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Spectroscopy ofp bonding in hard graphitic carbon nitride films:
Superstructure of basal planes and hardening mechanisms
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X-ray-absorption near-edge spectroscopy~XANES or NEXAFS! has been used to obtain information on the
orientation, corrugation, and cross-linking of graphitic carbon nitride planes, structural parameters that deter-
mine the mechanical properties of the material. The contribution ofp electrons from carbon and nitrogen atoms
to p bonding in graphitic carbon nitride has been studied with elemental and angular sensitivity by XANES.
The density ofp* states from nitrogen is composition dependent and presents angular anisotropy, while the
density ofp* states from carbon is isotropic and independent of composition. Both observations are consistent
with a model of the superstructure of basal planes.
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Carbon nitride films have been the aim of intense resea
since the theoretical work of Cohen and Liu predicting
b-C3N4 phase harder than diamond.1 However, most of the
attempts to synthesize this phase have resulted in the gr
of amorphous graphitic films with a nitrogen content belo
50 at. %.2 These experimental results have stimulated th
retical work on graphitic carbon nitrides, both on hypothe
cal crystalline phases3 and on amorphous structures.4–7

An important finding with regards to graphitic structur
is that the orientation and cross-linking of basal planes
proves significantly the hardness and elasticity of
material.8 The orientation, corrugation, folding, and cros
linking of basal planes give shape to a superstructure
determines the actual physical properties of the graph
solid. This result seems valid for other laminar materia
similarly to what is found with fullerenelike structures.9

Obtaining information on the superstructure is a diffic
task since, on the one hand, it lacks long-range order and
the other hand, the bonding structure remains essentially
phitic. Hitherto, only high-resolution transmission electr
microscopy has been capable of detecting the superstru
of graphitic planes.8 Here, we present an analysis ofp*
states measured by x-ray-absorption spectroscopy~XANES!
that provides a link between the bonding and electro
structure and the geometry of the superstructure.

Previous work on graphitic carbon nitride has reporte
decrease of the electric charge inp bonds with increasing
nitrogen content6,10 that was explained by the curvature i
duced in the basal planes due to the presence of nitro
Some authors consider that the presence of nitroge
enough to explain the bending of basal planes formed o
by six-member rings, and that the cross-linking of differe
planes can go through threefold coordinatedsp2 hybridized
carbon atoms.7 Other authors consider that it is necessary
include five-member rings in the basal planes to explain th
curvature, and that cross-linking takes place throu
fourfold-coordinatedsp3 hybridized atoms, either carbon8,10

or nitrogen.11 Discerning the mechanism ruling the bendi
and cross-linking of basal planes seems of major interes
PRB 620163-1829/2000/62~7!/4261~4!/$15.00
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understand the properties of graphitic carbon nitride.
This question can be answered by studying the contri

tion to p bonding of electrons from C and N atoms sep
rately. A well-suited technique is x-ray-absorption near-ed
spectroscopy~XANES!, where electrons from 1s core levels
of the different atoms are promoted to unoccupied sta
preferentially ofp* character due to the dipolar transitio
rules. In addition, the XANES spectral features of C(1s) and
N(1s) are much narrower and better resolved than those
other core-level spectroscopies such as photoemission.12 Pre-
vious XANES measurements have repeatedly found a
nificant proportion ofp* states both on the C(1s) and
N(1s) spectra.13–16 However, a detailed composition- an
angle-dependent XANES study was lacking.

We have prepared amorphous carbon nitride films
clean p-type ~100! Si substrates by evaporating graph
lumps with concurrent bombardment of nitrogen ion
Graphite was evaporated with an electron gun at a rate of;3
Å/s. Different nitrogen content values were achieved
varying the ion energy and current density, although alw
limited to @N#/@C#,0.3. The typical film thickness wa
;300 nm.

The XANES measurements were performed at
SACEMOR endstation~beam line SA72! of the LURE syn-
chrotron facility. The data were acquired in the total-yie
mode by collecting with a channeltron the electron emiss
from the sample, and were normalized to the signal from
gold-covered grid recorded simultaneously. The angle of
cidence of the light was kept at 55°, i.e., the magic angle
avoid orientation effects on thep* state intensity,17 except
when performing angle-dependent studies.

Nanoindentation experiments were made using a N
Indenter® II. The load-displacement data obtained were a
lyzed using the method of Oliver and Pharr.18 Each sample
was indented at nine different depths, at a constant rat
10% of the maximum depth per second. Each unloading
terminated at 10% of the peak load to ensure that contact
maintained between specimen and indenter. Each indenta
4261 ©2000 The American Physical Society
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4262 PRB 62BRIEF REPORTS
experiment was performed ten times, with a hardness dis
sion below 8%. The hardness of a film was assigned to
value corresponding to a penetration depth;10% of the film
thickness.

