XPS spectra, the elec-

to 23 eV and ther peak is ill defined, estimated to  tronic core levels of nitrogen and carbon were first
be in the 3-5 eV region due to the wide background Packground subtracted and then, numerically fitted to
of inelastic backscattered electrons. The same patternGaussian functions. This is shown in Figs. 2 and 3
matching now gives films which are composed for Nis and Cs regions. The I\ signal consists of
mostly of sg-hybridized amorphous carbon network. two well resolved binding energy configuratiori,

By the reduction on the plasmon energy, we esti- at 398.1 eV andP, at 400.1 eV. The numerical

mated a mass density loss of approximately 27 at.% fitting shows that also for ¢ , two main contribu-
tions exists,Q, at 284.6 eV andQ, at 286.1 eV.

23 E,=1000eV

Intensity (arb. units)

Intensity (arb. units)

) L . 294 292 290 288 286 284 282 280
0 10 20 30 40 50 60 Binding Energy (eV)

Energy loss (eV) Fig. 3. High resolution XPS of ¢ for a sample prepared at 100
Fig. 1. EELS spectra fof )a graphite) b €N  film. mTorr of N,.
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These numerical values are in a good agreement with Table 2
the reported values for ' and ,C[ 112 and are Gaussianfitto G

tabulated in Tables 1 and 2, respectively. Taken in Peak  Area Center ~ Width  Height
consideration that carbon atoms are mostly in thfe sp (arb.units ~ (eV  (ey  (arb.unis
configuration, according to the previous EELS data Q: 62,630 284.6 18 27,760
analysis, the main nitrogen and carbon chemical @ 43,630 286.1 18 19,340

. Q; 16520 288.1 2.2 7320
states must proceed from two or more different Q 2980 290.4 52 3540

aromatic configurations. This will be discussed in
more detail in a full paper, but we foresee that we
agree with the interpretation of Spaeth et[al.] 17 and
Peels et al[ 1B, who assign the most important
contributions to pyridine and pyrrole-like configura- respectively. In Table 2, it can be verified that peak
tions. Q; is located at approximately 4 eV from pedk,,
Focusing on the smaller N contributionB, at and peakQ, at approximately 4 eV from peaf),.
BE of 402.1 eV, this peak has been assigned to With this analysis, the assignment of the smaller
various bonding configurations: N CD [19;-N O peaks to spurious chemical bonds is definitely un-
[20]; N—N [21]. However, it has been observed in necessary.
films containing no oxygem 19, as in our case here, In summary, the presence of high-density carbon
indicating that P; could be related to a different nitride phases should be evidenced by energy losses
cause. IfP, photoelectrons suffer an energy loss due in the 26—30 eV range. Quite the opposite in our
to w resonance, then a satellite peak should appearCN, films, EELS do not show any feature over 26
at the sum ofP, and the corresponding energy loss eV, so we affirm the non-existence of*spybridized
(approximately 4 eV at it was determined by EBLS . carbon. Moreover, the existence of the* energy
Subsequently, we assign the pe&% to a “shake band, demonstrated by the — w* transition at 6
up” line from P; peak. Similarly, peakP, may be eV, ando + w plasmon at 23 eV are clear evidences
associated to the corresponding energy lossPgf of carbon in the more stable $gonfiguration, with
photoelectrons. The validity of this assignment could an electronic behavior similar to an amorphous car-
be reinforced, since the even smaller peaRs,and bon network. Thereafter, nitrogen adds in substitu-
P,, appearing at BE of about 8 eV above the main tion on sg-hybridized carbon rings. The two chemi-
peaks, could be related to second-order losses. Theseal states detected by XPS may well proceed from
succession of peaks cause the noticed asymmetry insix- and five-member-rings. For that reason, we sup-
the N, transition, as is evidenced in Fig. 1. In port the interpretation of Spaeth et bl. ]17 and Peels
consistency with the analysis presented for the N et al.[ 18, who assign the most important contribu-
energy region, we assign peag andQ, in the C, tions to pyridine and pyrrole-like configurations. This
region as resulting from the energy loss duerto reinforce the model suggested by Sjostrom ef al] 22
excitation from the two main peak®, and Q,, of a fullerenelike microstructure, where the connec-
tion between two sphybridized CN layers are
caused by buckling around pentagons, modified in a

Table 1 way that all C atoms are $oordinated.
Gaussian fit to N
Peak Area Center Width Height
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