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Graphene sheets embedded carbon film prepared by electron irradiation

in electron cyclotron resonance plasma
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School of Mechanical Engineering, Xi’an Jiaotong University, 710049 Xi’an, China
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We used a low energy electron irradiation technique to prepare graphene sheets embedded carbon
(GSEC) film based on electron cyclotron resonance plasma. The particular 7 electronic structure of
the GSEC film similar to bilayer graphene was verified by Raman spectra 2D band analyzing. The
phase transition from amorphous carbon to GSEC was initiated when electron irradiation energy
reached 40 eV, and the growth mechanism of GSEC was interpreted as inelastic scattering of low
energy electrons. This finding indicates that the GSEC film obtained by low energy electron
irradiation can be excepted for widely applications with outstanding electric properties. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4727894]

Graphene sheet, consisting of sp>-bonded carbon atoms
arranged in hexagon lattice, has attracted major attentions
ever since its unique properties had been discovered.'™ In the
aim of bringing its outstanding properties into practical appli-
cation, various pathways were proposed to prepare single
layer or multilayer graphene sheets such as mechanical cleav-
age,' splitting nanotubes,’ and chemical processes.® However,
the above methods are not suitable for large scale application,
since they can only produce irregular graphene chips. There
are also attempts on large scale growth of graphene layers,*'°
but the realizing conditions are too sophisticated, limiting
their commercial applications. We also know that single layer
graphene is not suitable for digital electronic applications
since it has no band gap, whereas bilayer graphene, consisting
of two stacked graphene layers, acts more like a semiconduc-
tor when immersed in an electric field.!' Indeed, what practi-
cal application requires is not the exact material of graphene,
but the particular properties of graphene layers such as high
electric conductivity'? and semiconducting performances.'’
Thus, it is valuable to prepare carbon film with the properties
close to graphene through an economic process. This method-
ology can be a promising solution for taking graphene into
practical applications.

Plasma, which can produce high density ions and elec-
trons through the process of gas discharge, is widely utilized
for large scale film deposition on various kinds of substrate
materials. In traditional applications of plasma assisted film
deposition, one always employs ions etching on the film.
However, few researches referred to the effect of electrons,
and the access to growing graphene sheets through electron
irradiation was neglected, although the possibility of this
method does exist. In this study, we proposed a low energy
electron irradiation technique based on electron cyclotron res-
onance (ECR) plasma, in which centimeter-scale electron irra-
diation was realized, and graphene sheets embedded carbon
(GSEC) films of 60 nm thickness were prepared with the irra-
diation energy less than 100eV. We found that the structural
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transition from amorphous carbon to GSEC, which also lead
to a sudden electrical resistance dropping, depends on the
electron irradiation energy. The GSEC structure can be
achieved when irradiation energy was above 40eV. Raman
study showed that the 7 electron state of the GSEC film was
similar to that of bilayer graphene by decomposing its 2D
band. We also interpreted the graphene sheet forming mecha-
nism under electron irradiation.

The GSEC film was grown with an ECR plasma sputtering
system in which high density plasma (electron density up to
1.1 x 10" cm™3) was generated to supply the charged particles
for irradiation. The detailed description of the ECR plasma sys-
tem was reported in our former researches.'>'* Carbon films
were grown at the (100) surface of p-type silicon wafer and the
size of the substrate wafer was 2cm x 2cm x 0.05 cm. During
film deposition, a DC bias voltage V;, was applied onto the sub-
strate, ranging from —100V to +100V, and the substrate cur-
rent density (CD) iy and temperature Ty were obtained under
different V,,. The results are shown in Figure 1(a). The inner
Figure 1(b) shows the ECR plasma diagnosis result taken by
Langmuir single probe (radius 0.1 mm) in the same plasma
conditions.

It is obvious that the changing tendency of i; and T along
with V,, contain two main periods. When V, value is between
—100V and 0V, i, value is about 2 mA-cm 2 and barely
changes; when V), value is between 0V and 100V, i, value
dramatically increases from 2 mA-cm™> to 90 mA-.cm .
Meanwhile, T is below 50°C when V,, is below +20V and
rises to nearly 150°C when V,, increases to +100V. The
major difference of i; and T values under different V), indi-
cates that the substrate was irradiated by different kinds of
charged particles in the plasma. In fact, the iy curve shows
quite similar aspect to that of the plasma diagnosis result in
which ion current and electron current were collected as the
changing of scanning voltage. Figure 1 shows that the probe
tip CD is about twenty times larger than i; under same bias
voltage. This is due to the material difference, since the elec-
trical conductivity of probe tip (tungsten) is ten times higher
than substrate holder (stainless steel), and the silicon wafer is
a semiconductor. Particularly, when V, is 450V, the substrate
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FIG. 1. (a) Substrate CDs i; and temperature with different bias voltages.
Inner figure (b) shows tip CD collected by Langmuir single probe.

CD is 63.66 mA-cm 2, larger than the saturation ion CD
39.79 mA-cm 2 (shown in Figure 1(b)). Considering the elec-
trical conductivity difference, the high density current on sub-
strate at V;, of +50V cannot be formed by ions but only by
electrons. Therefore, the electron irradiation can be realized in
ECR plasma, and the ion irradiation and electron irradiation
can be switched by altering substrate bias voltage.

