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Abstract—The results of structure research of thin-film nickel—carbon hydrogenated composites formed by
the method of the combination of plasma-enhanced chemical vapor deposition of carbon from mixture of
reactive gases (Ar + CH,) and physical sputtering of the nickel target are presented. It has been established in
the study of composites by transmission electron microscopy that the microstructure of thin-film composites
changed from fragmenting columnar to finely dispersed with increase in carbon concentration.
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INTRODUCTION

The incorporation of metal in the carbon matrix is
used for the modification of the properties of different
carbon materials. This is particularly perspective in the
case of amorphous carbon (a-C) films, since they are
widely used as ware-resistant coatings in medicine and
electronics. It should be noted that a-C is a disordered
structure consisting of a mixture of carbon atoms with
sp?- and sp*- bonds and the portion of the sp*-coupled
atoms is less than 30%, in contrast to the diamond-like
structure characterized by high (>70%) content of the
sp>- bonds. The distinguishing features of these films
are high thermal and chemical stability, as well as their
corrosion stability. Recently, a great deal of attention
has been paid to the metal-containing amorphous car-
bon films (a-C:Me) due to a wide variety of their prop-
erties. The advantage of the a-C:Me film as an elec-
tronic material is that their conductivity changes from
dielectric to metallic upon a slight change of their
composition. At the same time, the introduction of
metal into the amorphous carbon matrix can lead to
the reduction of the internal mechanical stresses and
increase in the strength and improvement tribological
characteristics of the films [1—3].

Many properties of the metal-containing carbon
films depend on the nature of the interaction between
the atoms of the incorporated metal and carbon
atoms. In this respect, it is possible to separate car-
bide-forming metals (Ta, Fe, W, Ni) and noncarbide-
forming metals (Cu, Au, Pt). The electric properties of
such composite materials as a-C:H/Au and a-C:H/Ta
were studied by Coberle et al. [4], who demonstrated
that the electric conductivity of metal-containing
films can be varied 15-fold by adding the carbon-con-
taining gas (CH,, C,H,) in the sputtering gas (Ar). It
was established that the incorporation of metal in the
carbon matrix leads to the formation of clusters or
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nanocrystalline particles consisting of TaC and Au,
respectively. The concentration and type of the incor-
porated metal in the hydrocarbon matrix affect the
character of the charge transfer process. In the low-
concentration case this can be described by the Mott
and Efros models [4].

Schiffmann et al. [4] systematically analyzed the
structure of the metal-containing carbon films with
both carbide-forming (W, Fe) and noncarbide-forming
(Au, Pt) metals. It was established that, when metal is
incorporated in the carbon matrix, the spherical clus-
ters are formed with the average size of 1—5 nm and
located at a distance from each other not exceeding
10 nm. These parameters increased with an increase in
the metal concentration in the films. Incorporation of
metals characterized by higher melting temperature
leads to reduction of the cluster size and the distance
between them due to the reduction of the mobility of
the metal with higher melting temperature [4].

There are many methods of the formation of
metal-containing amorphous carbon films. The pro-
cess in which physical and plasma-enhanced chemical
vapor deposition are combined is the most widespread
one [5]. Vapor deposition is based on the magnetron
sputtering of a target in the argon atmosphere with
addition of carbon-containing gas (methane, acety-
lene). The flux of atoms of the deposited metal is
formed as a result of sputtering of the metal target and
hydrogenated amorphous carbon is synthesized by
dissociation of the carbon-containing gas in the mag-
netron plasma and deposition of the hydrocarbon rad-
icals. A feature of this multifunction process is the
interconnection of the parameters of the physical and
chemical deposition due to the usage of plasma for
sputtering of the target and start of dissociation. This
leads to a considerable change of the conditions of the
sputtering as a result of the chemical reaction between
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carbon and metal on target surfaces. Moreover, the use
of different electric excitation of the target strongly
affects the microstructure of the obtained thin films.
Consequently, this combined deposition process
allows one to vary the deposition parameters and the
structure and properties of the obtained metal—carbon
composites in the wide range [5].

The changes of the structure of hydrogenated
nickel—carbon composites formed by the method by
plasma-enhanced chemical vapor deposition depend-
ing on the carbon concentration in the films were
studied in this work.

EXPERIMENTAL

To deposit composite Ni/a-C:H films on single-
crystal silicon substrates with the (110) orientation, a
plasma reactor was used based on the distributed
microwave gas discharge (a detailed description is
given in [9]). The total current intensity on the nickel
target varied from 0.25 to 0.15 A depending on the
concentration of methane (CH,) in the gas mixture.

