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Abstract. CN, films were deposited by reactive ion-plasma sputtering of a graphite target in an argon-
nitrogen-acetone vapor atmosphere onto molybdenum substrates. After deposition the CN, compos-
ites were cut from substrates, formed in pellets of 6 mm in diameter, and subjected to a high pressure-
high temperature treatment at 7.7 GPa and 2000°C for 60 seconds. Micro-Raman spectroscopy,
microhardness and X-ray diffraction were used for the sample characterization. After treatment the
CN, material leads to the formation of a number of highly ordered diamond crystals showing an
extraordinarily low broadening of the 1332 cm’! Raman-line (Av = 2.43 cm’!). Besides, the Raman
spectra of the matrix surrounding the diamond crystals show an additional band at ~1621 cm™! with a
Raman intensity that strongly depends on the distance from the crystals. We propose that this band is
related to the formation of rombohedral graphite in the treated sample and the corresponding effect of
puckering of the graphite layers. The double-well potential model earlier proposed to describe dia-
mond-like amorphous carbon has been used here for a qualitative description of the graphite-diamond

phase-structural transformation.
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1. Introduction

Considerable efforts has recently been focused on the syn-
thesis and characterization of different CNy materials. This
interest has been mainly stimulated by attempts to obtain a
hypothetical superhard (3-C3N4 compound [1]. Notwith-
standing the fact that up to date there are no clear evi-
dences for obtaining this compound, a lot of promising re-
sults concerning the effects of nitrogen on amorphous car-
bon properties have been reported. It has been found that
nitrogen substantially influences the optical properties of
chemical vapor deposited carbon films, increasing the opti-
cal bandgap (up to 4 eV) [2] and determining the intriguing
luminescent properties of a-C:H:N films [2,3]. A remarkable
variation of the conductivity and an unusual decrease of
disorder with nitrogen content were observed for a-C:H:N
films [4]. The attempt to synthesize carbon nitride from ni-
trogen ion implantation has given rise to a drastic increas-
ing of hardness in a-C:H implanted films [5, 6]. Finally, a
decrease of the friction coefficient in nitrogen doped car-
bon films has also been measured, opening a potential in-
terest in computer hard discs applications [7] as it was pro-
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posed earlier for conventional carbon films [8].

As it was stated in the original work of Liu and Cohen
[1], one of the possible ways to obtain carbon nitride crys-
tal is to work under high pressure and high temperature
conditions. In [9], shock wave compression of carbon ni-
tride precursors was used to synthesize the 3-C3N,4 phase
but these attempts were also unsuccessful. Probably, the
failure to produce tetrahedral carbon nitride may be related
to the formation of high diamond crystals concentration in
shocked carbon nitride samples. These diamonds were well
ordered as compared with diamonds synthesized from
carbonaceous starting materials [9].

Taking into account the rather small size of the synthe-
sized diamond crystals, experimental methods having high
spatial resolution are needed to study such kind of sam-
ples. Among these methods micro-Raman spectro-scopy is
very promising due to its non-destructive character and its
high sensitivity, especially to identify different carbon struc-
tural configurations.

In this work we present results of a micro-Raman study
of highly ordered diamond crystals formed after high-pres-
sure-high temperature treatment of CN, precursors. Taking
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the broadening of the 1332 cm™! Raman line as a measure of
the degree of ordering, we show that the diamond crystals
obtained in this work are better than the ones described in
[9]. For a qualitative explanation of the phase structural
transition from amorphous carbon to diamond crystals, we
use the double-well potential model recently proposed by
us to describe structural peculiarities of amorphous carbon
[10]. For completeness, X-ray diffraction and microhardness
measurements were also carried out.

2. Experiment

CN, films were deposited by ion-plasma sputtering of a
graphite target in an argon-nitrogen-acetone vapor atmos-
phere. A triode system of sputtering was used when the
plasma discharge was excited by thermoelectric emission
and localized as a plane beam using the magnetic field of a
permanent magnet. Details of the film deposition have been
described earlier [11]. The CN, films were deposited onto
molybdenum substrates heated up to 700°C by means of an
electrical current. In order to avoid sputtering of the grow-
ing film, the low frequency bias voltage (20 kHz) did not
exceed 50 V. The partial pressure of nitrogen in the chamber
was 0.1 mTorr and the total gas pressure was 2.5 mTorr. The
discharge power on the target was 1.2 kW. For high pres-
sure experiments the CN, composites were cut from
substrates, pressed in a pellet of 6 mm in diameter and put
into a special high-pressure apparatus described in details
elsewhere [12]. In order to avoid the interaction of the sam-
ple with the apparatus chamber, the sample faces were pro-
tected using special graphite discs. The pellets were sub-
jected to high temperature (2000°C) at a pressure of 7.7 GPa,
for 60 seconds.

