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The structure modification of carbon nitride films CN, obtained by dc magnetron
sputtering and heat treated under room conditions has been studied by thermogravimetric
analysis, optical spectroscopy and scanning electron microscopy after. The repeated short-
term heating/cooling treatment results in irreversible transformation of the film structure
with predominating disappearance of the amorphous carbon phase. After UV irradiation,
the mass and optical density of films having nanosize dense-packed structure become
increased.

C moMOIIbI0 TEePMOTPABUMETPUUYECKOTO aHaJIMU3a, OINTUYECKONl CIIeKTPOCKOINM W CKaHU-
pyrolieil sJIeKTPOHHON MHKPOCKONUU M3yueHa MoAuduiranus (mocje TepMooOpaboTKU B ycC-
JIOBUAX HOPMAaJIBHON aTMoc(ephl) CTPYKTYPHI ILIeHOK HuTpuia yriaepoxa CNy, momryueHHBIX
MarHeTpoHHBIM citoco6oMm. Ilporiecc moc/ieoBaTeILHOTO KPATKOBPEMEHHOTO HarpeBa-OXJIaK-
JeHHs IIPUBOAUT K HeoOpaTHMOMY IpeoOpasoBaHuio crpyKTypel mneHok CN, ¢ mpemmyre-
CTBEHHBLIM Hcue3HoBeHmeM amopdHoi ¢aser yriaepoga. Ilocae Y®P-obimyueHuss oO0HAPYIKEHO
yBeJIMUEHUEe MAacCChl M OIITMYECKOM IIJIOTHOCTH IIJIEHOK, MMEMINX HAHOPASMEPHYIO IIJIOTHO-
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YIaKOBAHHYIO KOJIOHAPHYIO CTPYKTYDY.

1. Introduction

New carbon nanomaterials such as sin-
gle-walled and multi-walled nanotubes,
graphite nanofibers and structures on their
basis are of good promise for hydrogen en-
ergetics [1]. The basic methods for manu-
facturing of carbon nanotubes in large
quantities are electric arc evaporation of
graphite, laser ablation of a graphite target
and catalytical thermolysis of carbon-con-
taining compounds. To remove the by-prod-
ucts (catalyst particles, amorphous carbon,
etc.) the sample annealing is used followed
by treatment in concentrated acids. Magne-
tron sputtering is usually used to obtain
amorphous and fullerene-like carbon films
[2]. Recently, the films with columnar
nanostructure have been obtained by magne-
tron sputtering without the use of metal
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catalyst [8]. Such structures can be applied
for hydrogen storage in addition to the
above-mentioned nanotubes. Unfortunately,
there are many inconsistent literature data
about sorption efficiency of the same carbon
substance ranging from the tenth parts of
per cent up to tens of weight per cents of
hydrogen with respect to the sorbent weight
[1]. The structural differences of objects
being studied could be a reason for such
discrepancies. When considering the practi-
cal potential of these materials, it is neces-
sary first of all to study their thermal sta-
bility and effect of high temperatures on
their structure. In this connection, the pur-
pose of this work is to study the structure
modification of carbon nitride CNy films by
heat treatment in air.
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2. Experimental

The carbon nitride CNy films were grown
by a non-catalytic method of magnetron
sputtering of graphite target in pure nitro-
gen atmosphere and nitrogen-oxygen (up to
5 at.%) mixture (in some cases, the ammo-
nia was introduced into the growth atmos-
phere) onto glass, quartz, and gadolinium-
gallium garnet (GGG) single crystal sub-
strates. A planar magnetron with flat
cathode and ring anode was used to produce
the plasma. The discharge power during the
film deposition did not exceed 20.0 W. The
substrate temperature was varied from 350
to 570 K. The substrates were previously
cleaned in a mixed solvent. The gas pres-
sure in the chamber was 25 Pa. The film
growth duration was varied up to 120 min.
The films of about 1 um thickness were cho-
sen to be investigated. Three essentially dif-
ferent types of films (graphite-like, dia-
mond-like and mnanostructural) were ob-
tained in the work depending on the growth
conditions (the substrate temperature, gas
atmosphere composition, intensity of etch-
ing processes, etc.).

