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A carbon-nitride compound with defect zincblende structure~P4̄3m! has been discovered in
samples prepared by a chemical precursor route. Crystallographical~high-resolution electron
microscopy and electron nanodiffraction! and electron energy loss measurements has been
performed to identify the material as cubic zincblende with C3N4 composition. Nanoindentation
indicates a high elastic recovery and hardness. The results agree with detailedab initio calculations
on metastable structures and compressibility. Our synthesis method is projected to be a process that
could produce large quantities of material by controlling the chemical strategy. The new compound
has potential applications for high hardness, elasticity and thermal conductivity materials and thin
films. © 1997 American Institute of Physics.@S0021-8979~97!07006-0#
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I. INTRODUCTION

Since Cohen’s proposal,1 which relates high bulk-
modulus to low ionicity and short bond length, carbon
nitride compounds have attracted a lot of interest becaus
their potential applications in the field of low-compressibili
materials2–9 due to the expected short bond length of t
C–N bonds. Moreover, the inferred bonding topology, larg
band gap, and high atomic density make these systems
able as thermal conductors and for materials with high e
trical resistivity, hardness, and elasticity.

The firstab initio calculations2 predicted that the phas
b-C3N4 has bulk moduli comparable to or greater than d
mond, and more recently other low compressibility stru
tures with the same composition have been propose3,4

Amorphous C–N films have been synthesized together w
some small crystallites that were indexed asb-C3N4.

5–8

Carbon–nitride films with fullerene-like microstructur
large nanoindentation hardness, and N/C composition r
between 0.2 and 0.5 have been obtained.10 A significant frac-
tion of the carbon atoms in the amorphous films exhibi
local sp3 atomic arrangement that seems insufficient
achieve the high hardness of theb-C3N4 network. Until now
most of the experimental work has concentrated on prod
ing the predictedb-C3N4 structure by either laser ablation5,6

or reactive sputtering.7 We remark here that as has been p
posed in Ref. 4, other structures may be energetically m
stable thanb-C3N4 and that the observed experimental d
fraction patterns could be redindexed as being the m
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stablea-C3N4 structure with a low error. However, as show
in the present article metastable structures with promis
electrical, thermal, and mechanical properties could also
synthesized.

Chemical strategies for nanostructure synthesis of in
ganic compounds are increasing in use due to the grow
control and accessibility to metastable structures.11 The or-
ganic chemistry synthetic methods take advantage
activation barriers to kinetically trap atoms in a desired co
figuration and molecular self-assembling, in contrast to
routine work of solid-state chemists who are mainly co
cerned with the most stable thermodynamic products. In
present article we follow the first approach and take chem
precursors to synthesize CxNy structures instead of the com
plex deposition techniques used in the literature.5,7 The main
advantages of this procedure are the potential productio
large quantities of the material by a control of the chemi
processes and the accessibility to many metastable s
tures.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Samples were prepared by heating N,N-diethyl-1
phenylene-diammonium sulphate~DPDS!, C10H18N2O4S, in
the presence of N2 atmosphere and a SeO2 catalyst.

12 The
sample temperature was raised at a rate of 10 °C/min u
800 °C and then cooled down to room temperature. The h
ing cycle was performed in a thermo-gravimetric Perkin
Elmer TGS-2 and differential thermal analysis systems.
studied the samples with high-resolution electron micr
copy, scanning electron microscopy coupled with x-ray m
croanalysis, electron energy loss spectroscopy~EELS!, and
electron diffraction. High-resolution transmission electr
microscopy~HRTEM! was performed with a JEOL 4000-EX
il:
25555/5/$10.00 © 1997 American Institute of Physics
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microscope with a point resolution of 1.7 Å working at o
timal defocus, on uncoated samples prepared using a
ion-beam thinning at 6 keV in a liquid nitrogen holder. Th
advantage of HRTEM and crystallographic image process
over x-ray crystallography is that crystallographic phases
be determined directly from images and extremely sm
samples can be analyzed. EELS spectra was acquired
regions having a thickness of less than 0.3 mean-free pa
the diffraction mode.13

In Fig. 1~a! we present a low magnification scannin
electron micrograph of the material, showing a typical
brous structure observed in all samples. The samples
tained both an amorphous matrix and regions of polycrys
line carbon nitride with more than 25% local density@see
Figs. 1~b! and 2~a!: ‘‘pancake model’’ with small crystallites
of diameter ranging from 5 to 50 nm#. In Fig. 1~c! we present
a nanodiffraction pattern that shows the~011! orientation
planes of a zincblende structure for the carbon nitride cr
talline phase, and in Fig. 1~d! we show a HRTEM micro-
graph of the~111! planes corresponding to a zincblende c
bon nitride crystallite with an interplanar distance of 2.02
From the HRTEM analysis the structure is found to be cu
zincblende~see discussion in Fig. 1!. A more complete elec-
tron diffraction characterization of the structure is given
Fig. 2 where we show, for the crystallites embedded in
amorphous matrix of Fig. 2~a!, both selected area electro

