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A CN/diamond composite structure on silicon substrate was obtained by a two-step
technique in preparing polycrystalline diamond layers by microwave plasma assisted
chemical vapor deposition and then CN films by reactive rf magnetron sputtering. The
samples were annealed at different temperatures in the range of 200 to 800 °C, respectively.
All the as-grown and annealed CN films, which fully covered the diamond underlayer with
the formation of a rather adhesive interface, exhibited amorphous nature uniquely. X-ray
photoelectron spectroscopy and energy-dispersive x-ray studies both revealed that the
nitrogen concentration of the films decreases after annealed at high temperature. Infrared
spectra also suggested the thermal modifications on the content and structure of the CN
films. The electric resistivity varies in a large range as the annealing temperature
increasing, and confirmed the bonding configuration in favor of a graphite-like structure at
high temperature. © 2000 Kluwer Academic Publishers

1. Introduction mond underlayer with CN coating will have better per-
It is of great current interests to study on the synthesigormance because of the superhardness and ultra-high
and properties of carbon nitride (CN) films, see a re-elasticity of the CN film [5]. Moreover, the high electric
cent review by Wang [1]. One reason is the theoreticaresistance and high thermal conductance of diamond,
prediction [2, 3] of the existence of a covalently bondedcombined with the band gap variability of CN, signify
CN phasef—C3N4, which should have a bulk modulus the potential of this composite as a novel electric-optical
comparable to that of diamond. This suggested that CNnaterial. The intensive study on CN/diamond compos-
films could be made for wear-resistant coatings withite structure will have a profound impact on the science
exceptional mechanical performance. &al.[4] em-  and technology ranging from microelectronics to astro-
ployed rf plasma-enhanced chemical vapor depositiomautics.
(PECVD) to deposit polycrystalline CN films, which  In this paper, a combined two-step technique was
had the hardness up to 5100 kgf/frBjostimet al.  proposed for preparing CN/diamond composite, by
[5] prepared CN films by magnetron sputtering, andwhich we prepared polycrystalline diamond layers
their nanoindentation tests showed a hardness as higin Si wafers by microwave plasma assisted CVD
as 60 GPa, and an elastic recovery of 85%. The othetMWCVD), and then grew a-CN films by rf magnetron
reason which promotes the interests on CN materials isputtering. Afterwards we annealed the samples at dif-
to synthesize variable band gap semiconductors. Haferent temperaturd,a, ranging from 200C to 800°C
et al [6] found the optical band gap of the CN film respectively, to learn the thermal behavior of the a-CN
was dependent on nitrogen concentration, which couldilms systematically. The nitrogen concentration, bond
be tailored by simply varying the preparation param-structure, and electric resistivity of CN films varied dis-
eter. Amorphous CN (a-CN) films have been successtinctly with Ta. Thus the composite materials, stable
fully synthesized and intensively studied by many otherdiamond layers covered by CN films with a series of
groups [7-11], and exhibited interesting electric, op-interesting properties, were preliminarily studied.
tical, and thermal properties which varied in a large
range.

Now that diamond with excellent properties has beer2. Experimental
synthesized and widely used, it is attractive to combineSingle crystalline n-type Si (111) wafers with resis-
the novel properties of CN with the successful technoldivity of 5 Q2-cm were used as the substrates. The
ogy of diamond. The CN/diamond composite structurewafers were first covered with polycrystalline diamond
is expected to have improved properties than either ofayers of about 3tm-thick in an MWCVD apparatus
the single one. For example, diamond used as hard coatASTeX 2115). The layers were demonstrated to be
ings of cutting tools has high hardness, but the crystahigh-quality pure diamond by Raman spectroscopy and
strength and fatigue resistance are not so optimal. Diax-ray diffraction (XRD) analyses.
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Thenthe diamond layers were covered with CN films
by rf magnetron sputtering of pure graphite in pure ni-
trogen plasma. The sample holder was fixed above th  ge0 |
target at a distance of 55 mm, electrically grounded.
Prior to the deposition, the vacuum chamber was evac
uated by a turbomolecular pump to a base pressure ¢
3 x 1072 Pa. During the whole 2-hour deposition, the ~ 045 -
working pressure was kept at a constant of 10 Pa b
a mass flowmeter, and the sputtering power at 200 W\ &
by a power-coupling system. Without purposely heat-&X
ing the samples, a final temperature of about D0
was measured due to the energetic particle bombarc
ment and plasma IR-radiation effects. The depositior
parameters were selected in expectation to maximiz.  0.15 |-
the nitrogen concentration of the CN film, and to ob-
tain a dense structure and an adhesive interface wit
the underlying diamond. The as-deposited CN film was , , , , ‘ , ‘ ,
about 3.5um-thick as given by cross-sectional analy- as 200 400 600 800
ses of scanning electron microscope (SEM). The sam T. (C
ples were annealed in nitrogen ambient for two hours A (C)
at differentTa ranging from 200C to 800°C, respec-  rigyre 2 The Ry / dependence of the CN films upd.
tively. The heating rate was constantly at 0.3 K/s.