Figure 1 displays the hardness of the different films a
function of the nitrogen content. The nitrogen fractionX
5@N#/@C# was directly computed from the intensity of th
XANES spectra shown below, and is in agreement with
values derived from complementary photoemission and i
scattering measurements. The hardness of the carbon n
films with X,0.13 is independent of the nitrogen conten
although is;25% larger than for the plain carbon film
However, forX.0.13 the hardness increases linearly w
the nitrogen content up to;20 GPa for the composition
range studied. This behavior suggests changes in the bon
structure of the films with the nitrogen content, that we ha
followed by x-ray-absorption spectroscopy.

Figure 2 displays the C(1s) and N(1s) XANES spectra
from a set of carbon nitride films with different nitroge
contents. The spectra are shown normalized to the maxim
height for comparison purposes. Regarding the C(1s)
XANES spectra, the presence of C-N bonds ofp character

FIG. 1. Hardness of a set of carbon nitride films determined
nanoindentation measurements, as a function of the nitrogen
tent.

FIG. 2. C(1s) and N(1s) XANES spectra from a set of carbo
nitride films with different nitrogen contentX5@N#/@C#.
r-
e

a

e
-

ide
,

ing
e

m

is revealed by the shift of the absorption threshold to hig
energies with increasing nitrogen content due to cha
transfer to the more electronegative N atoms, and by
appearance of several peaks in the 285–290-eV region
beled asV–Z in Fig. 2. These peaks originate from the d
ferent bonding environments of the carbon atoms, thoug
definitive assignment is still lacking. Similar features, a
though with different relative intensities, have been repor
in previous studies.13–16Regarding the N(1s) XANES spec-
tra, the presence of three well-resolved peaks, labeled
A–C, in the 396–402-eV range indicatesp* bonding in
three different chemical environments. This three-peak str
ture has been observed by other groups16,19and seems typica
of carbon nitride films with an@N#/@C# ratio below 0.4. For
higher nitrogen content, the N(1s) XANES contains a single
broadp* peak13,14 that can be understood from the mergin
of the three peaks observed here for low nitrog
concentrations.15

To study the electric charge contribution of carbon a
nitrogen atoms top bonding, we have computed the inte
sity of the wholep* region relative to thes* intensity for
each spectrum, and the values are displayed in Fig. 3.
limits of integration to compute thep* intensity are not
crucial, as long as one includes the wholep* region. To
compute thes* intensity it is enough not to overlap with th
p* states. Changing the limits of integration within the
constraints always yields a similar result within a proportio
ality factor. To keep the scale factors as similar as poss
for C and N, the same energy interval of integration is co
sidered for bothp* ands* states.

For the C(1s) spectra, the proportion ofp* states was
computed from the ratio of the area between 282 and
eV, representingp* states, to the area between 292 and 2
eV, representings* states. The relative C(1s) p* intensity
remains constant within 5% for the whole composition ran
and is the same as that for the evaporated carbon film re
sented in the bottom spectrum (X50), which is composed
of ;100% sp2 carbon.20 Therefore, formation ofsp3 sites
does not take place and the hardness increase cannot b
lated to formation ofsp3 carbon cross-linking sites. For th
N(1s) spectra, however, a variation of;50% takes place as
is displayed in Fig. 3. The N(1s) p* intensity was computed
from the ratio of the area between 396 and 402 eV, rep
sentingp* states, to the area between 405 and 411 eV, r
resentings* states. The N(1s) p* intensity increases with
nitrogen content until reaching a maximum aroundX5 1

6 and

y
n-

FIG. 3. Intensity ofp* states relative to thes* states in the
XANES spectra from carbon and nitrogen atoms.



n
he

f

m
i

h
th

e
s

of
i

nc

e
r-
,
a

re
t

icu-
eam

n-
a-
unt
the
are
sal

ots
ir
asal
on

gu-
r

axi-
ent

is-

r a
the

he

asal
e C
rfect
rre-

PRB 62 4263BRIEF REPORTS
decreases for larger nitrogen content.
Previous work simply relates thep* intensity to the num-

ber of atoms withsp2 hybridization. However, a change i
the bonding angle would result also in a variation of t
electric charge contributing top bonding. The maximum
charge density inp bonds will occur when the threes bonds
lie in a basal plane, and it will decrease when thes bonds are
not coplanar.7 This is well known from model molecules like
pyrrole, where the three coplanarsp2 hybrid orbitals of ni-
trogen form threes bonds and the remaining twop electrons
in the lone orbital are delocalized with a partial flow o
charge (;0.2e) away from the nitrogen.21 In this way, ni-
trogen participates inp bonding and exhibitsp* unoccupied
states that can be observed by XANES spectroscopy.22 When
the ring is not planar, the lone pair is not accurately ofp type
and conjugation with the ring is inhibited.23

The observation of the increase of the N(1s) p* intensity
with the nitrogen content forX, 1

6 can be explained by a
transition from nonplanar to planar nitrogen bonding geo
etry when the composition of one nitrogen atom per ring
approached. The subsequent decrease observed forX. 1

6 can
be explained by two different factors:~1! an increasing cor-
rugation of the basal planes, and~2! cross-linking of curved
basal planes through nonplanar nitrogen. The latter point
been previously proposed as a plausible explanation of
mechanical properties of graphitic carbon nitride films.11 The
present XANES results clearly indicate that only the nitrog
atoms can act as the linking sites of different basal plane
a cross-linking geometry.

