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The 1s core level energy is calculated for a few hypothetical structures of C;Nj.., including ¢-C3Ny4, f-C3Ny4 and graphitic-C3Ny by
using the all-electron mixed-basis approach. The results are compared with the XPS measurement of a diamond film irradiated with N;' ions.
The comparison suggests that the irradiated film is amorphous C;N;_, whose local structure is similar to 8-C3Ny or graphitic-C3Ny.
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1. Introduction

A C,N;_, crystal is a hypothetical material, which was first
predicted in an unpublished patent in 1984 by Sung.) Since
it is expected that the material may be harder than diamond,
it has attracted considerable interest.

Combining an empirical model® and an ab initio calcu-
lation,® Cohen et al. showed that short covalent bonds be-
tween C and N are favorable for achieving low compress-
ibility. They also carried out a local-density-approximation
(LDA)-based calculation of the structural and electronic prop-
erties of §-C3Ny4, and showed that the bulk modulus of this
material would be comparable to that of diamond with an in-
direct band gap of 3.2eV and a sound velocity of 10° cm/s.?)
In addition, the cohesive energy of S-C3N4 was found to be
moderately large, suggesting that it might be an energetically
favorable phase in the C-N system.® This result indicates the

‘possibility of its synthesis under laboratory conditions. Be-
cause of this fact, a lot of experimental efforts have been de-
voted to the synthesis of C;N;_,.>'D In order to identify the
C;Nj_,, X-ray photoelectron spectra (XPS) have been mea-
sured in many experiments.>-%"1D

Among these experiments, Kusunoki et al.'V carried out
the following experiment: Diamond samples grown on Si
substrates by CVD were nitrided by irradiating 300-700 eV
N;r ion beams, and after this, the samples were heated up to
600°C in ultra-high vacuum (UHV). The Cls and N1s XPS
spectra were measured during nitridation and after annealing
in UHV. Nls XPS spectra split clearly into two components
after annealing, and the width of splitting is 2.2eV. Then, it
is particularly interesting and important to determine if these
split XPS spectra can be attributed to a C,N;_, material.

In this paper, we calculate the 1s level energy of carbon and
nitrogen in «-C3Ny4, 8-C3Ny and graphitic-C3Ny structures by
a first principles study. The method of calculation which we
adopt in this study is the all-electron mixed-basis approach.
Let us briefly describe this method.

*Graduate Student, Tohoku University.

In order to determine the 1s level energy, it is neces-
sary to calculate the electronic states of not only valence but
also core electrons, i.e., one has to use an all-electron for-
malism. For this purpose, we use a method called the all-
electron mixed-basis approach.'?!® As is usual, it is based on
a density-functional framework'*!> within the local density
approximation!®!? to the exchange and correlation. In the
all-electron mixed-basis approach, a wave function is repre-
sented by superposing the plane-wave basis functions that are
expanded in real space and the numerical-atomic-orbital ba-
sis functions that are localized within non-overlapping atomic
spheres. Using this method, it is possible to represent local-
ized electronic states like the 1s state by using a relatively
small number of basis functions.

In the present work we calculate the 1s level energy of a
few hypothetical structures of C,Nj_, using this all-electron
mixed-basis approach, and compare the result with the exper-
imental results of XPS. The main purpose of the present study
is to make clear the nature of the peaks of the XPS spectra.

2. Calculation

We calculate the 1s level energy of the ¢-C3Ny and S-C3Ny
structures, which are essentially similar to the «-Si3N4 and
B-SizNy structures'® 1% if Si is substituted with C.¥ Both a-
SizNy4 and B-SizNy are known to be hard materials. In these
structures each C atom has 4 neighbors and each N atom has
3 neighbors. Figure 1 shows these two structures. The §-
C3Ny structure resembles the phenacite (Be,SiO4) structure.
It has 14 atoms in the unit cell and has the P63/m symme-
try. The a-C3Ny structure can be described as an ABAB. ..
stacking sequence of the layers of f-C3N4 (A) and its mirror
image (B). The unit cell contains 28 atoms and has the P3;c
symmetry.20-2)

At first, each structure is relaxed with the fixed symmetry
constants. This stage of calculation is performed by using
VASP3.2, that is, a package program using a pseudopotential
and a plane-wave basis set. The atomic configurations of both
a-C3Ny and B-C3Ny vary only little, when one compares the
relaxed structures with the unrelaxed one.
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Fig. 1 The a-C3N4 and B-C3Ny structures after relaxation and their lattice
constants (“a” is parallel to the plane and “c” is perpendicular to the plane).
‘White spheres represent carbon atoms and black spheres represent nitrogen
atoms.

Next, we calculate C and N1s level energies of the relaxed
«-C3Ny and B-C3N4 structures by the all-electron mixed-
basis approach. We also calculate the graphitic-C3;N, struc-
ture which has been proposed by Liu et al.?” We take into
account only one k-point, i.e., ['-point, because the 1s level
energy does not vary largely by the lattice periodicity. The
energy cut-off for the plane waves is chosen to be 37 Ry.

