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Electronic density of states, 1s core-level shifts, and core ionization energies of graphite,
diamond, C3N4 phases, and graphitic C11N4

Anders Snis* and Samir F. Matar†

Institut de Chimie de la Matiere Condense´e de Bordeaux, CNRS, 87, avenue du Dr. Albert Schweitzer, 33608 Pessac Cedex, Fra
~Received 8 February 1999!

The full-potential linearized augmented plane wave method has been employed to determine electronic
density of states, 1s core level shifts, and total 1s core ionization energies for the isoelectronic compounds
graphite, diamond, C3N4, and graphitic C11N4. The C3N4 crystal structures studied are the graphitic,a, b,
cubic, and pseudocubic configurations. All the Csp3 bonded structures have band gaps 0.5–1.5 eV smaller
than that of diamond. Only the C3N4 composition of the Csp2 phases has a band gap. The core level shifts
and ionization energies are compared with x-ray photoelectron energies. The 1s energies of C atoms connected
to zero, one, two, and three N in C11N4 are close to experimental XPS shifts and peak positions. Nearly all the
N 1s energies are within the experimental nitrogen XPS energy range. The C 1s ionization energies of the
tetrahedral carbon C3N4 phases are between 288.6–289.5 eV, which is 4.0–4.9 eV higher than the C 1s value
of pure graphite.b-C3N4 has the highest value. This compound has two N 1s ionization energies at approxi-
mately 400.0 and 400.6 eV.@S0163-1829~99!14239-5#
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I. INTRODUCTION

Covalent bonded networks of carbon nitride materials
expected to possess some outstanding physical prope
such as high bulk modulus, wide band gap and high ther
conductivity. The C3N4 composition has attracted special a
tention since itsb phase, consisting of carbon atoms tetrah
drally surrounded by three coordinated nitrogen atoms,
been proposed by Cohen to have a bulk modulus compar
to that of diamond.1 Subsequent theoretical works have p
dicted a high bulk modulus forb-C3N4 and that C3N4 could
exist in different structural forms ranging from the hard a
dense cubic andb phases to the soft and less dense graph
phase.2–5 The latter is assumed to be the most stable one5

Various experimental efforts have been conducted to s
thesize and characterize theb-C3N4 phase. By using vapor
phase deposition methods, CNx films with different amounts
of nitrogen have been grown~see, e.g., Refs. 6–13!. The
overall nitrogen concentration is usually lower than 50
However, in some works the films are claimed to cont
b-C3N4 microcrystals embedded in an amorphous matrix6–9

These results have been questioned since the character
of the electron diffraction pattern and the x-ray photoelect
spectra could be explained by carbon phases and by o
carbon-nitrogen bonded systems than theb-C3N4 phase.13

The x-ray photoelectron spectroscopy~XPS! technique
has been frequently used to characterize bonding config
tion in CNx films. In a recent work, which also includes
review of previous works, Ronninget al. show that 1 to 5
Lorentzian lines had to be used to obtain a proper fit with
C 1s core level spectra of different samples.13 The energy
range of the peak positions is 284.5–289.9 eV. The p
centered at the lowest energy was assigned to carbon a
in a pure C environment, and it was present in all samp
The next two peaks were close to 285.6 and 286.6 eV. T
were assigned to tetrahedral carbon atoms connected to
and two nitrogen atoms, respectively. The two high-ene
peaks at approximately 288 and 290 eV were not discus
PRB 600163-1829/99/60~15!/10855~9!/$15.00
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Peaks at similar high energy positions are shown in. R
10–12. The peak around 288 eV is assumed to arise f
C sp3 in a C3N4 environment,6 whereas the peak at almo
290 eV is considered to belong to C–O species.

For the N 1s spectra, Ronninget al. used three Lorentz-
ian lines to achieve a proper fit. The energy range of the c
level peaks is 398.2–400.8 eV, and the positions of the pe
shift with up to 1.2 eV for different samples. When the dep
sition temperature was kept at 350°C, the three peaks w
located at 400.8, 399.1, and 398.2 eV, respectively. T
highest energy is interpreted as originating from a nitrog
atom with three neighbors in a predominant Csp2 chemical
environment. The peak at 398.2 eV is assumed to belon
two coordinated nitrogen atoms. An additional peak at
proximately 403–404 eV was detected in Refs. 10–12. It
been assigned to a nitrogen-oxygen species.