Raman scattering measurements were performed in
backscattering configuration using a Jobin-Yvon T64000
spectrometer coupled with an Olympus metallographic mi-
croscope. The excitation was made using the 514.5 nm line
of an Ar" laser. The light was focused and collected by a
100-fold short focus objective with a numerical aperture of
0.90. The spot size on the sample surface for the objective
used was of the order of 1 pim. The laser beam power on the
samples was in the range 0.3-3.3 mW. The energy position,
full width at half maximum (FWHM) and band intensity ra-
tios were determined after deconvolution of the Raman spec-
tra.

The microhardness of samples was measured using a
Vickers’ indenter and a Shimadzu HMV-2000 microhardness
tester. The mean value of film hardness was determined by
averaging the results of 10 tests. Standard X-ray diffraction
data were collected using a DRON-3 system. All measure-
ments were made at room temperature.

3. Results and discussion

Fig. 1 shows the Raman spectrum of initial deposited aCN,
film (curve a), in the region of stretching C-C bands. The
spectrum is standard for amorphous carbon and consists
of two bands usually denoted as G («graphite») and D («dis-
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ordered») [13]. The first one (G-band) is localized at v ~
1580 cm™! and is associated to the E», in-plane graphite
Raman active mode. The feature at ~ 1355 cm™! (D-band) is
usually assigned to first-order scattering of zone-bound-
ary phonons activated by the disorder induced by finite
sp? crystallite size effects [13]. This band is observed due
to selection rule violation and the relative intensity of the D
band with respect to the G band correlates with sp? graph-
ite clusters size in polycrystalline graphite [13]. However, a
number of recent works testify that there are some prob-
lems using the I/ ratio as a quantitative criterion for sp?
cluster size in amorphous &C and a-C:H films [14, 15]. In
this connection, it is appropriate to note that the double-
well potential model describing the coexistence of sp- and
sp3- bonds in amorphous carbon [10] does not deal with
nano-sized sp>-coordinated graphite clusters. Nevertheless,
the spectrum of the initial film (see curve a in Fig. 1) shows
a high Ip/I; ratio (2.83) indicating high disorder in the film.

After the first stage of the measurement the films were
cut from substrates and subjected to a high pressure treat-
ment. Significant changes in the Raman spectrum of the
processed sample were observed (see curve b in Fig. 1). In
particular, the Ip/I; ratio decreased dramatically down to
0.54. This change is the clear evidence of sample graphiti-
zation. This conclusion is directly supported by microhard-
ness measurements, showing the decrease from 14.2 GPa
for the initial film to 0.77 GPa for the treated sample. Be-
sides, the intensity of the relevant «graphite» line in the X-
ray diffraction pattern (not shown here) also increased af-
ter the high pressure treatment .

All these measurements were performed on the surface
of the treated sample with no inclusions or structural fea-
tures in it. At the opposite side of the sample numerous
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Fig. 1. Raman spectra of aCNy film after deposition (1) and the CN,
composite after high pressure-high temperature treatment (2). The
spectrum 2 was measured form the pellet side opposite to the side
where diamond crystals were observed. Parameters of the spectra:
1- Ip/Ig = 2.83; vg = 1590 ecm™!; Avg = 129 cm™!; vp = 1373 cm;
Avp =281 ecm™'; 2 - I/l = 0.54; vg = 1593 em’'; Avg = 153 cm™;
Vp = 1356 cm™'; Avp = 147 cm™l.
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Fig. 2. Optical micrograph of the biggest diamond crystal.

diamond crystals were observed under the optical micro-
scope or even by the naked eye. Among these crystals one
stands out because of its relative large size (~ 400 pm, see
Fig. 2). It should be pointed out that most of the small
diamond crystals were located in the immediate vicinity of
the largest one. The Raman spectrum of the large crystal is
presented in Fig. 3 (see curve a). For comparison, Raman
spectra of diamond obtained by shock wave compression
of different carbon precursors [9] are also shown (see
curves b and ¢). Notice that our diamond crystal is extraor-
dinarily well ordered relative to shock synthesized diamonds
obtained in [9]. The broadening of the 1332 cm™! Raman
line for our crystal is very low (Av~ 2,4 cm™") and close to the
one observed for ITa diamond single crystal (Av ~ 2,7 cm™)
[16]. An important feature of the Raman spectrum displayed
in Fig.3a is the absence of Raman bands related to graphite
or sp> bonded carbon. Taking into account the fact that
Raman scattering is very sensitive to the graphitic carbon
phase [16], we may conclude that there is no graphite or
amorphous sp? bonded carbon neither on the surface nor
in the synthesized crystal volume.

