Synthesis of crystalline carbon nitride
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A procedure was developed for preparing bulk carbon nitride crystals from an amorphous nitrogen- and carbon-containing
material at ultrahigh pressures and temperatures in the presence of seeds of crystalline C;N, films prepared by a laser—electric
discharge method.

The existence of crystalline carbon nitrig@@;N,) with the  Table 1 Interplanar distancesl) and relative intensities (in parenthe:
hardness comparable to that of diamond was predicted in 1989diffraction lines.
by Liu and Cohehon the basis oéb initio calculations. The

experimental data concerning the synthesis of crystfdHasN,, No.  de/A No.  dgy/A No.  dy/A

were surveyed in refs. 2 and 3. Note that crystalline carbont 5.6 (1) 14 1.862 (1) 27 1.460 (1)
nitrides were prepared as films rather than bulk samples. The 5.39 (2) 15 1.850 (4) 28 1.405 (4)
nitrogen content of these films varied from 15 to 35% depend-3 3.67 (2) 16 1.827 (2) 29 1.387 (1}
ing on the preparation procedure, whereas the stoichiometri¢ ~ 3.48 (5} 17 1.796(20) 30  1.345(8)

i : 9 ) 3.427 (2) 18 1.742 (1) 31 1.337(4)
nitrogen content of {N, is 57%. These low values were ex 323 (2) 19 1702 (3 a2 1320 (5)

plained by the formation of both crystalline and amorphous 2.788 (4) 20 1,697 (3} 33 1312 (1)
carbon nitrides as a result of synthesis; the fraction of theg 5 ggg (2) 21 1.642(2) 34 1.287(5)
former species was small, and they were distributed as grains ig 2.356 (2) 22 1.605 (1) 35 1.238 (3)
a matrix of amorphous carbon nitrides with a lower nitrogemo  2.30 (5) 23 1.576(1) 36 1.191(2)
content. The films can also be contaminated with cafbon. 11 2.171 (3) 24 1.548 (7) 37 1.186 (5)

We used films containing crystalling;)T, as seeds for the 12 2.044 (4) 25 1.540(3) 38 1179(1)
crystallization of amorphous carbon nitride at high pressure antB 1.913 (1) 26 1.503 (7) 39 1.167 (6}
temperature. The films were prepared by a laser—electric dig ; : : ; }
charge method, in which the products of both cathode Sputl_bata, inconsistent with theoretically calculatedderandp-C;N,.
tering and laser-induced evaporation of a graphite electrodsities of the reflections. A regular sequence of hexagonal crys-
were simultaneously introduced into a nitrogen pladmhis  tallites oriented in parallel to the plane of the sample was ob-
method provided the deposition of the resulting nitrogen comserved by scanning electron microscopy. It was also found that
pounds of carbon on a single-crystal Si(100) substrate. In somke crystallite size of the films increased upon applying a mag-
experiments, a magnetic field was applied to a glow-dischargeetic field to the discharge. An analysis of the X-ray photo-
plasma. electron spectra at 400 and 285 eV for §) @nd C (%) atoms,

The IR spectra of the films exhibited vibrational bands cortespectively, demonstrated that the film contained a compound
responding to molecules with=(N, C=N and C-N bonds. The with C—N bonds that are typical of the structur3«Z;N ;57
Auger spectra exhibited only,G and N, peaks; the nitro- according to XPS data, the nitrogen content of the films was
gen content of the synthesised films was found to be ~24%. As20%.
found by secondary-ion mass spectrometry, the cathode sput-In the thermobaric preparation of bulk samples of crystalline
tering of a graphite electrode without exposure to laser radiazarbon nitride, we used an amorphous product with the formula
tion resulted in a halved film thickness. The X-ray diffraction C;N, ,, which was obtained by the thermal decomposition of
patterns (DRON-2 diffractometer) exhibited only paired (100)mercury thiocyanate at 180 °C in an inert atmospherae
and (200) reflections at92= 15.8 and 32.9°; these reflections composition and structure of the amorphous carbon nitride were
are indicative of the presence of oriented single-crystal carbotletermined by chemical analysis and IR spectroscopy.
nitride compounds in the films. The application of a magnetic The thermobaric experiments were performed in high-pres-
film resulted in the production of films with increased inten- sure toroid chambefsAmorphous carbon nitride was sand-

¥ wiched between Si(100) wafers with the deposited films, which
were in direct contact with amorphous carbon nitride. The
thermobaric experiments were performed at 10-77 kbar and
350-1200 °C.