In the above experimental XPS studies, an apprecia
fraction of the C atoms are assumed to besp3 hybridized.
XPS observations of surface chemical structures of polye
ylene and polyimide treated in N2 and NH3 plasma produced
similar energy ranges for the C 1s peak positions.14 These
CNx structures are assumed to contain Csp2 mainly. Thus it
seems hard to confidently connect a chemical shift with
definite bonding configuration in compounds that consist
bothsp2 andsp3 hybridized carbon atoms. Especially, sin
it is difficult to synthesize well-ordered structures of CNx
films and pure crystalline forms of C3N4. Hence, it becomes
important to use theoretical methods and models to ob
further quantitative characterization and trends of the bo
ing configurations in CNx structures.

The objective of the present study is to compare cal
lated electronic properties of C3N4 phases with those o
graphite, diamond, and graphitic C11N4. The reasons for
choosing graphitic C11N4 as one of the investigated com
pounds are twofold. First, it is isoelectronic with diamon
and C3N4, and has been suggested as a potential h
material.15 Second, the composition is close to the carbo
nitrogen ratio observed by e.g. Sjo¨stromet al.10 for buckled
10 855 ©1999 The American Physical Society
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FIG. 1. One layer of graphitic C11N4 A ~a!, and of graphitic C11N4 B ~b!.
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turbostratic CNx microstructures formed at a high substra
temperature. Such carbon-nitrogen systems have b
proven to be both hard and elastic. They may to a la
extent consist of graphitic-like CNx structures in which ni-
trogen atoms are two and three coordinated, and where
bon is linked to different numbers of N as in the graphi
C11N4 models in Fig. 1. The density of electronic states a
1s core level energies relative to the Fermi level are cal
lated for all the structures considered. In order to provid
straightforward comparison with experimental XPS energ
1s core ionization energies are estimated for graphite, d
mond, graphitic C3N4 , b-C3N4, cubic C3N4, and one of the
C11N4 configurations. The latter energies are obtained fr
core-hole calculations including final state relaxation effec

II. METHODS AND COMPUTATIONAL DETAILS

The calculations were carried out with the full-potent
linearized augmented plane wave~FLAPW! program pack-
age WIEN97.16 The electronic structures are determin
within the density functional theory~DFT! with the local
spin density approximation according to Perdew a
en
e

ar-

d
-
a
s
-

.

l

d

Wang.17 Both valence states and core states are calcul
self-consistently in the FLAPW method.

The band structures and the relative energies betwees
core levels and Fermi levels~EF! were obtained from unit-
cell calculations utilizing full symmetry. The maximum
spherical harmonicl value of partial waves inside atomi
spheres was put to 10. A locals orbital was used to improve
the flexibility of the basis set. The number ofk points was
increased until differences between Fermi level and c
level energies were less than 0.1 eV. The plane-wave cu
parameter was adjusted so that approximately 100 a
mented plane-waves/atom were used. Test calculations
up to 200 augmented plane-waves/atom were performed
some of the species with small unit cells. The energy diff
ences between the 1s core level energies and the Fermi lev
were always less than 0.1 eV.

In order to calculate total core ionization energies com
rable with experimental XPS values, a core-excitation pro
dure was used. Thus, the core-state occupation number o
excited atom was put to 1. The extra electron was place
the valence band and a self-consistent energy was obta
By keeping the compounds neutral core-hole interaction