FIG. 1. Microstructural analysis:~a! Scanning electron micrograph of th
carbon-nitride material showing the fibrous structure.~b! HRTEM micro-
graph of a fiber showing, with arrows, some of the carbon-nitride crystal
embedded in an amorphous matrix.~c! Nanodiffraction pattern of a region
of the crystallite showing the zincblende structure oriented in the~011!
direction.~d! HRTEM micrograph obtained with a point resolution of 1.7
and optimal defocus showing the~111! planes of the zincblende C3N4 crys-
tallite ~the inset gives the Fourier transform of the image that is used
measure the interplanar distance!. The obtained distance between paral
planes is 2.02 Å. For other orientations~200!, ~220!, ~311!, ~222!, ~331!,
~024!, and~511!, the HRTEM measured interplanar distances are 1.77, 1
1.06, 1.0, 0.81, 0.79, and 0.68 Å, respectively. The averaged lattice con
for the defect zinc-blende structure isa053.5260.05 Å.
2556 J. Appl. Phys., Vol. 81, No. 6, 15 March 1997
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diffraction, SAED @Fig. 2~b!# and nanoprobe electron dif
fraction ~ED! patterns@Figs. 2~c!–2~f!#. From the peak posi-
tions and intensities in both types of patterns~SAED and
ED! and the previous HRTEM analysis, the crystal structu
is identified to be cubic zincblende with a lattice parame
of a053.52 Å ~see Figs. 1 and 2!. Due to the low volume of
the crystallites involved in producing the diffraction pattern
it was not possible to determine the exact positions of
atoms in the lattice by the peak intensity alone. To furth
confirm this structure we have performed extended ene
loss fine structure analysis~EXELFS! using several spectra
to achieve a reasonable statistical accuracy. EXELFS giv
precise measurement of the first- and second-nearest n
bor distances in a compound~in our case C–N bond
length!.14 The obtained first shell distance of 1.47 Å agre
well with the known C and N covalent radii~0.77 and 0.70

e

o

6,
ant

FIG. 2. Diffraction analysis:~a! Bright field image showing the small crys
talline particles where the electron diffraction analysis is performed.~b!
SAED pattern that corresponds to a zincblende structure. Although th
and N structure factors are very similar, the~002! and~111! reflexions have
a finite intensity in agreement with computer diffraction simulations o
cubic C3N4 zincblende structure.~c! through~f! give the ED patterns of the
individual particles shown in~a! for near@123#, @112#, @110#, and@100# zone
axes orientations, respectively. These experimental diffraction patt
match best the theoretical diffraction patterns~spot position and intensities!
generated for a defect zincblende structure, confirming the structure
tained in Fig. 1. We should emphasize that our structural analysis relie
addition to EXELFS results, more on HRTEM images and ED giving is
lated single crystalline patterns from individual particles to discern th
crystal structure and symmetry, rather than on SAED patterns alone. S
gives mixed patterns from possible multi-phase compositions of carbon
tride samples and, perhaps, a mixture of several cubic andb-C3N4 crystal-
lites might have been the reason for the observed missing or extra spo
the diffraction patterns obtained in previous works~see Refs. 5–8!.
Martin-Gil et al.
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Å, respectively15!. Based on this result, the calculated latti
parameter becomesa053.41 Å. This value differs by 3.5%
from that obtained by ED, that is within the accuracy
transmission ED. For the second shell the distance was fo
to be 2.51 Å, but this shell contains quite a large contribut
of multiple scattering which we did not include in the fittin
procedure; therefore, the value is not as accurate as fo
first shell. The Debye–Waller factors are large, especially
the second shell; this may indicate a possible nonstoichi
etry of the carbon nitride phase, CxNy . We remark that the
zincblende structure~a053.41–3.52 Å! for the CxNy crystal-
line phase obtained here does not fit in any of the previ
reported experimental data.