XRD was performed on a Rigaku D/max-2400
x-ray diffractometer using Cu Kradiation. Morphol-
ogy observation was carried out by a Hitachi S-4200ayer by one broad feature at aroun@222" of the
scanning electron microscope, and energy-dispersiveN film [12] and the distinct diffraction peak of the
x-ray (EDX) analyses by an Oxford-6566 instrumentdiamond (111), (220), (311) faces, respectively. In our
installed on the SEM. Infrared (IR) transmittance was€Xperiments, all the as-deposited and annealed samples
measured on a Perkin-Elmer 983G infrared spectrophddive similar ghffractlon patterns, suggesting thatthe CN
tometer, and x-ray photoelectron spectroscopy (XPShlms are uniquely amorphous even whgn=800°C.
on an Escalab 5 spectrometer using the Mg lie hese results are consistent with the expgnments of
of 1253.6 eV. The electric resistance were measurefficCullochet al [13], who annealed a-CN films and

by a KEITHLEY 2400 sourcemeter using fourprobe t00K in situ analyses in transmission electron micro-
method. scope. They observed a few of graphite crystallites

formed only wherT, is beyond 800C.
The CN film composition is determined by XPS and
3. Results and discussion EDXanalyses. Fig. 2 shows the N/C atomic raRq,c,

Fig. 1is the XRD spectrum of the as-deposited sample0f the CN films with differentTa as calculated from
The crystallinity of the composite structure is identi- XPS spectraRy,c is 0.62 for the as-deposited film and

fied as amorphous CN film on polycrystalline diamondalmost unchanged whefi is up to 200°C. However it
decreases with further increasifg, and falls to as low

as 0.12 whenTy =800°C. The dependence dy,c
uponT, is well consistent with the results of the EDX
analyses, indicating the unstable character of nitrogen
in the a-CN network, which enable us to tailor nitrogen
concentration of CN films by thermal treatment.

Fig. 3 shows the surface morphologies of the as-
deposited and the samples annealed at different tem-
perature. As shown in Fig. 3a, the as-deposited CN film
is quite dense and uniform, composed of many hillock-
like units with similar shape and dimension. WHEN
increases up to 40, cracks arise in the CN films,
which are probably caused by the thermal stress relax-
ation. But with further increasingp, the film surface
seems to be reconstructed and the cracks tend to heal
up. And after annealed at 890G, no apparent cracks
are found on the film surface. In such a way, we get the
thermal stress in the CN film released without breaking
the film structure. Considering the decrease of nitrogen
20 40 80 80 100 concentration, it is reasonable to assign the morphol-

20 (Deg.) ogy evolution to the migration and diffusion of the car-

bon and nitrogen atoms, which become mobile at high
Figure 1 XRD spectrum of the as-deposited sample. temperature.
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Figure 4 SEM cross-section image of the sample annealed at@00

diamond surface even at high temperature. Coincident
with the nitrogen loss, the thickness of the CN film de-
creases slightly with the increase T, resulting in the

film with little mass density change. Fig. 4 is the cross-
sectional SEM image of the sample wity =800°C.

It is noted that the continuity of the CN film is main-
tained after the thermal stress released, although the
surface becomes relatively rough.

Fig. 5isthe XPS spectra of C 1sand N 1s electrons of
the as-deposited and annealed samples. It is shown that
with Tp increasing, the peaks of C 1s spectrum shift
towards lower binding energy (BE) with the intensity
enhanced. For N 1s state, the peak also shifts toward
lower BE, but becomes flat and more asymmetric. The
BE shifts of both C 1s and N 1s spectra are assigned
to the charging effect during analyses [14], and the de-
pendence upom suggests the conductance of CN film
varied after annealed at different temperature.