p
o
pe

fu

ex
n
ee
it
rm

d
t
n

al
n
o
a
r-

-

o

ap

he

a
ua

ic

od
th
a
ic
t
d
e

be
r
n
a

e
e
e
e

ur
-
o-
le
d

sed

een
is

the

e

ow-
ruc-

gh
are

to
As
i-
nly

han
sly
ps

PRB 60 10 857ELECTRONIC DENSITY OF STATES, 1s CORE-LEVEL . . .
tween adjacent cells is reduced and the systems are
vented from being over relaxed with respect to the core-h
potential. For graphite and diamond, both unit cell and su
cell calculations were performed. The number ofk points
and the cutoff parameters were in accordance with the
symmetry unit-cell calculations. Localp functions were
added at 1.5 Ry to improve the description of the core
cited state. Final energies, to be compared with experime
XPS values, were obtained by taking the difference betw
the total energies of the ground state and the core exc
state, and from this value subtract the difference in Fe
levels between the two states. These final energies are
noted as the Fermi level corrected values. It should be no
that introducing a core hole breaks the symmetry of the u
cell. This makes these kinds of calculations computation
demanding, and therefore some of the compounds are
addressed with this technique. However, the non-core-h
and the core-hole approaches complement each other,
together they bring qualitative information about the diffe
ent bonding configurations in all the compounds.

The geometries of the C3N4 compounds were taken from
the theoretical work of Teteret al.5 For diamond and graph
ite experimental geometries were used. C11N4 was geometry
optimized with in-plane lattice parameters equal to those
both graphite and graphitic C3N4. The out of plane lattice
parameter was put to 3.40 Å and•••AAA••• interlayer stack-
ing was used. The differences in energies between the gr
ite and graphitic C3N4 like unit cells were negligible.

III. RESULTS AND DISCUSSION

A. Geometries

As previously mentioned, the equilibrium structures of t
C3N4 compounds were taken from Teteret al. These struc-
tures were determined with a pseudopotential plane-wave
proach. UsingWIEN97 on the same geometries, some resid
atomic forces were obtained for the graphitic,a- and
b-C3N4 structures in Figs. 2–4. Optimizing the graphit
phase with the same lattice vectors as Teteret al. gave the
geometries in Table I. It can be seen that the two meth
give results that are in reasonable agreement with each o

In order to evaluate the possibility of having nonplan
graphitic systems, test calculations were carried out in wh
the three coordinated N in C3N4 were shifted somewhat ou
of the atomic layer. These calculations always produce
considerable energy increase. Presumably, such movem
perturb the electronic configuration of the planar six mem
rings. Thus the graphitic phases are assumed to be plana
at least they should buckle in such a way that the electro
structures of the six member rings are disturbed as little
possible.

It proved to be rather time consuming to fully optimiz
the structure of C11N4, and therefore there are still som
residual forces acting upon the atoms. Whether this is du
the size and shape of the unit cell, it is not clear. Howev
the geometries in Table I are not too far from those of p
graphite and graphitic C3N4 indicating that the systems, ac
cording to their unit cells, are close to their equilibrium p
sitions. Additional changes of the bond lengths and ang
are anticipated to be small, and such changes are judge
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have a minor effect on the core ionization energies discus
below. The total energy of theA conformation in Fig. 1 is
0.30 eV/unit lower thanB.

B. Total electronic density of states

The total electronic density of states~DOS! of all the
compounds is shown in Figs. 5 and 6. In Fig. 5 it can be s
that the only graphitic phase that displays a band gap
C3N4. For this compound the occupied states closest to
Fermi level belong to 2p states of the two coordinatedN
atoms@cf. Figs.~2! and 5~b!#. The empty bands closest to th
Fermi level consist of C and two coordinatedN states. The
occupied 2p states of the three coordinatedN atoms are pre-
dominately located below22 eV.

C11N4, which is isoelectronic with graphite and C3N4,
should have a zero density of states at the Fermi level. H
ever, if the geometry is constrained to have the same st
tural parameters as graphite the system is metallic@cf. Fig.
5~c!#. When it is relaxed the DOS approach zero, althou
there are still some states crossing the Fermi level. These
C 2p states mostly. The DOS would most likely drop
zero if a complete geometry optimization is performed.
for graphitic C3N4 there are partial states of the two coord
nated N just below the Fermi level, whereon they sudde
decrease to zero.

The DOS of the Csp3 C3N4 phases in Fig. 6 exhibit
band gaps which are approximately 0.5–1.5 eV smaller t
that of diamond. The values are close to those previou
obtained.5 Since DFT usually produces too small band ga

FIG. 2. One layer of graphitic C3N4.
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10 858 PRB 60ANDERS SNIS AND SAMIR F. MATAR
they are expected to be larger. As a comparison the ca
lated band gap for diamond is 4.4 eV which is 1 eV low
than experimental value.18

In a-C3N4 there are four different N atoms~cf. Fig. 3!.
They are all bonded in nonplanar configurations. Howev

FIG. 3. a C3N4 in the 001 direction.