3. Results and Discussion

3.1 Calculated 1s level energy

Figure 2 shows the calculated Ls level energies of C and
N. The results for the «-, f- and graphitic-C3N, crystals
are shown in left, middle and right graphs. For the o-C3Ny
structure, all 1s level energies of C or N are located within
a width of 1eV On the other hand, for the 8- and graphitic-
C3Njy structures, although the Cls level lies within 1 eV, there
is a large splitting in the Nls level energies. The splitting
becomes as large as 2eV.

3.2 Simulated energy spectrum

Using the above result, we simulate the XPS energy spec-
trum associated with the 1s level, which can be compared
with the experimental XPS spectrum according to Kusunoki
et al.'V Our spectrum is obtained by superposing gaussian
functions that are centered at each 1s level energy and nor-
malized such that the integrated area is equal to the number of
atoms, which are belong to a same element, per unit volume.
The full width at half maximum (FWHM) of each gaussian

function is set at 0.67 eV which is the resolution of XPS ex-

perimental apparatus according to Kusunoki ez al. In the cal-
culation within the LDA only relative values of the level ener-
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Fig. 2 The Cls level energy (top) and the N1s level energy (bottom) of the
a-C3 Ny (left), B-C3Ny4 (middle) and graphitic-C3Ny (right) structures.

gies are reliable. Therefore, we adjust the Cls level energy to
the experimental Cls binding energy of XPS and then com-
pare the obtained Nls level energy spectrum with the XPS
spectrum. Figures 3 and 4 show the Cls and N1s core peaks,
respectively. In both figures, the upper graph is the XPS result
by Kusunoki et al.,'") while the lower one is the present result
for each stracture. The simulated spectrum is shifted so that
the Cls peaks are located at 287.4 eV, which is the position of
Cls of C,Nj_ (the “C” peak in Fig. 3) from experiment.!!)
The reason why we adjust the simulated spectrum to the peak
“C” which is the smallest component of Cls XPS spectrum
is as follows: Kusunoki er al. show that the peak “C” at-
tributes to the nitrided carbons though “A” and “B” peaks
which are located at 284.9eV and 286.1¢€V attribute to the
surface side of the diamond and unreacted diamond substrate
beneath the ion penetration zone, respectively. In the upper
graph of Fig. 4, the dotted and solid lines indicate the XPS
spectra before and after annealing, respectively. Kusunoki et
al. show that the Cls XPS spectrum changes hardly by an-
nealing except for a little decrease of “B” component.

From Fig. 4 we find that the relative location of the simu-
lated peaks of the N1s level energy spectrum is not far from
the experimental N1s peak. This indicates the validity of the
present analysis concerning the relative values of the level en-
ergies. As shown in the upper graph of Fig. 4, the experimen-
tal N1s peak is split into two peaks separated by about 2eV.
The simulated N1s energy spectrum has only a single peak
for the -C3N, structure, while for the - and graphitic-C3Ny

‘structures, it is split into two peaks. The width of this split-

ting is also about 2eV. In the calculation the intensity ratio of
the two peaks is 3 : 1. This ratio corresponds to the ratio of
two inequivalent locations of N atoms (six in the central 12-
membered ring and two at the surrounding two Cs, centers
in the case of the 8-C3Ny structure, and one two-coordinated
and three three-coordinated atoms in the case of the graphitic-
C3N, structure) in the unit cell. However, the experimental re-
sult shows that the intensity ratio of the two peaks is roughly
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Fig. 3 The experimental XPS spectrum (top) of Cls binding energy by
Kusunoki et al.!) and the simulated 15 level energy spectrum of C (bot-
tomy). At the top of the figure, the XPS spectrum is divided into three peaks:
A, B and C. At the bottom of the figure, the dotted, thin and heavy lines
show the spectra of the -, 8- and graphitic-C3 Ny structures, respectively.

1 : 1. This means that the substance of the diamond film
exposed to N;" ions may be C,N;_, whose structure resem-
bles 8- or graphitic-C3N, but is not identical. The experimen-
tal peak ratio of 1 : 1 suggests that the resulting material is
isotropic. From these results, we conclude that the most prob-
able candidate for the material created experimentally would
be an amorphous C,N;—, whose local structure resembles 8-
C3Ny4 or graphitic-C3Ny.

4, Conclusion

In summary, by using the all-electron mixed-basis ap-
proach, we have calculated the 1s level energy for three hypo-
thetical structures, i.e., -C3Ny, 8-C3Ny4 and graphitic-C3Ny.
The simulated 1s level energy spectrum was compared with
the experimental XPS spectrum. From these results, the fol-
lowing possibility is strongly suggested: the substance cre-
ated experimentally from a diamond film irradiated by N
ions is an amorphous C,N;_, whose local structure is similar
to B-C3Ny4 or graphitic-C3Ny.
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Fig. 4 The experimental XPS spectrum (top) of Cls binding energy by
Kusunoki ef al.'D and the simulated 1s level energy spectrum of N (bot-
tom). At the top of the figure, the dotted and solid lines are the XPS spectra
before and after annealing. At the bottom of the figure, the dotted, thin and
heavy lines show the spectra of the «-, B- and graphitic-C3N4 structures,
respectively.
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