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Introduction

Carbon-based materials have been regarded as one of the most important materials in
nanotechnology. Not only nanotubes and fullerenes but also a new form of carbon
incorporating different graphitic configurations in amorphous carbon networks has
recently attracted extensive interests in order to accomplish high performances by
combining diverse physical properties which arise from carbon structures. In particular,
the establishment of functionally hybridized carbon systems with a thin film form
fabricated in a feasible process for practical production would encourage application of
these materials in various fields of nanotechnology. Although various techniques for
synthesizing graphitic structures together with amorphous carbon have been reported
[1-8], the way to control the ordered/disordered carbon structures has not been
established yet. In addition, structural ordering of carbon atoms strongly depends on the
synthesis processes or requires specific conditions, such as a high-energy electron
beam irradiation or a relatively high temperature.

In this study, a new approach to form nanocomposite structures containing graphitic
clusters in an amorphous carbon matrix was investigated. A low-energy electron beam
radiation system was introduced to modify amorphous carbon networks. Evolution of
onion-like structures and nano-crystalline graphitic structures in an amorphous carbon
matrix was discussed.

Experimental

Amorphous carbon thin films with 100 nm thickness were deposited onto Si(100)
substrates by a sputtering technique. About 15at% of Fe, Co or Ni atoms were doped to
the amorphous carbon films by co-sputtering. Subsequently, the pre-formed Me:a-C
films were exposed to an electron shower. Figure 1 shows the schmatic diagram of the
low-energy electron beam (EB) radiation system. The electrons were accelerated with
60 kV, transmitted through a 3-micron-thick Si window and irradiated to the films placed
on a specimen stage. As electrons passed through the window, energy was reduced
and the electron beam was scattered. The electron dose showed linear relation to the
accelerating voltage and the gap between the Si window and the specimen, and dose
rate was 5.8x10" sec”’-cm™ in the condition used in this study. The operating chamber
pressure was about 1.3x10™ Pa and remained constant during the irradiation process.
As the electron beam emitted, temperature increased up to 450 K at 50 um underneath



the film surface and 310 K at the specimen stage. Plan-view and cross-sectional
microstructures were characterized by a transmission electron microscopy operating at
200 kV. TEM specimens were prepared by back thinning method using 2HF+8HNO;
mixture. For plan-view observation, the top surface of the films was etched up to 20-30
nm in thickness by 3%HNO3+metanol mixture.
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Figure 1. Schematic diagram of low-energy electron radiation system.
Results and Discussion

Figures 2(a)-(C) show cross-sectional TEM micrographs of Fe:a-C films after EB
irradiation. At the initial stage of EB irradiation, Fe atoms appeared to be uniformly
dispersed in the film. As the irradiation time increased, Fe grains were precipitated. It
was observed that iron atoms preferred to diffuse toward to the film surface concurrently
with growth of the precipitates. As a result, a large region where Fe became absent was
formed in the interior of the film.

Figures 3(a)-(d) show plan-view TEM micrographs of Fe:a-C films before and after EB
irradiation. As the surface layer where Fe atoms are segregated is removed, these
micrographs show the microstructures of interior of the films. Fig. 3(a) is the as-
deposited film showing Fe-rich amorphous clusters with about 1 nm in size uniformly
dispersed in the a-C matrix. Fig. 3(b) is the microstructure after EB irradiation for 1.8
ksec. As EB irradiation started, the Fe clusters started to coalesce and crystallization of
Fe was occurred. As the grains were isolated to one the others in the a-C matrix, the
grain growth was supposed to proceed in the manner of Ostwald ripening. Electron
beam diffraction and Mdssbauer spectra analyses revealed that the fine Fe grains had
face-centered-cubic structure and there were two kinds of fcc-Fe structures which had
different contents of interstitial carbon. On this early stage of EB irradiation,
graphitization was invisible. Fig. 3(c) is the microstructure after EB irradiation for 9.9
ksec. Growth of the fcc-Fe grains progressed and curved multi-shell structures with the



spacing of graphite c-plane were frequently observed in the a-C matrices. The size of
the shell structures and a number of stacks of graphitic layers were increased as the
irradiation time increased. With further EB irradiation as shown in Fig. 3(d), a different
type of graphitic structures was observed in addition to fragments of the curved multi-
shell structures. The graphitic structure appeared not to be distorted but to be a plate-
like. The size was about 20-40 nm in length and 10-20 nm in width.
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Fiue 3. Plan-view microstructures of Fe:a-C films.