The crystallization of amorphous carbon nitride was not ob-
served with the use of silicon wafers without the above films
applied to their surface. Bulk samples of crystalline carbon
nitride were prepared with the use of wafers with the films. A
pressure of 70 kbar, a temperature of 550 °C, and an exposure
time of 2 h are optimum conditions for the transformation of
amorphous carbon nitride into the crystalline product. Accord-
ing to X-ray diffraction and XPS data, a further increase in the
temperature resulted in the graphitization of samples. At lower
temperatures and shorter exposures to high pressure, the amor-
phous material remained unchanged.

The size of the prepared bulk samples was about 30 mm
According to the XPS data, the nitrogen content of these
samples was approximately 40 at.%.

The bulk samples were characterised by electron diffraction.
Figure 1 Electron diffraction pattem of a bulk sample prepared from Figure 1 demonstrates an electron diffraction pattern, which is
amorphous carbon nitride by the thermobaric process. evidence for the presence of a crystalline phase in a bulk sample.
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Figure 3 Deconvoluted XPS Csl(a) and N 1slf) spectra of a crystalli
Figure 2 XPS spectra ofd) carbon andk) nitrogen for crystalline and ~ carbon nitride bulk sample.
amorphous carbon nitridet)(crystal and Z) amorphous phase.
maximum at 398.4 eV, which was attributed to C-N bonds

It was found byab initio calculations that, in principle, typical of thep-C;N, structure, and two less intense compo-
several modifications of crystalline carbon nitride can occurpents. One of them with a maximum at 399.6 eV was attributed
namely,a-, B-, cubic, pseudocubic, and graphite-likgNg110  to either non-polarised C-N bonds or C-N bonds typical of
The majority of interplanar distances calculated from X-raythe structure of pyridine, and the other with a maximum at
diffraction data (Table 1) on the assumption that the structure @f00.5 eV can be attributed to C=N bonds.
the test substance corresponds bl Care consistent with the Thus, we can conclude that the bulk samples contained a
theoretically calculated interplanar distari€és for crystalline  crystalline phase ¢#-C;N,.
a- andp-C;N, phases.

We detected no reflections that correspond to cubic anBeferences
pseudocubic (N, phases. Thus, we concluded that carbon, , y | and M. L. CohenScience1989,245 841.
nitride phases with cubic 2(8i0,),-type and pseudocubic 5 s pyhiand J. M. Mendegiamor?d Relat. I\E;Iater_1999,8, 1809.
CdIn,Se,-type structure$ were absent from the products pre- 3 j | kim, PhD Thesis M. V. Lomonosov Moscow State University,

pared in our experiments. Moscow, 1999.
The most intense reflection of a graphite-like phase coin-4 M. Tabbal, P. Merel, S. Moisa, M. Chaker, A. Ricard and M. Moisan,
cides with the intense reflection of taeC;N, phase, and the Appl. Phys. Letf 1996,69, 1698.

intensities of the other reflections of the graphite-like phase aré D.Marton, K.J.Boyd, A.H.Al-Bayati, S.S.Todorov and J.W.
too low to indicate the presence of this phase in our samples. _ RabalaisPhys. Rev. Le{t1994,73, 118. .

Note that the X-ray diffraction patterns exhibit several un- & féggq‘g"gg 4'1" M. Victoria and F. Alvared, Vac. Sci. Technol.,,A
identified reflections (marked in Table 1); we believe that they, o Br;att}:lchar)}a, C. Cardinaud and G. TurBiaAppl. Phys 199883
can be attributed to an unknown phase of carbon nitride. 4491,
carbon atoms in the bulk samples are different from those in an 1997,6, 64.
amorphous sample. This is evidently due to the crystallization9 L. G. Khvostantsev, L. F. Vereschagin and A. P. Novikdigh Temp.—
of amorphous carbon nitride (Figure 2). High Pressures1977,9, 637.

The XPS spectrum of carbon for a crystalline bulk sample0 D. M. Teter and R. J. Hemle§cience 1996,271, 53.
can be most adequately represented as a sum of four Gausst&nS- Matsumoto, E.-Q. Xie and F. Izunijamond Relat. Mater1999,
components [Figure 8)], which were assigned according to 8, 1175.
published dat&:’” The predominant component with a maximum
at 287.8 eV was attributed to C—N bonds typical off3#@,N,
structure; less intense components with maxima at 286.2 and
285.3 eV, to C=N bonds; and a very weak component with a
maximum at 290.1 eV, to carbon—oxygen bonds. The spectrum
of nitrogen can be represented as a sum of three Gaussian

components [Figure BY]: the predominant component with a Received: 14th March 2000; Com. 00/1625
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