Some authors [14-18] deconvoluted the XPS spectra
of CN films and assigned the components to different
chemical states. In our case, it is complicated due to
the disordered structure and low conductance of the ob-
tained a-CN films which broadened the lines seriously.
But the bond structure change with differefg can
be safely distinguished by fitting both of the C 1s and
N 1s spectra with Gaussian peaks after Shirley back-
ground subtraction, respectively. It is found that in the
as-deposited film, carbon and nitrogen atoms are co-
valently bonded. AsT, increases to 400C, the CN
bonding states is rather stable. But whgnfurther in-
creases, the fraction of $@N bonds decreases accom-
panied by the film composition variation, suggesting
the graphite-like structure is favored at high tempera-
Figure 3 SEM images of the surface morphology of the as-depositedtre.
sample (@), and the annealed sampléiat 400°C (b) and 800C (¢), Fig. 6 shows the IR spectra of the as-deposited and
respectively. .

annealed samples. For the as-deposited sample, four ab
sorption bands of the CN film are detected. The absorp-
tion at~3500-2800 cm? suggests the existence of NH

Cross-sectional morphologies of all the as-depositeéind CH bonds. Hydrogen incorporated into the films al-
and annealed samples were also observed in SEMhough no H-containing precursors were used, because
Within our temperature range, the CN film closely cov-a certain amount of 50 and H remains in the deposi-
ers the diamond layer with the interface unchangedtion chamber due to the poor pumping efficiency of the
suggesting that the CN film is rather adhesive onto theurbo-molecular pump. The absorptiona2190 cnr?

2211



C 1s as

800 C

400 C

Intensity (a.u.)
% %%%

Transmittance (%)

1 1 ]
300 295 290 285 280 275

10

Binding Energy (eV)

w%
800 °C
0 1 ] i
800 C
600 C 30r-

D L L L
4000 3000 2000 1000

Wave Number (cm™)

Intensity (a.u.)

i |
410 405 400 395 390 385 Figure 6 IR spectra of the as-deposited and annealed samples with dif-

f tTa.
Binding Energy (eV) erentia

Figure 5 XPS spectra of the as-deposited and annealed samples with
different Ta. suggesting H or H-containing groups decomposed from
the film. This is consistent with the high-temperature
mass spectrometry analyses carried out by Matsumoto
is attributed to &N triple bonds. The broad absorption et al. [10]. The variation of the CN film properties is
from 1600 to 1200 cm' corresponds to Raman active related to the decrease of H concentration [20]. The
G and D bands, which present in IR spectra because afbsorption bands at 1600-1200 chand~760 cnt?!
symmetry breaking due to the incorporation of nitrogenalso become very weak, indicating the enlargement of
into the amorphous carbon network [19]. The absorppure graphitic domains after N and/or H decomposed.
tion around 760 cmt is assigned to the polycondenced The sample withiTa = 800°C has relatively low trans-
ring structure which becomes IR active because of thenittance because of the rough surface.
nitrogen incorporation. The Si substrate also gives two Fig. 7 shows the resistivity of the CN films with dif-
absorption bands at 1100 and 610¢ncorresponding  ferent Ta. The resistivity of the as-deposited film is
to the Si=O and StSi bonds. There is no prominent about 3x 10° Q-cm. With increasingla, it decreases
difference observed in the IR spectra after the samplenonotonously, and falls to the value of ¥5cm when
annealed at 400C. But whenTa = 800°C, the absorp- Ta =800°C. The electric property of the CN film
tion bands of NH and CH bonds become undetectablehas been greatly modified after annealed at different
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Figure 7 The electric resistivity dependence of the CN films ufan
andRy,c.

temperature. The correspond@&y,c of the filmis also

marked on the top axis, showing the relationship be- 3

tween the film composition and its electric resistance.

Our electric measurements are consistent with the ext4.

planation of charging effect in XPS analyses, and con-
firm the graphitization tendency and the enlargemen
of the pure graphite domains in the films witl in-
creasing.

In summary, the novel CN/diamond composite struc-

ture was obtained by a combined two-step growth techl’:

nigue of MWCVD and rf magnetron sputtering. The

as-deposited CN film shows a dense and uniform surrg.

face, and an adhesive interface with diamond. Nitro-
gen atoms incorporate into carbon network by form-
ing covalent bonds, witlRy,c =0.62. Moreover, the

composition, bonding configuration, and electric re-

sistance of the CN film can be modified by thermal,g

treatment. Whel is elevated, the nitrogen concen-
tration of the films decreases and the-\C bonding
states tend to form gfybridization, resulting in a more
graphitelike network with much lower electrical resis-
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