The carbon nitride films obtained with-
out domination of the etching process
(0.5 at.% O,) have the classic graphitelike
properties [4]: high conductivity, low hard-
ness, dense amorphous structure, low adhe-
sion. The film color varied from grey to
black. The optical gap as estimated from the
absorption spectra is less than 1 eV as a
rule. The graphite-like films have the high-
est absorption factor in visible range and a
broad plateau in short-wave band (Fig. la,
curve 1, surface microstructure is shown in
Fig. 1b (photo 1)).

The diamond-like carbon nitride films of
the dense columnar microstructure [3] con-
tain a mixture of sp?- and sp3-hybridized
carbon and nitrogen atoms. These films are
formed at higher energy of deposited parti-
cles and under moderate etching conditions
(~ 1-2 at.% O,). Those have a high hard-
ness, a larger optical gap than graphite-like
films (up to 1.5-1.6 eV), high adhesion, and
high refractive index.

The nanostructural films are formed at a
high etching component concentration in
the growth atmosphere (etching component
for type I films is ~ 8 at.% O,; for type II
ones, ~ 7 at.% NHj3) and moderate deposi-
tion temperature ~ 470 K. These films have
low hardness and low conductivity. The
scanning electron microscopy shows a pro-
nounced loose columnar structure consisting
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Fig. 1. Absorption spectra (a) and surface mi-
crostructure (b) of carbon nitride CN, films:
1, graphite-like; 2, diamond-like; 3, nanos-
tructural. Inset in photo 2 shows the cross-
section view of diamond-like film.

of bunches of dense-packed nanofibers 70—
100 nm in diameter [38]. The fiber length
corresponds to the film thickness, nanofi-
bers grow direction is normal to the sub-
strate (Fig. 1b, photo 3). The nanostructu-
ral films have minimal absorption factor in
visible range and narrow peak in short-wave
range (Fig. la, curve 3).

The effect of short-term heating/cooling
on modification of absorption spectra in ul-
traviolet (UV) and visible range was investi-
gated by thermogravimetric analysis (TGA),
optical spectroscopy (a Shimadzu UV-2450
spectrophotometer) and scanning electron
microscopy (JSM-6490 LV) in normal atmos-
phere. The sample chemical composition was
determined using the X-ray microanalysis
in the same JSM-6490 LV electron micro-
scope with an INTA Penta FETx3 energy
dispersion spectrometer.

Thermogravimetric measurements were
carried out using a TGA setup made in
Donetsk Institute for Physics and Techno-logy
of NASU to investigate low-mass (< 1 mg)
samples. The TGA setup is a version of her-
metic beam balance. The sample was placed
into heating zone using a long quartz
thread; as a result, the high temperature
influence on the balance was minimized.
During heating, the setup records the sam-
ple mass variation at the mode of automatic
balance support. The setup allows to carry
out the measurements in controlled atmos-
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Fig. 2. Thermogravimetric curves of carbon

nitride CN, films: 1, graphite-like; 2, dia-
mond-like; 3, type I nanostructural.

phere in temperature range 290-900 K. The
minimum recorded mass change is 1076 g.

3. Results and discussions

A smooth increase of optical absorption
at decreasing wavelength and two absorp-
tion bands in UV range are typical of dia-
mond-like films. The surface microstructure
is shown in Fig. 1b (photo 2); insert shows
the film cross-section.

Thermogravimetric curves m = f(T) are
shown in Fig. 2 for three types of CNy
films: graphitelike, diamond-like, and type
I nanostructural ones. It was shown by
measurements that in nanostructural films
(curve 3), the mass decreases starting either
immediately at room temperature or at
about 350 K (this temperature is referred
to as Ty). Then in some temperature range
the sample mass changes weakly, but at a
higher temperature (point T5) starts an in-
tense mass decrease up to total "evapora-
tion” of the film. The type II nanostructu-
ral film does not show the initial section of
the curve m = f(T) (point T4) (see inset in
Fig. 3, curve I). Only the temperature T, is
a characteristic one in diamond-like film
(Fig. 2, curve 2), and there is no mass loss
for graphite-like film (Fig. 2, curve 1) within
the temperature range studied.