As for composition, the global sample~matrix plus crys-
tallites! has a composition CNx ~0.2,x,0.5!, depending on
the nitrogen content in the sample.16 However, from EELS
on the embedded carbon nitride crystallites of Fig. 2~b! we
estimate the composition to be CxNy , with x andy between
3 and 4. Knowing that the amorphous region constitutes
proximately 75% of the sample volume, the small crystall
sizes and considering the uncertainty in elemental comp
tional analysis with transmission EELS due to amorpho
crystallite overlap, a definitive conclusion about the CxNy

composition of the crystallite cannot be reached. In additi
the amorphous part of the sample is assigned to have a c
position of C2N in N-rich samples and CN0.25 in other
samples with low content in N.12 This last sample coincide
with the proposed fullerenelike network of buckledsp2

planes cross-linked bysp3 bonds of Ref. 10 that has a larg
hardness and elastic recovery.

The nanoindentation technique based on an atomic fo
microscope has been used to probe the nanoindentatio
the material which recovers rapidly upon removal of the
dentor, indicating a high elastic recovery~more than 85%!.
Considering the uncertainty in the stress distribution of
indentation in the spongy nature of the compound mate
and the totally nonlinear unload curve, hardness~H! and
elastic Young modulus~E! values for the crystalline phas
alone cannot be evaluated very accurately. Using the tan
method we estimate a value ofH;35 GPa andE;190 GPa.
This is lower than the corresponding values for diamo
films ~H;100, E;1000 GPa! but similar to other carbon
nitride films.10Moreover, the ratioH/E gives a measuremen
of the resistance of the material to damage; the higher
ratio, the more resistant the material. The obtainedH/E ratio
of 0.18 is larger than that corresponding to sapphire, s
lime glass, tungsten, quartz, and diamond films~H/
E;0.06,0.07,0.08,0.12, and 0.1, respectively!. Therefore, the
new carbon nitride material combines elasticity with ha
ness and could be a good candidate for applications in s
ations where resistance to mechanical wear and elasticity
needed.

III. THEORETICAL PREDICTIONS

In order to investigate the structure of the present CxNy

compound, we have performedab initio pseudopotentia
density functional calculations for different structures2–4 and
for two different nanocrystal compositions: CN and C3N4.

17

The local density approximation in the parametrization
J. Appl. Phys., Vol. 81, No. 6, 15 March 1997
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Ceperley–Alder18 and the Troullier–Martins19 norm-
conserving pseudopotentials were used in all the calc
tions. A plane-wave cutoff of 60 Ry was used to get go
convergency in total energy, forces, and stress. For a g
volume and structure, the position of the atoms was m
mized and the final result as a function of volume fit to t
Birch equation of state,20 the bulk-modulus~B0!, and its
pressure derivative~B08! being extracted from this fit. The
connection between hardness~which is related to how the
system resists both plastic and elastic deformations! and the
compressibility bulk modulus stems from the fact that t
system is ideal; that is, with no point defects or macrosco
defects and dislocations. We note that the aggregate s
modulus is a better indicator for potential hardness than
bulk modulus,21 but for our purposes is enough to estima
the hardness through compressibility.

Together with the hard structureb-C3N4 first proposed
in Refs. 1 and 2, other stoichiometric structures have rece
been proposed: graphite~P6̄m2 symmetry!, defect-
zincblende ~P4̄3m symmetry!,3 and a cubic-C3N4 ~I 4̄3d
symmetry! based on relaxing the coordinates of t
willemite-II structure of Zn2SiO4.

4 In some of these forms
the network of short C–N bonds differs considerably fro
that in theb structure and they can be thought of as carb
nitride networks with varying ratios ofsp2 andsp3 bonding
and very similar C–N bond length. These structures sat
electron counting arguments and are insulating with a la
band gap.22 From the conclusive diffraction pattern shown
Figs. 1 and 2 we know that the nanocrystalline sample
cubic zincblende symmetry; therefore, we performed cal
lations for the possible cubic phases. We remark that
results~see Table I! agree well with the recently publishe
data for different structures of C3N4.

4 Energetically the
graphitic-C3N4 is the most stable geometry but very close
the hardesta-C3N4 andb-C3N4 phases. The cubic structure
show compressibility similar to that of thea-C3N4 and
b-C3N4 phases, but with 1 eV less energy per C3N4 unit. In
fact, cubic C3N4 is the hardest phase, being the defe
zincblende structure lattice constant closest to the exp
mental one.

