Growth and composition of covalent carbon nitride solids
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The composition, growth mechanism, and phases of carbon nitride thin films obtained from the
reaction of laser ablated carbon and atomic nitrogen have been investigated. The nitrogen
composition was found to increase to a limiting value of 50% as the fluence was decreased for laser
ablation at both 532 nm and 248 nm. Analysis of these data shows that the overall growth rate
determines the nitrogen composition, and suggests that a surface reaction between carbon and
nitrogen represents a key step in the growth mechanism. Infrared spectroscopy has also been used
to assess the phases present in the carbon nitride thin films. The implications of these results to the
stoichiometry of covalent carbon nitride are discussed.1995 American Institute of Physics.

Carbon nitride solids, which may represent a new clasgopy (RBS) shows that a carbon nitride film grown by ablat-
of superhard materials, have been the focus of considerablag graphite target with a relatively high fluence of 3.5
research effort=2 Early theoretical studies suggested that aJ/cn? has a nitrogen content of 28pkig. 1(a)], while a film
carbon nitride solid analogous tg3-silicon nitride, obtained using a lower fluence of 0.86 Jfcoontains 47%
B-C 3Ny, should be reasonably stable and possess a hardneasisrogen [Fig. 1(b)]. However, as the laser fluence is de-
comparable to or greater than diamahinumber of groups  creased below about 0.8 J/&nthe nitrogen composition in
have subsequently attempted to prep&r€;N , using a va- the films does not increase furthéiSimilar results have also
riety of techniques, including laser ablation and reactivebeen observed for carbon nitride films grown at 248 nm
sputteriné"“loAlthough diffraction data consistent with the [Figs. 1c),(d)]. For example, RBS analyses show that films
B-C3N, structure have been obtained in several recengrown using 11 and 3.6 J/énfluence contain 33%Fig.
studies*®*° the overall C/N composition has varied signifi- 1(c)] and 47% nitrogeriFig. 1(d)], respectively.
cantly from that proposed for this material. The clear differ- The inverse dependence of nitrogen composition on la-
ences in the experimentally observed and theoretically preser fluence indicates that the growth rate is critical in deter-
dicted stoichiometries and incomplete diffraction datamining carbon nitride composition since the fluence affects
suggest thap-C3N, may not be the most stable structure or primarily the total flux of carbon? Notably, calculation of
stoichiometry for binary carbon nitride phases. Indeed, rethe growth rates for the samples shown in Fig. 1 shows that
cent theoretical studies have demonstrated that two other hyates of 14.7, 1.2, 10.6 and 1.2 A /s have produced the films
pothetical GN, structures, which resemble defect zinc- containing 28%, 47%, 33%, and 47% nitrogen, respectively.
blende and rhombohedral graphitelike structures, should
have a stability similar to that g8-CsN,. 1

To address the current uncertainty in the stoichiometry
of stable carbon nitride phases, we herein report systematic
studies of nitrogen composition range, growth mechanism,
and phases of these materials. Carbon nitride thin films were
prepared using an approach recently developed in our labo-
ratories that combines pulsed laser ablation of graphite and
an atomic nitrogen beam sourcéBriefly, ablation of high-
purity pyrolytic graphite was carried using either a
frequency-doubled Nd:YAG las€b32 nm, 6 ns pulse widjh
or a KrF excimer lasef248 nm, 23 ns pulse widthThe
reactive nitrogen atom bear>10'® atoms/sr § intersects
the laser-generated carbon species at the substrate stfrface.
In this work, we use nitrogen beam conditions optimized for
maximum nitrogen incorporatioti* The films were grown
on HF-etched S{100 surfaces at-200 °C.

To probe the composition range and growth mechanism,
we have prepared carbon nitride thin films as a function of
the laser fluence and wavelength. In general, we find that the
nitrogen composition increases as the laser fluence decreases.