FIG. 4. b C3N4 in the 001 direction.
u-
r

r,

the pyramidal conformation is most prominent for N2, pr
sumably since the distance from N2 towards its nea
neighbor in the direction of the lone pair is 4.7 Å. This
long when compared with the other N-N distances, which
approximately 2.4 Å. As a consequenceN2 has a sharp and
high DOS peak located at21 eV. The DOS closest to the
Fermi level are N1 and N4 states.

In b-C3N4 N1 is forced to have a completely planar p
sition, whereasN2 is slightly pyramidal~cf. Fig. 4!. The
N1-N1 distance is only 2.40 Å, indicating a rather stro
interaction between their lone pairs. This is also reflected
the DOS since the states closest to the Fermi level areN1 p
states.

C. 1s core level energies relative to Fermi level

The energy differences between Fermi levels and c
levels obtained from unit-cell calculations are shown
Table II. The discrepancy between values calculated w
and without localp functions are generally within 0.2 eV
The exceptions are the nitrogen atoms of the graphitic pha
for which the differences are larger. However, the relat
chemical shifts between atoms in the same compound
stable. When comparing with experimental XPS data it
evident that the energies of the nitrogen atoms are too
with approximately 3–4 eV. The reason is of course the h
potential that is created in the x-ray photoemission proce
Thus atoms with different nuclear charges cannot be co
pared directly with each other from Fermi-level and co
level energies only. Furthermore, it might be dangerous
apply this method to species with different constitution
since polarization effects might be erroneously accoun
for. It is therefore necessary to perform core-excitation c
culations in order to estimate quantitative values. These
provided in the next section. In this section a qualitati
analysis of the chemical shifts in Table II is presented.

Following the C 1s column in Table II downwards it can
be seen that the energy increases by almost 3 eV when g
from graphite to graphitic C3N4. For the C sp3 C3N4
phases additional shifts of 1–1.8 eV are obtained. The h
est values are for thea, b, and cubic systems. Their value
are more than 4 eV above that of graphite. This is more t
1 eV higher than previously assumed for tetrahedral C
C3N4,6 indicating a substantial polarization of charge t
wards the N atoms. The energy difference between the tw
in a clearly indicate that these two atoms are nonequivale

As a consequence of the lower nitrogen content the Cs
values of C11N4 decrease when compared with the C3N4
phases. It is notable that for the C atoms bonded to two
threeN similar shifts are estimated~cf. C1 and C8 in C11N4
A, and C1 and C2 in C11N4 B!. There is a decrease of almo
1 eV when going to the C atoms connected to one N~C2 in
A and C5 in B!. The C atoms that are not linked to any
exhibit different values. Some are even negative demons
ing that these atoms have acquired some charge when c
pared with graphite. In order to find an explanation for t
variations it could be stressed that the atomic configurati
in Figs. 1~a! and 1~b! impose a graphiticlike C3N4 electronic
structure upon the C11N4 systems. In C11N4 A, C3, C4, and
C7 should therefore be in nitrogenlike positions, where
C1, C2, C5, C6, andC8 should be in carbonlike positions
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TABLE I. FLAPW geometries in Ångstrom for graphitic C3N4 and C11N4. See Figs. 1 and 2. Value
inside parantheses refer to those of Teter and Hemley.

C3N4 C11N4 A C11N4 B

N1-C 1.48~1.45! N1-C8 1.47 N1-C2 1.43
N1-C1 1.51 N1-C5 1.40

N2-C 1.31~1.32! N3-C8 1.34 N3-C8 1.33
N2-C1 1.31 N2-C1 1.32
N2-C2 1.38 N2-C2 1.43
C-C 1.41–1.42 C1-C3 1.48

C2-C4 1.45
/N2CN2 124°(124°) /N2C1N2 128° /N2C1N2 119°

/C8N3C8 122° /C8N3C8 125°
/CN2C 116°(116°) /C2N2C1 117° /C2N2C1 123°

/C2N1C2 115°
II,
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This coordinates fairly well with the energies in Table
since the former group has the lowest values and the la
group has the highest. The same assignments can be do
C11N4 B, and again the energies seem to follow this tren