We have also performed calculations for the zincblen
CN structure. This phase does not follow electron count
arguments and should not be stable unless the extra ele
is delocalized with a metal-like density of states. The cu
CN structure is expected to have a larger nearest neigh
bond length and not to exhibit greater hardness. The c
puted lattice constant is 3.62 Å and the bulk modulus is o
265 GPa as compared to the higher bulk modulus~.420
GPa! obtained for the other cubic forms. The results are
agreement with the previous expectations. Note that
phase is not mechanically stable and othersp2-type
N-bonding structures~bct-4! with lower compressibility are
energetically more favorable.23 Furthermore, other meta
stable structures17 not studied here having different stoich
ometries and lower N content~for example C4N3 and
sp2-bonded carbon nitrides! could also be formed by tech
niques similar to ours.
2557Martin-Gil et al.
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TABLE I. Lattice constant, bulk modulus~B0! and its pressure derivative~B08! for different phases of C3N4 and
zincblende CN. The C3N4 structures are ordered in cohesive energy. We note that the cubic structures are
1 eV per C3N4 unit lower cohesive energy. We include the data for carbon in the diamond structurea for
comparison.

Graphitic-C3N4
b a-C3N4

c b-C3N4
b cubic-C3N4 defect-C3N4 cubic-CN diamond

space group P6̄m2 P31c(C3v
4 ! P3(C3

1! I 4̄3d P4̄3m F43m Fd3m
atoms/cell 14 28 14 28 7 2 2
a~Å! 4.74 6.47 6.40 5.40 3.44 3.62 3.57
c~Å! 6.72 4.71 2.40 ••• ••• ••• •••
B0~GPa! ••• 425 451 480 430 265 443
B08 ••• 3.1 3.3 3.3 3.4 5.4 •••

aSee Ref. 1.
bData taken from Ref. 3.
cData taken from Ref. 4.
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IV. DISCUSSION

From the experimental information and the theoreti
analysis above we can assign the new synthesized pha
the C3N4 defect zincblende structure first proposed in Ref
The computed lattice constant of 3.44 Å fit the best, amo
other CxNy cubic phases, within the experimental range
a053.41–3.52 Å.24 We remark that even if the present ide
tified defect zincblende structure is not the most stable st
ture, it is a metastable~mechanically stable! structure and
could be formed either in a chemical process~as done here!
or at high pressures. Metastability has been checked theo
cally by displacing all the internal coordinates at differe
volumes.

After characterizing the structure of the crystallin
sample we describe a possible scenario for the formatio
C3N4 crystallites. We think that the cubic C3N4 is obtained in
the thermolysis of a precursor polymeric material formed
the melting of DPDS. The presence of anionic groups~in our
case SO4

22! induce the polymerization of the DPDS chai
and forms a catenar assembler. The chains can be ‘‘
organized’’ for covalent linkage by the cationic nitroge
that makes noncovalent links between the ‘‘organize c
ters’’ ~anionic sulfate groups! building a two-dimensiona
assembling.11 In this picture the role of the catalytic Se is
join different phenylene groups and to form a multilayer a
sembling. Pyrolisis in N2 atmosphere leads to nitrogen inco
poration in the samples and produces the collapse of
molecular assembler by the evaporation of Se. As a resu
the synthesis, C3N4 crystals in an amorphous matrix are o
tained. To be specific, the synthesis by pyrolisis of DPDS
N2-rich atmosphere is governed by the reaction

C10H18N2O4S18N2→3C3N41CO216NH31SO2,

where all products besides the carbon nitride are volatile
leave the sample. When the N2 flow is lower the reaction is
not complete and other carbon structures with low N cont
are formed. In fact, the pure carbon nitride crystallites
only observed in reactions made in an atmosphere with h
N2 flow. At the moment we are extending our experimen
studies in order to study how nitrogen is incorporated i
the samples during the reaction process and to quantitati
analyze the mass spectra of the reactive products~CO2, NH3,
SO2! as a function of N2 concentration. These results wou
hys., Vol. 81, No. 6, 15 March 1997
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help in the design of a chemical strategy to synthesize
cubic carbon–nitride in large quantities relevant for furth
analysis and technological applications. The results would
presented in a forthcoming publication.

V. CONCLUSIONS

In conclusion, we have presented evidence for a cu
defect-zincblende carbon–nitride C3N4 structure immersed
in an amorphous matrix of CNx ; ~0.2,x,0.5! composition
depending on the N content of the samples. The discover
a new carbon–nitride phase has several significant co
quences in addition to being promising in applications wh
require high damage resistance combined with hardness
elasticity. This defect zincblende structure has been obta
in lower quantities than the annealed CNx phase that has high
electrical resistivity, thermal conductivity, elasticity, and f
low N content samples, high hardness. Larger quantities
the crystallites could be obtained by improving the chemi
synthesis presented here as well as other accessible m
stable CxNy structures. It is hoped that our results stimula
further theoretical investigations into the properties of CxNy

structures and the development of new synthesis techniq
for thin films and bulk forms for potential technological a
plications.
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