The obtained typical thermogravimetric
curves describe absolutely adequately proc-
esses that take place during heating the
carbon film structures in air. So the point
Ty describes the start of intense oxidation
process, that must be ended by total "evapo-
ration” of film material during further
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Fig. 3. Absorption spectra of type II nanos-
tructural film: 1, initial film; 2, UV irradi-
ated and heated to 540 K; 3, heated to
628 K; 4, heated to 643 K. Inset shows ther-
mogravimetric curves: I, initial film; 2, UV
irradiated, heated to 540 K and cooled.

heating. As for point T, this temperature
describes the desorption of gas that was ac-
cumulated in interfibre space. It deals with
nanofibre structure [3] having a very devel-
oped surface that can absorb gas easily. An
enhanced thermal stability [5] is typical of
all the graphite-like materials.

Experimental procedure was as follows.
The absorption spectrum of initial film was
measured at first. Then, under continuous
monitoring of the mass variations, the sam-
ple was heated at a rate of ~ 10 K/min up
to temperature when the TGA-setup traces
the mass variation. Then the sample was
cooled quickly and absorption spectrum was
measured again. This procedure was re-
peated several times up to the moment
when the film was completely degraded due
to high temperature that was easy traced by
TGA, too.

The first result worth of attention re-
lates to diamond-like films. As expected,
the absorption spectra confirmed the grad-
ual optical density decrease while film mass
decreased that was confirmed by TGA. But
the main result is the transformation of
diamond-like film absorption spectrum (Fig.
la, curve 2) into that of nanostructural
film (Fig. la, curve 3) after short-term
heating up to 610 K and quenching. As it
was mentioned, the initial absorption spec-
trum of diamond-like film contains two ab-
sorption bands near A = 400 and 300 nm
(photon energy 3.1 and 4.1 eV, respectively)
(Fig. 1a, curve 2). We suppose that two
phases included into material of diamond-
like film correspond to these two peaks of
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absorption. One phase has more strong in-
teratomic bonds (corresponds to peak about
300 nm) whiled another one has more weak
bonds (corresponds to peak near 400 nm).
The formation of ordered structure with sp?
and sp3 coordination of carbon and nitrogen
atoms starts obviously in first phase while
the second one is amorphous. In our case,
the heat treatment results in the sample
mass loss mainly due to decreasing amor-
phous phase content (it is seen in Fig. la
that the peak near 400 nm is absent in the
absorption spectrum of nanostructural film
(curve 3)). The transition of diamond-like
film into nanostructural state is confirmed
by scanning electron microscopy (SEM). The
surface structure of initial diamond-like
film (photo 2) and the same structure after
heat treatment (photo 8) are shown in Fig.
1b. It is seen that the film continuity is
disturbed and the loosened columnar struc-
ture is formed. SEM of initial film cross-
section (inset in photo 2) shows that the
diamond-like film consists of dense-packed
columns that grow through whole film
thickness. Then it is obvious that the col-
umn core corresponds to the phase with
strong bonds, while the shell to the phase
with weak bonds. The shell phase disappears
first under heat treatment, and the remain-
ing core phase forms the nanostructure with
separated fibers. The properties of this
structure repeat the properties of nanos-
tructural films: low hardness, low conduec-
tivity, developed surface. Literature data
confirm the role of oxygen as the etching
component that prevents forming the amor-
phous carbon. In [6], it is shown, that in
the oxygen presence in the growth atmos-
phere, the diameter of carbon nanofibers de-
creases, and fibers are separated from each
other.