Finally, we search for information on the orientation
the basal planes by angle-dependent XANES, since the
tensity of p* states follows a cosine-squared depende
with the angle between the light and thep bonds.17 This can
be used to detect the texture of graphitic films, even wh
long-range order is lacking.24 The measurements were pe
formed on the sample with the largest nitrogen contentX
50.25, and the results are shown in Fig. 4. The spectra
normalized to the maximum intensity and were measu
with different angles of incidence of the synchrotron ligh
The inset displays the dependence of the relativep* inten-
sity with the incidence-angle curve fitted to a cos2 u law. The
N(1s) signal shows an anisotropy of;0.2, which is absent
in the C(1s) signal. The anisotropy of the N(1s) p* signal

FIG. 4. XANES spectra for different angles of incidence of t
light. Inset: dependence of the relativep* intensity with the inci-
dence angle.
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corresponds to a preferential orientation of the nitrogenp
orbitals parallel to the surface, i.e., basal planes perpend
lar to the surface, as has been observed in other ion b
grown films.24

The distinct angular behavior of the C and N signal ca
not be explained for flat basal planes. To verify if corrug
tion, folding, and cross-linking of basal planes can acco
for the observed behavior, we perform an analysis of
p* -state anisotropy for simple geometries. The models
displayed in the top panel of Fig. 5 as side views of the ba
planes, forming a misorientation anglea with the sample
normal. The nitrogen atoms are represented with black d
and a figure-eight shape sketching the orientation of thep
orbitals. The segments represent a section of carbon flat b
planes. The bending angle at a nitrogen atom will depend
the nitrogen hybridization, ranging from 0° for puresp2 to
19.5° for puresp3. For simplicity we consider in Fig. 5 an
intermediate 10° angle, without losing generality.

The central panels of Fig. 5 represent the predicted an
lar dependence of thep* intensity at the C and N edges fo
each model, assuming a perfect orientation witha50°. The
displayed values of the anisotropy correspond to the m
mum intensity change. The bottom panels of Fig. 5 repres
the dependence of the C and Np* anisotropy with the dis-
order of the structure. This is modeled with a Gaussian d
tribution of a angles centered ina50, with a certain full
width at half maximum~FWHM!.

Model ~a! represents a corrugated plane, accounting fo
6% larger anisotropy of the nitrogen signal compared to

FIG. 5. Geometrical models representing side views of the b
planes, and the calculated anisotropy of the XANES signal at th
and N edges for each model. The central panels represent a pe
orientation of the model structures and the bottom panels co
spond to a Gaussian distribution of the misorientation anglea.
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carbon signal. Model~b! considers a curved plane, th
yields a;17% larger anisotropy of the N signal compared
the C signal. Model~c! considers a periodic structure o
curved basal planes, linked through nitrogen atoms tha
not contribute top bonding. In this case the N anisotropy
;45% larger than for C. However, for perfectly oriente
structures the carbon anisotropy remains large. Assumin
certain disorder of the structure, as shown in the bottom p
els of Fig. 5, the signal anisotropy is reduced. In this w
the C anisotropy can get too small to be detected, while
N anisotropy is still appreciable. This situation is found
model ~c! for a FWHM of a;100°.

In summary, our experimental results indicate the disti
behavior ofp electrons from carbon and nitrogen atoms
garding the formation ofp bonds in graphitic carbon nitride
with @N#/@C#,0.3. The density of thep* states from carbon
atoms remains constant over the whole composition ra
and corresponds to;100% sp2 hybridized carbon. There
fore, any model of basal planes cross-linking throu
ys
-
G

y

s.

. J

. E

.

-
P

o

a
n-
,
e

t
-

e

h

sp3-hybridized carbon atoms is ruled out. The density ofp*
states from nitrogen atoms is maximum for@N#/@C#;1/6,
and decreases for higher nitrogen content. The decrea
related to the curvature of basal planes and cross-link
through nonplanar nitrogen atoms, in agreement with the
gular dependence of the XANES signal. Cross-linking e
plains the hardness increase with the nitrogen content.
distinct behavior ofp* states from C and N should be d
rectly comparable with the electronic structure predicted
theoretical models of graphitic carbon nitride.
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