The film thickness and composition was deter-
mined by means of Rutherford backscattering spec-
trometry (RBS) with the use of a-particles with an
energy of 2 MeV and protons with an energy of 1 MeV,
the angles of incidence and detection were 90° and
160°, respectively. The results of these studies showed
that the thickness of the Ni/a-C:H-films varied in the
interval of 400—600 nm. The crystal structure of the
films was determined by X-ray analysis on an Inel dif-
fractometer (0/20-scanning) in the range of angles
from 20° to 160° Cuk-radiation (A = 1.5406 A). The
Raman spectra were recorded at the room temperature
on a Spex 1403 spectrometer equipped with a FEU
928 photoelectron multiplier cooled to the tempera-
ture of 243 K. The excitation was produced by an
argon laser at a wavelength of 488 nm at the radiation
power on the sample of 0.3—0.35 W.

The method of transmission electron microscopy
(TEM) was also used, which allows one to obtain the
images of the cross section of a sample, as well as the
microdiffraction patterns, which allows the most com-
plete characterization of the structure of studied com-
posites. The electron-microscopic studies of samples
were performed on a JEOL 3010 transmission electron
microscope at the accelerating voltage of 300 kV. In
this work the structure of the Ni/a-C:H films was stud-
ied depending on the carbon content in them. Since
the films of the studied composition were deposited on
a silicon single crystal with the (110) orientation and
electronograms contained the point reflections from
silicon, these reflections were used for the exact deter-
mination of the instrument constant, which was used
to calculate the interplane distances of the present
phases [7].
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RESULTS AND THEIR DISCUSSION

The method of combining the plasma-enhanced
chemical vapor deposition of carbon from a mixture of
reactive gases (Ar+ CH,) and sputtering of a nickel tar-
get allows one to obtain nickel—carbon (Ni/a-C:H)
composites, in which the nickel, carbon, and hydro-
gen concentrations change depending on the CH,
content in the gas mixture. The concentration data
were determined by the Rutherford backscattering
spectrometry [11]. The directly proportional depen-
dence of the carbon concentration in the film increas-
ing from 5 to 85 at % with the increase in the CH, con-
tent in the reactive gas mixture from 0 to 100%.

The structure of composites was studied by X-ray
analysis, Raman scattering, and transmission electron
microscopy. It was shown in [11] that the phase com-
position of nickel-carbon composites changes
depending on the carbon concentrations in the films.
The X-ray pictures of these films show diffraction
maxima of nickel (Ni) and nickel carbide (Ni;C), the
formation of Ni;C occurs at the carbon concentration
above 19 at %. When the carbon concentration
increases above 34 at %, the structure of the composite
films becomes X-ray amorphous. The size of Ni crystal-
lites in the films with the carbon content below 19 at %
calculated from the Debye—Scherrer relation does not
exceed 5 nm. The size of the Ni;C crystallites
decreases from 20 to 5 nm when the carbon concen-
tration increases from 19 to 26 at %.

The Raman scattering method was used to study
the structure of amorphous composites. It was shown
in [11] that the size of carbon clusters in the amor-
phous a-C:h-carbon matrix in the films with the car-
bon concentration above 47 at % calculated according
to the Robertson model [12] is ~1 nm.

The electron-microscopic images of the nickel
films formed in the argon gas medium in the absence
of methane reveal a fragmented columnar structure
(Fig. 1a). The electronogram indicates the polycrys-
talline structure (Fig. 1b); the calculated interplane
distances refer to nickel.

TEM images of the cross section of samples and
electron diffraction patterns are shown in Fig. 2. The
nickel—carbon composites with the carbon concen-
tration of 8 at % are characterized by fragmented
columnar structure (Fig. 2a). The images show elon-
gated grains; their transverse size is 5 nm, which agrees
with the calculated value of the size of nanocrystallites
obtained from the X-ray spectra. The redistribution of
the intensity over the circumference of the 111 ring is
observed in the electronogram indicating the start of
the texture formation.

Increase in the carbon content to 19 at % leads to
integration of the columnar structure and its disorien-
tation; the distribution of the diffraction rings indi-
cates the reduction of the texturing degree (Fig. 2b).
The films with the carbon content of 26 at % are
mainly characterized by columnar structure (Fig. 2c).
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Fig. 2. TEM images of the cross sections (a, b, ¢) and microdiffraction patterns (insets in a, b, ¢) for Ni/a-C:H films with carbon

concentration of 8—26 at %.