For ablation at 532 nm, Rutherford backscattering spectros-IG. 1. RBS spectréGeneral lonics Model 4117, 2.0 MeV He ion begofi
carbon nitride films. The C and N compositions were determined from fits
(smooth lines to the experimental data. The films {g), (b), (c) and (d)
3Electronic mail: cml@cmliris.harvard.edu were 2.3, 1.7, 1.9 and 22m thick, respectively.
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FIG. 2. RBS spectra of carbon nitride films grown(at 9 and(b) 27 Hz.
The films were 2.3 and 2.&m thick, respectively. FIG. 4. Infrared spectra of carbon nitride filniicolet, Model 5PQ.The
films in (a) and (b) contain 40% and 46% nitrogen, respectively.

To confirm the importance of the film growth rate, we have
also prepared materials as a function of the laser pulse reion rates used in these studies it is clear that the nitrogen
etition rate while keeping other parameters constant. RBSOmMposition is determined solely by the average growth rate.
data for two carbon nitride films grown at 248 n(8.4 We believe that the correlation of the nitrogen composi-
Jlcnf) using repetition rates of 9 and 27 Hz are shown intion with film growth rate suggests that a key step in the
Fig. 2. Significantly, the material grown at the lower repeti- carbon nitride growth mechanism involves a reaction be-
tion rate(growth rate=1.6 A /9 has a larger nitrogen content tween carbon and nitrogen at the growth surface and not in
than in the film produced at the higher repetition ragowth  the gas phase. If gas phase reactions controlled the nitrogen
rate=4.0 A /9: 45 versus 36% nitrogen. In addition, RBS composition, then the nitrogen composition would not have
spectra obtained for these thick (.5 um) films show that ~changed with variations in the repetition rate since the gas
the materials consist of almost purely carbon and nitrogenphase reaction time is much shorter than the time between
and do not contain significant amounts of other elemental@ser pulses. In addition, productive gas phase reactions be-
impurities®® tween atomic N and C are unlikely without the presence of a
Our studies of laser fluence and pulse repetition rate sughird body. While further studies are obviously required, we
gest that the growth rate determines the nitrogen compositioBelieve that an understanding of the growth mechanism will
in these materials. The relationship between growth rate an@e crucial to controlled preparation of crystalline carbon ni-
composition is shown explicitly in Fig. 3. This plot, which tride in the future.
contains data from numerous experiments carried out using The plotin Fig. 3 also shows that the nitrogen composi-
532 and 248 nm ablation, demonstrates that the nitrogen coffon in our pure carbon nitride materials saturates close to
tent increases and then saturates as the growth rate is redud@®6 and not the 57% level expected foNG.*® This im-

below 0.5 A/s. Hence, for the range of fluences and repetiPlies that the stoichiometry of one stable carbon nitride phase
could be CN. However, a CN stoichiometry cannot be con-

cluded without knowledge of the phase purity in these mate-
rials. To address this issue, infrarédR) spectroscopy has
been employed to probe the structure and bonding in the
o0A s, carbon nitride films. IR spectra typically exhibit bands at
AA%‘ :A ~2200, 1500 and 1350 cm (Fig. 4). The broad bands at
%8%& ~1500 and 1350 cm' are believed to correspond to=Q
*a and C-N stretching modé$,and are consistent with an ex-
tended inorganic carbon nitride solid. The band~&200
2 L L - cm ! corresponds to a €N stretching modé® This C=N
16 08 0.0 08 16 bonding arrangement is incompatible with an extended inor-
Loglgrowth rate (A/5)] ganic solid and represents an impurity phase. Significantly,
we find that the amount of this €N impurity phase in-

FIG. 3. Plot of the percentage nitrogen in carbon nitride solids vs gromthcreases with the overall nitmgen. .ComPOSiti(.mg- 4), .and
rate for materials prepared by laser ablation at 532 Anand 248 nm(@). thus we suggest that the composition of the inorganic carbon
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