It should be emphasized that we do not observe dia-
mond crystals in samples obtained from nitrogen free car-

1.2}

10

0.8

0.6

0.4}

Intensity (arb. units)

02} .

0.0} ,

1300 1350 1400 1450

Raman shift (cm!)

1200 1250

Fig. 3. a - Raman spectrum of the large diamond crystal shown in
Fig.2. b, ¢ - Spectra of diamond crystal obtained in [9] for shocked
carbon nitride precursor (2) and graphite control sample (3).
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bon precursors subjected to the same high pressure-high
temperature treatment mentioned above. Thus, nitrogen
stimulates diamond formation during the high pressure treat-
ment. Taking into consideration the fact that there were no
spectral peculiarities connected with carbon-nitrogen bonds
in the Raman spectra of the processed sample, the nitrogen
is most likely to escape from samples during treatment. It
has been suggested that the aggregation of carbon into
well-ordered diamond can be accompanied by a possible
formation of molecular nitrogen [9]. On the one hand, this
fact may compete unfavorably with the retention of nitro-
gen in the solid lattice [9]. On the other hand, the breaking
of carbon-nitrogen bond, the formation of N, molecules and
the nitrogen loss may induce the formation of highly active
dangling carbon bonds. In its turn, these bonds can be pref-
erentially reconstructed under high pressure into sp3-coor-
dinated C-C bonds stimulating diamond phase formation.

Special attention was paid to Raman information on
points in the region immediately adjacent to the large dia-
mond crystal. Two series of spectra were analyzed. They
were measured at a distance of 0.3 mm and 3 mm from the
borders of the crystal shown in Fig. 2. The measurements
were performed at the left, right, top, and bottom of the
diamond crystal. Two representative spectra of the series
are displayed in Fig. 4. We found that the Raman spectra
measured near the large diamond crystal were radically modi-
fied as compared with the initial film spectrum (see curve a
in Fig. 1). Remember that in most of matrix points, only some
quantitative changes were observed in the Raman spec-
trum after high pressure treatment (see Fig. 1).

There are two main differences between the spectra dis-
played in Fig. 4 and spectrum b of Fig. 1. The first one is the
dramatic narrowing of the G- and D-bands, and the second
is the appearance of an additional band at 1621 cm™'. The
halfwidth of the corresponding bands are given in the cap-
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Fig. 4. Raman spectra measured in the vicinity of the large diamond
crystal shown in Fig. 2. Distances from the crystal: a - 0.3 mm; b -
3 mm. Parameters of the spectra: a - Ip/lg = 0.83; I1421/Ig = 0.131;
Vg = 1584 cm’!; Avg = 23 em!; vp = 1356 cm’!; Avp = 43 cm'!;
Vigar = 1621 em’'; Avygp; = 12 em™!; b - Ip/lg = 0.59; I1601/1g = 0.063;
Vg = 1581 em!; Avg = 25 em!; vp = 1355 cm’l; Avp = 47 ecm'l;
Vigar = 1620 cm™!; Av g = 15 cml.
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tion of the corresponding figures. Notice that the D and G
bands presented in Fig. 4 are respectively 3 and 7 times
narrower than the ones displayed in spectrum b of Fig. 1.
Thus, if the later is characteristic of amorphous carbon with
a sp? graphite cluster size much larger than that of the initial
film (see curve a in Fig. 1), the spectra measured near the
diamond crystal (see Fig. 4) are similar to the ones reported
in polycrystalline graphite [17, 18].

Now we are going to discuss the results obtained on
the basis of the theoretical model proposed by us in a pre-
vious work [10]. Let us start from prerequisites pointed out
earlier concerning the graphite-diamond phase structural
transformation [19]: 1) the transition from a sp? to a sp>
coordinated phase is readily realized under a high pressure
and high temperature treatments only if the initial material
is graphite with a high degree of crystallinity; 2) the rombo-
hedral structural modification of graphite is the appropriate
initial structure for a direct transformation along the stack-
ing (c-axis) direction to form the diamond structure.