The aromatic nitrogen atoms, N2 and N3 in C3N4 and
C11N4, and the three coordinated nitrogen, N1, in the sa
systems have the lowest and the highest N 1s values, re-
spectively. The energy difference between these two nitro
configurations vary from 2.4 eV in graphitic C3N4 to 3.3 eV
in C11N4 B. The energy gaps are in accordance with an
perimental value of 3.0 eV for systems containing simi

FIG. 5. Electronic density of states of graphite~a!, graphitic
C3N4 ~b!, unrelaxed C11N4 A ~same in-plane lattice parameters
graphite! ~c!, geometry optimized C11N4 A ~d!, and geometry opti-
mized C11N4 B ~e!.
er
e in

e

n

-
r

nitrogen bonding configurations.19 The wide energy differ-
ence in C11N4 B together with the geometries in Table
indicate that when N is located in a local carbon graph
environment it strives to give away some charge in orde
fit into the lattice. Some of the charge may have been ac
mulated on N3.

The variations of the N 1s energies within the carbonsp3

compounds are less then 1 eV, and the values are in betw
those of the graphitic systems. It can be noticed that
nonequal nitrogen atoms ina and b have different values.
Thus they are all subjected to somewhat different bond
conditions. This has been previously established to be

FIG. 6. Electronic density of states of diamond~a!, a C3N4 ~b!,
b C3N4 ~c!, cubic C3N4 ~c!, and pseudocubic C3N4 ~e!.
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TABLE II. Differences inEF—1s core-state energy~eV! obtained from unit cell calculations. Graphit
is used as reference. Values inside parantheses refer to calculations with localp orbitals.

Atoms in C 1s N 1s
Species unit cell atom energy atom energy

Graphite 4 C1 0.00~0.00!
C2 20.03(20.06)

Diamond 8 C 20.18(0.00)
Graph-C3N4

a 14 C1 2.64 ~2.44! N1 e 112.80~112.39!
C2 2.60 ~2.42! N1 f 112.85~112.43!

N2 e 110.52~110.12!
N2 f 110.48~110.08!

a-C3N4
b 28 C1 3.71 N1 111.62

C2 4.12 N2 110.80
N3 111.50
N4 111.47

b-C3N4
c 14 C 4.28~4.28! N1 111.05~110.98!

N2 111.71~111.61!
cubic-C3N4 14 C 4.04~4.06! N 111.34~111.29!
pscub-C3N4 7 C1 3.54 N 111.03

C2 3.53
C11N4 A d 15 C1 2.10~1.85! N1 113.00~112.49!

C2 1.11~0.80! N2 110.36~109.86!
C3 0.10(20.10) N3 110.68~110.17!
C4 0.20(20.02)
C5 0.50~0.27!
C6 0.57~0.34!
C7 0.30~0.07!
C8 2.20~1.97!

C11N4 B d 15 C1 2.05 N1 113.50
C2 2.30 N2 110.38
C3 20.10 N3 110.20
C4 0.45
C5 1.55
C6 0.72
C7 0.20
C8 0.85

aSee Fig. 2.
bSee Fig. 3.
cSee Fig. 4.
dSee Fig. 1.
eLayer 1.
fLayer 2.
d
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case forb-C3N4.20 The lowest value is obtained for N2 ina,
which is the most pyramidal nitrogen atom in its compoun
The low value for the planar N1 inb is presumably an effec
of the short distance between its lone pairs. In the cubic
pseudocubic compounds the nitrogen atoms in the latter
the most pyramidal ones. These atoms have also rather
values.