Figures 4(a)-(b) show plan-view TEM micrographs with low-magnification of Fe:a-C
films after EB irradiation for 9.9 ksec and 19.8 ksec, respectively. As show in Fig. 4(a)
with arrows, the curved multi-shell structures were formed dispersedly and the
surrounding area appeared to remain amorphous with lower density. On the other hand,
the plate-like graphitic clusters exhibited completely different morphology as denoted by
a circle in Fig. 4(b). They appeared to form in the region where Fe atoms became
absent.

Figure 4. Plan-view micrographs of Fe:a-C films with graphitic inclusions.

The fundamentally same microstructural evolution during EB irradiation was observed in
the case of Co:a-C [9] and Ni:a-C as well. However, graphitization behavior in Ni:a-C
was slightly different from the others. Figures 5(a)-(c) show plan-view TEM micrographs
of a Fe:a-C, Co:a-C and Ni:a-C film, respectively. In the case of the Fe and Co
containing films, onion-like structures with relatively small size were observed and most
of them had no metal core. On the other hand, graphitization was observed only on the
relatively large grains formed in the vicinity of the surface of the Ni:a-C films. The Ni
grain size was approximately more than 20 nm, and the Ni grains were encapsulated by
onion-like structures.

Figure 6(a) shows the change of average Fe and Ni grain size as a function of EB
irradiation time. The size increased following the 1/2 and the 1/3 power law for Fe and
Ni, respectively. Figures 6(b)-(c) show size distribution of Fe and Ni grains observed in
the interior of the films, respectively. The dotted lines inserted in Fig. 6(b) and (c) are
theoretical curves of interface reaction and diffusion controlled growth mechanism,
respectively. The observed size distributions clearly show the features of each growth
mechanism. The irradiation time dependence of cluster size and its size distribution
indicates that the grain growth proceeds in the manner of Ostwald ripening. Interface
reaction controls the grain growth in Fe:a-C films, and diffusion control in Ni:a-C films. It
is known that foreign atoms or clusters migrate outward through encapsulated onion
shells [10]. Therefore, it is presumed that the formation of spherical graphite shell
structures around fine Fe grains make grain growth the interface reaction control
because the permeability of the onion-like structures dominates the process. On the
other hand, absence of graphitic layers around Ni grains in the interior of the film makes
it the diffusion control.



Figure 5. Graphitic structures formed in Fe:a-C, Co:a-C and Ni:a-C films.
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Figure 6. (a) Average metal grain size as a function of EB irradiation time. (b) Size
distribution of Fe grains. (c) Size distribution of Ni grains.

The graphitization behavior in contact with Fe, Co and Ni observed in situ in TEM was
precisely reported in the literature [10-11]. The formation of curved multi-shell structures
observed in this study implied that the graphitization process is similar to that observed
by Banhart in which spherical graphitic shells form at the interface of the metal grains
following shrinkage of the encapsulated crystals. The plate-like graphitic structures were
observed in Fe:a-C and Co:a-C. This graphitization seems to be independent to the
metal grains. Since the plate-like structures formed in the area where carbon did not
contact the metal grains anymore and the size was far larger than that of the metal
grains, the formation mechanisms is believed to be different from that of the onion-like
structures. It is presumed that the graphitization is significant rearrangement of carbon
network in the film independent of metal grains.

Conclusions

Nano-composite structures containing graphitic clusters in an amorphous carbon matrix
was synthesized by modifying metal containing amorphous carbon thin films using low-



energy electron beam irradiation. Two types of graphitization behavior were observed:
spherical multi-shell structures which are strongly related to metal grains and relatively
large plate-like structures which appear to be a significant rearrangement of amorphous
carbon network in the film independent of metal grains. It is suggested that the carbon
hybrid structures can be controlled by concentration or distribution of the metal
elements. As this process is operated at a relatively low temperature and performed at a
reduced or even atmospheric pressure, it can be easily applied to practical applications.
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