As it was mentioned above, the structure of the matrix
is much closer to polycrystalline graphite than to amor-
phous carbon in the regions where diamond crystals have
been formed (see Fig. 4). In our opinion, this is a direct
confirmation of the first prerequisite. Let us consider the
second prerequisite. In terms of the proposed double-well
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potential model [10], the appearance of sp> coordination in
graphite may be the result of the displacement of some car-
bon atoms in a direction perpendicular to the layer (parallel
to the optic axis). Keeping it in mind we shall compare the
structure of the hexagonal and rombohedral modification
of graphite [19]. In the hexagonal structure the layer stack-
ing is ABAB, therefore, the atoms of the third layer occupy
positions directly above the atoms of the first one. In the
rombohedral modification the layer stacking is ABCABC,
that is the atoms of the third layer (C) occupy positions
being symmetrically related to the first two layers (A and
B). This distinction is illustrated by Fig. 5. From the point of
view of possible atomic displacements perpendicular to the
layer, the carbon atoms of hexagonal graphite can be sepa-
rated into two groups. For one half of atoms the displace-
ment magnitude must be very small because of the counter-
action of atoms lying in adjacent layers. For the second half
of atoms the displacement is relieved but is equiprobable
for opposite directions. In terms of a dynamical approach
[10], the mean equilibrium for the atomic position is within
the layer. However, from this point of view there are funda-
mental differences between rombohedral and hexagonal
graphite. In rombohedral graphite, the out-of-plane displace-
ment is larger in one direction for one half of atoms; but for
the other half it is just the opposite (see Fig. 5 where the
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Fig. 5. Schematic plots of the probable out-of-plane atom displacement in hexagonal (a) and rombohedral (b) graphite.

16

SQO0, 2(4), 1999



N.L Klyui et al.: Micro-Raman study of CN, composites subjected to...

[0001] [0001]

Fig. 6. Schematic diagram of the double-well potential function in
real space for two adjacent carbon atoms in rombohedral graphite
lattice.

arrows show the displacement amplitudes of carbon at-
oms). In terms of our model [10], the situation for
rombohedral graphite can be illustrated in Fig. 6 where po-
tential energy curves for carbon atoms are schematically
presented. One can readily see from Figs 5 and 6 that the
rombohedral graphite structure is preferable for a direct
transformation of plane sheets of hexagons into a puck-
ered structure which is much closer to the structure of sp*-
coordinated diamond [20]. Taking into account the condi-
tions of high pressure-high temperature treatment, the
mechanism discussed is probably responsible for the dia-
mond nucleus formation. The diffusion mechanism can be
involved in further growth (increase of the crystal size) of
the diamond crystals, since the surrounding matrix is of
low crystallinity [21].

Following, let us discuss the peculiarities of the spectra
presented in Fig.4 from the above-mentioned point of view.
We assume that the origin of the D band in the Raman
spectra presented in Fig. 4 differs from that discussed ear-
lier for the corresponding D band in Fig. 1. For points local-
ized near the diamond crystal, the D band may be stimu-
lated by distortion of the sample structure instead of being
directly associated to finite crystallite size effects. The dis-
tortion of the crystal structure was also invoked to explain
the appearance of the D band in polycrystalline graphite as
discussed in [18]. In our case such distortion may be con-
nected both with the appearance of defect regions between
adjacent hexagonal and rombohedral graphite phases and
with the effect of puckering of the graphite layers.

The same argument can also be used to explain the ap-
pearance of the new band localized at 1621 cm’! in the spec-
tra measured near the diamond crystal. This conclusion is
supported by the experimental fact that there is a striking
correlation between Ip/I; and I/l 5 ratios. Indeed, as it is
seen from Fig. 4 (see also the caption of Fig. 4) these values
are substantially higher for probe points close to diamond
crystals. It should be mentioned that this effect and the
correlation between Ip/I; and 145,/ ratios were observed
not only for the spectra presented in Fig. 4 but for all meas-
ured points as well. So, it seems reasonable to consider the
Raman band at 1621 cm™! band as a gauge for the formation
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of the sp® coordination structure. In addition, it is interest-
ing to note that within the same spectral range a new Raman
line was observed in amorphous diamond obtained by high
dose ion implantation of diamond crystals [22]. Moreover,
the possible appearance of local vibrations associated to
diamond structural defects was theoretically predicted [23]
for the same spectral range.

Conclusions

During high pressure — high temperature treatment of
amorphous nitrogen-containing carbon precursors the
transformation of amorphous graphite-like structure to
polycry-stalline graphite and then to diamond takes place.
The sharp D band and the additional band at ~ 1621 cm™! in
the Raman spectra measured at matrix points surrounding
the diamond crystals originate probably from the appear-
ance of defect regions between adjacent hexagonal and
rombohedral graphite phases and the puckering effect of
graphite layers. The double-well potential model earlier pro-
posed for amorphous carbon consistently accounts for the
observed peculiarities in diamond formation.
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