D. 1s core excitations and XPS energies

As can bee seen in Table III the Fermi level correc
values of graphite and diamond vary with the size of the u
cells. This is natural since interaction between and wit
unit cells caused by the corepotential and the extra vale
electron depends on the size and the total number of vale
.

d
re
w

d
it
n
ce
ce

electrons of the cells. As the cells increase in sizes the va
will converge. However, it is not possible to obtain co
verged values. This is the reason why Fermi level correc
values have to be used. Of course the technique inhere
includes some errors. The main ones can be listed as follo
~a! core-potential inter unit-cells interaction;~b! inter unit-
cells interaction caused by the extra valence electron: and~c!
intra unit-cell interaction between the extra electron and
other valence electrons. As mentioned above~a! is reduced
by the presence of the extra valence electron, which ke
the compound neutral. The Fermi level correction redu
the effect of ~b!, and having the same number of valen
electrons in all the unit cells investigated with the cor
excitation procedure minimizes~c!. The difference in energy
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TABLE III. Total energies for core excitations,TE ~eV!, difference in Fermi level between ground state and core excited state,DEF
~eV!, and Fermi level corrected values,TE—DEF. Values inside parentheses are relative to graphite.

Atoms in C 1s N 1s
Species unit cell TE DEF TE2DEF TE DEF TE2DEF

Graphite~C1a! 16 287.7 0.79 286.6~0.00!
Graphite~C1a! 4 288.1 1.86 286.2(20.40)
Diamond 32 291.5 4.43 287.1~0.50!
Diamond 16 291.3 4.64 286.7~0.10!
Diamond 8 291.4 5.33 286.1(20.50)
Graph-C3N4

b 14 290.3 0.79 289.5~2.87! N1 404.8 1.59 403.3~116.6!
N2 402.1 1.19 400.9~114.2!

b-C3N4
c 14 294.2 2.72 291.5~4.85! N1 405.5 3.47 402.0~115.4!

N2 405.6 3.05 402.6~116.0!
cubic-C3N4 14 293.9 2.79 291.1~4.42! 405.3 3.29 402.0~115.4!
C11N4 Ad 15
C1 289.5 0.69 288.8~2.13! N1 403.6 0.80 402.8~116.1!
C2 288.1 0.51 287.6~0.92! N2 401.1 0.71 400.4~113.7!
C3 287.4 0.76 286.5(20.10) N3 401.7 0.82 400.9~114.2!
C5 287.5 0.45 287.0~0.39!
C8 289.1 0.34 288.7~2.11!

aUnit cell coordinates 0,0,0 and 0,0,0.5.
bSee Fig. 2.
cSee Fig. 4.
dSee Fig. 1.
th

he

a
on
th
th
se

w
t
x
.3

ne

r

n
it
i

a

1
ly

er-

en
or-
ted

nly.
nt

-

, is

N2
ro-
tal
eri-
bon
cies
s in
g
k at
om
eak
the

nd
hen
1

as-
when compared with experiment is expected to be almost
same for all the iso electronic unit cells.

The XPS measurements performed by Ronninget al.
show that the energy difference between the C 1s core level
in the pure carbon compound and the N 1s core levels in
CNx films should be in the range of 115.9–113.3 eV. T
core-ionization Fermi level corrected N 1s values in Table
III are in good agreement with this finding. It is notable th
the super cell ionization energies of graphite and diam
are close to 287 eV. This is almost 2 eV higher than
experimental XPS value. Thus, it is suggested that all
Fermi level corrected values in Table III should be decrea
by 2 eV when comparing with XPS energies.

The Fermi level corrected values for C in Table III sho
that the C shift of graphitic C3N4 is somewhat larger bu
close to that in Table II. The XPS value should be appro
mately 287.5 eV. Shifting the N1 value by 2 eV gives 401
eV, which is above the highest experimental value obtai
by Ronninget al.

The C 1s shifts for b and cubic C3N4 are also above
those in Table II. This suggests that the C 1s values fora-
and pseudocubic C3N4 in Table II should be shifted to highe
values, and that the XPS values for Csp3 in C3N4 environ-
ments should be between 288.6–289.5 eV. This energy ra
is clearly higher than the XPS values estimated for graph
C3N4. An explanation in accordance with the arguments
Refs. 21 and 22 is that the electronic charge density of Csp3

is less confined to the C nucleus than insp2 hybridization
and therefore prone to be more polarized towards the N
oms.