However, the most interesting effects are
obtained for type Il nanostructural films de-
posited in an atmosphere containing ammo-
nia as an etching component. These films
are nanostructural initially. Thermo-
gravimetrical analysis has shown that heat-
ing of the initial film (see inset in Fig. 3,
curve I) results in gradual mass loss start-
ing from 450 K up to total film evaporation
at 670 K. Oxidation of carbon and nitrogen
with air oxygen with formation of volatile
C-0O and N-O compounds is the reason for
this effect in the film. At the same time,
after ultraviolet (UV) irradiation of that
film with a rather low intensity (20 W), its
heating in air already to moderate tempera-
tures (about 500 K) results in gradual in-
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crease of the film mass. The following cool-
ing results in additional film mass increase
(see inset in Fig. 3, curve 2). Total increase
is near 60 % of initial mass. It is to note
that the repeated complete thermo-
gravimetry of this film gives a curve simi-
lar to a curve I, but already at a new film
mass level.

As to absorption spectra of the type II
nanostructural film, Fig. 8 shows that after
a UV irradiation and primary heating-cool-
ing, an appreciable increase of absorption
peak in short-wave band (curve 2) is ob-
served. This indicates that an additional
structure is formed. Such behavior seems to
be a consequence of some C—C and C-N
bonds destruction under UV irradiation and
additional connection of air nitrogen atoms
thereto. During further heat treatment, the
oxidation of the film material resulting in
decreasing its mass and optical density
takes place. We have carried out an experi-
ment with heat treatment of similar unirra-
diated films in pure nitrogen atmosphere
(99.99 %) to confirm the fact of air nitro-
gen connection and formation of additional
solid-state structure in the type II nanos-
tructural films. After heating up to 700 K
and subsequent cooling down to room tem-
perature, the film mass increased approxi-
mately twice. The absence of oxygen has
prevented a premature oxidizing of films
and the mass addition has taken place due
to the nitrogen implantation. It should be
noted that in this case the effect was at-
tained not due to UV irradiation but due to
thermo-activation processes.

4. Conclusions

The scanning electron microscopy and
thermogravimetry of the carbon nitride dia-
mond-like film CNy shows that this material
consists of two phases: nanostructural and
amorphous. The short-term heat treatment
of diamond-like film in air at 610 K results
in etching of the amorphous phase and for-
mation of the separated columnar nanos-
tructure. The increasing mass and optical
density of the CNy film attained in an at-
mosphere with ammonia impurity is re-
vealed. This film has the column structure
initially. The effect is attained after pre-
liminary UV\irradiation of initial film and
following heating it in air up to 540 K due
to absorption of air nitrogen with formation
of the additional solid-state structure.
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Moaugikanisa CTPYKTYPH ILTiBOK HITPHUAY BYTJIEIIO
IIiJi BIIKBOM TEILJIOBOI 00pPOOKHU

B.M .Baprwoxin, A.M.Ilpyonirxoe, O.1.Iinnuk,
J.M.Oniyvxuii, B.B.Bypxoéeyvruil

3a J0IOMOro0 TepMOrpaBiMeTPUYHOrO aHAJIdy, ONTHYHOI CIEKTPOCKOIil Ta CKaHyBaJb-
HOI eJIeKTPOHHOI CIeKTPOocKomil mocaimkeno moxmdikamiro (micass TepmMooOpoOKUM B yMoOBax
HopMasbHOI arMocdepu) CTPYKTypu ILIiBoK Hirpuay Byriaeunio CN,, orpumaHOoro mMarzeTpoH-
HuM crocobom. IIporec mocaifoBHOro KOPOTKOUYACHOI'0 HAIPiBY-OXOJIOMKEHHS IIPU3BOAUTD 0
HEe3BOPOTHBLOTO II€PeTBOPeHHA CTPYKTypu miIiBok CN, i3 sHNKHeEHHAM, TOJOBHHUM YHHOM,
amopdHuoi (asu Byrienio. Ilicaa Y®-onpoMineHHa BUABIEHO 301JbIIIEHHS MacH Ta ONTHUYHOL
OIiJILHOCTI MJIiBOK, IJ0 MalOTh HAHOBUMIPHY IIiJIbHOYIAKOBaHY KOJOHAPHY CTPYKTYDY.
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