Fig. 3. TEM images of the cross sections (a, b, ¢) and microdiffraction patterns (insets in a, b, c) for Ni/a-C:H films with carbon

concentration of 34—81 at %.

The microdiffraction pattern indicates the increase in
the disorientation of grains and the layer texturing
decreases. A series of rings is displayed in the nickel
carbide phase. The further increase in the carbon con-
centration to 34 at % leads to a sharp change of the
structure of composites from columnar to globular
(Fig. 3a). The homogeneous distribution of the inten-
sity in microdiffraction pattern indicates the disap-
pearance of the texture; the interplane distance also
refers to the carbide Ni;C.

The change of the structure of nickel—carbon com-
posites with increase in the carbon concentrations can

be explained as follows. At alow carbon concentration
(to 8 at %), nucleation and growth of nickel crystallites
occur on the silicon substrate, carbon from the gas
phase is most probably dissolved in the Ni crystal lat-
tice. According to the nickel—carbon diagram of state
[13], the maximum solubility of carbon in the nickel
lattice does not exceed 2.7 at %; consequently, at a car-
bon content of 8 at %, it is possible that the supersatu-
rated solid solution is formed and the carbon atoms are
segregated on the boundaries of nickel grains. When
the carbon concentration exceeds the solubility limit
in nickel and reaches 19 at %, the carbide phase Ni;C
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Fig. 4. Schematic images of the process of the film formation (a) and growth (b).

is formed and is segregated on the growing Ni crystals.
At the further increase in the carbon concentration
above 22 at %, its segregation on the boundaries of
Ni;C grains leads to the formation of carbon layers on
the crystallite surface, as is seen in the pattern of the
cross-section columnar structure (Fig. 2c). Increase in
the carbon concentration above 34 at % leads to block-
ing of further growth of Ni;C crystallites, This favors
the globular structure with a smaller grain size
(Fig. 3a). At carbon concentrations above 47 at % the
structure of the nickel—carbon composites experi-
ences size reduction (Fig. 3b and 3c), it becomes finely
dispersed. The sizes of the carbide crystallites for these
films were determined from the broadening of the first
diffuse maximum in the electronogram [14]. When the
carbon content increases to 81 at %, the size of the
Ni,C crystallites gradually decreases from 7 to 3 nm.

The process of the coating growth when plasma-
enhanced chemical vapor deposition of carbon from
methane is combined with sputtering of the nickel tar-
get can be presented as follows. When the ionized par-
ticles interact with the substrate, the centers of crystal-
lization are formed (Fig. 4a). With increase in the size
of the particles, they coalesce, leading to the forma-
tion of continuous coating [12].

The structure of the formed films is mainly deter-
mined by the ratio of deposition temperature to the
melting temperature of the film material (7jep/ Tinen)
and the relation between the fluxes of the nonmetal
and metal components (J-/Jy.) and is described by
the structure—band model [13]. When one-compo-
nent films are formed, their structure is determined by
the deposition temperature. At Tye,/Tie = 0.1-0.2,
as a result of low diffusion mobility of adatoms, the
films are mainly formed with the columnar structure
(zone I) (Fig. 4b). The increase in the deposition tem-
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perature (7y,/ Tiere = 0.2—0.4) leads to the activation
of the process of the surface diffusion of adatoms that
leads to the integration of the columnar structure and
its disorientation (zone T). At the further increase in
the deposition temperature (7yep/ Tinere = 0.4—0.6) the
further integration of the columnar structure occurs
due to the three-dimensional diffusion of adatoms
(zone II). In the case of the formation of the multi-
component films consisting of nonmetal and metal
components, the determining factor that forms the
structure is the ratio of the fluxes of these components
(Jo/Jn)- In this case, the formation of the so-called
zone III consisting of the globular equiaxial grains is
also possible at the ratio of fluxes J-/Jy; ~ 0.1 — 1.

In the case of nickel—carbon composites formed by
plasma-enhanced chemical vapor deposition, the
structure of the films with the carbon concentration of
26 at % (Fig. 2c) corresponds to the zone T (Fig. 4b).
The globular structure of the films with the carbon
content of 34 at % (Fig. 3a) belongs to the zone 111
described by the structure—band model [13].

CONCLUSIONS

It was found that, when Ni/a-C:H films are formed
by the method of plasma-enhanced chemical vapor
deposition, their structure is determined by the rela-
tion between the fluxes of metal and nonmetal compo-
nents and the film deposition temperature. The
method of transmission electron microscopy allowed
us to reveal the change of the structure from fragment-
ing columnar to the finely dispersed, which corre-
sponds to the zones T and III of the structure—band
model.
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