The relative difference between the core excited Ns
values ofb and cubic C3N4 have not changed considerab
e

t
d
e
e
d

i-

d

ge
ic
n

t-

when compared with the values in Table II, and XPS en
gies should be within 400.0–400.6 eV. Thus, the N 1s core
ionization energies for all the Csp3 C3N4 compounds are
supposedly within the experimental range. However, wh
comparing with experimental results it seems difficult to c
relate nitrogen energies in this range with C energies loca
at 288.6–289.5 eV, and therefore it is concluded that C3N4
phases are either absent or present in small amounts o
This is not surprising since the maximum overall N conte
in the films produced by Ronninget al. correspond to a sto
ichiometry of C2N.

The values of C11N4 in Table III are in accordance with
experimental data. The N1 energy, when shifted by 2 eV
400.8 eV. This is the same value as Ronninget al. assigned
to nitrogen atoms in a similar configuration in CNx films
grown at a high substrate temperature. The low value of
correlate well with that suggested for two coordinated nit
gen atoms. The C values are all within the experimen
range. However, as mentioned in the introduction the exp
mental assignments include tetrahedrally coordinated car
atoms bonded to one and two nitrogen atoms. Such spe
are not investigated here. In any case the carbon atom
graphitic C11N4 can be divided into three groups yieldin
energies close to the three experimental peaks. The pea
the lowest energy would then be interpreted as arising fr
carbon atoms without any nitrogen neighbors. The next p
would be due to carbon atoms connected to one N and
peak above 286 eV would belong to C linked to two a
three N atoms. Experimentally there was a trend that w
the nitrogen concentration increased the low energy Cs
peak shifted to somewhat lower values. This shift was
sumed to originate from carbon atomssp2 bonded to C or N



u
ie
ik

e

h

t is

be

n

at-
.

gen
t in-
ura-

idal

dis-
ne

e-
N
hat
la-
to

ter
s-

n-
an

sed

10 862 PRB 60ANDERS SNIS AND SAMIR F. MATAR
atoms. The results in Table III support C-C bonding config
rations only, and that C atoms with the lowest XPS energ
are those which were previously assigned to be in N-l
positions.

IV. CONCLUDING REMARKS

The energy shifts in Table II and the Fermi level correct
values in Table III together with a 2 eVcorrection suggest
the XPS energies in Table IV. It is important to note that t

TABLE IV. Approximate 1s core-level XPS energies~eV! sug-
gested for graphite, diamond, and graphitic C11N4.

Compund C 1s N 1s

Graphite C 284.6
Diamond C 284.7
Graph-C3N4 C 287.5 N1 401.3

N2 398.9
a-C3N4 C1 288.9 N1 400.5

C2 289.3 N2 399.7
N3 400.4
N4 400.4

b-C3N4 C 289.5 N1 400.0
N2 400.6

cubic-C3N4 C 289.1 N 400.0
pscub-C3N4 C 288.6 N 399.7
C11N4 C 286.72286.8a N 400.8–401.3d

C 285.62286.0b N 398.2–398.8e

C 284.42285.0c

aCoordinated to two and three N.
bCoordinated to one N.
cCoordinated to C only.
dThree coordinated.
eTwo coordinated.
u

.

.
s

.
y

h

-
s

e

d

e

correction term is adjusted in such a way that the 1s core-
ionization energy of C atoms in a pure carbon environmen
the same as in Ref. 13 ('284.7 eV). In order to suit a
different reference energy, all values in Table IV can
shifted appropriately.

From the C 1s values it is clear that tetrahedral carbo
C3N4 phases should be distinguishable by high C 1s ioniza-
tion energies. The C 1s values of C11N4 are all lower and
close to the experimental XPS peak positions of carbon
oms in CNx films with nitrogen concentrations less the 50%
However, tetrahedral C connected to one and two nitro
atoms may have similar energies. Such species was no
vestigated, but attempts to address such bonding config
tions will be conducted.

The N 1s ionization energies ofa- and pseudocubic-
C3N4 may serve as a measure of XPS energies of pyram
nitrogen atoms in Csp3 environments with low nitrogen
concentration. The reason is that in these systems the
tance between N atoms in the direction of the nitrogen lo
pair is rather long.

The values ofb-C3N4 show that this phase can be d
tected by C 1s ionization energies above 289 eV and two
1s XPS peaks at approximately 400.0 and 400.6 eV, t
correlate in intensity with the high C peak. No such corre
tion could be obtained in the experimental works referred
here.
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