Carbon films were prepared under electron irradiation
and the irradiation energy was from OeV to 100eV, con-
trolled by different bias voltages. The nanostructure of the
carbon films were observed with JEOL-2010 TEM and the
results are shown in Figure 2.

As shown in the TEM images, the film structures are
amorphous-like with the irradiation energy below 50eV.
When irradiation energies are 50eV, 80eV, and 100eV,
nano crystallized structure with stacks of graphene sheets
appeared in the films and form the GSEC structure. The gra-
phene sheet stacks are distributed uniformly in the amor-
phous film matrix and grown along random directions. Each
stack contains a few graphene layers which are linked with
each other by twisting and curving. The distance between
two graphene sheets ranges from 0.36 nm to 0.38 nm. The
electron diffraction (ED) patterns of GSEC film shows dif-
fraction rings, indicating a more ordered structure than amor-
phous film.

The bonding structures of carbon films prepared with dif-
ferent electron irradiation energies were studied from their
Raman spectra, which were obtained with HORIBA HRS800
laser confocal Raman spectrometer. The spot size of 514 nm
laser was 2 um using a 100x objective, and the laser power was
kept at 0.1 mW to avoid ample surface heating. The spectrum
between 1100cm ™! and 3400 cm ™' is shown in Figure 3(a).

When irradiation energies are 0eV and 20eV, both two
spectra exhibit a composite band centered around 1500cm ™",
consisting of D and G bands. The absence of 2D peak in the
two spectra indicates that the films are amorphous with no gra-
phitic crystallized structure. As the irradiation energy increases
to 40eV and above, the D and G bands locate separately near
1340cm ™' and 1600 cm ', respectively. The GSEC film struc-
ture with irradiation energy of 40eV is detected by Raman
spectrum but not in its TEM image. This indicates that the film

Appl. Phys. Lett. 100, 231909 (2012)

FIG. 2. Top view TEM images of carbon films prepared under electron irra-
diation with different electron irradiating energies ranging from OeV to
100eV. The GSEC structure can be clearly shown when irradiation energy
is larger than 50 eV. The distance between embedded graphene sheets ranges
from 0.36 nm to 0.38 nm.
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FIG. 3. (a) Raman spectra of carbon films prepared with electron irradiation
energies ranged from 0 to 100eV. (b) The ratios of D band to G band and
the electrical resistances p of carbon films (measured by the four-point-
probe method at room temperature). (c) Detailed 2D band (blue curve) of
GSEC film prepared with electron irradiation energy of 50 eV, including the
band center at 2691cm™" (dashed grey line), four Lorentz components
(green curves), and the fitting result (red curve).
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structure may reach a critical transition state and the graphene
sheets start to form, which is difficult to observe by TEM. The
ratio of D band to G band also increased to higher value as
shown in Figure 3(b), which indicates the formation of gra-
phitic nano crystallized structure, since D band reflects aro-
matic ring. Figure 3(b) also exhibits the changing tendency of
film electrical resistances p (measured by the four-point-probe
method at room temperature) with the increasing irradiation
energy, and p notably decreased by one order of magnitude
when irradiation energy reached 40eV. This sudden change
suggests a structural transition from amorphous to GSEC,
because the embedded graphene sheets are highly conductive
structure. Moreover in Figure 3(a), when irradiation energy is
over 40eV, the spectra showed a medium strength 2D band
centered near 2700cm ', This also proves the existence of
graphene sheets in GSEC structure. So the sudden dropping of
electrical resistance and the appearance of 2D band both imply
that the electron irradiation energy for structural transition
from amorphous to GSEC is 40eV.

In order to recognize the electronic structure of GSEC
film, the 2D band in the spectra were decomposed with
Lorentz components. Since the film structure does not
change much in the irradiation energy range from 40eV to
100 eV, the 2D bands are similar. Hereby, we choose one of
the spectra (50eV) for further discussion, and the details are
shown in the inset Figure 3(b), which consists the original
2D band (blue curve), the band center (dashed grey line),
Lorentz component bands (green curves), and the fitting
result (red curve).

Due to Ferrari’s and Graf’s researches,'>!® the 2D band
center position is lower than 2700cm ™" only when graphene
sheets consist of no more than five layers. So the 2D band cen-
ter of 2691 cm ™' indicates that most of the graphene sheet
stacks in GSEC film contain no more than five layers. This is
well proved by TEM observation in Figure 2. Notably, there
is an interesting result that the 2D band was perfectly fitted
with four Lorentz components. This is the same with bilayer
graphene 2D band, as reported by other researchers.'’ "
From theoretical study, these four peaks are due to the split-
ting of 7 and 7* bands by the interaction of graphene layers."’
Therefore, the four component bands illustrate the electronic
structure of bilayer graphene, which determines its properties
such as electrical conductivity and phonon emission.”>*? In
order to evaluate the four component bands in our research,
their relative splitting from average center were measured and
the results are shown in Table I.

The table clearly showed that the component band shift-
ing of the GSEC 2D band comply well with theoretical and
formal experimental results of bilayer graphene. This means
that the m electrons in GSEC films are at the same state as in
bilayer graphene. Interestingly, the graphene sheets in GSEC

TABLE L. Relative splitting of 2D components (cm ).

Component band center 2647 2680 2708 2740
Shifting —44 —11 +17 +49
Ferrari’s work® —44 —10 +10 +25
Theory® —44 —11 +11 +41

“The results of Ferrari’s work, see Ref. 15.
"The theoretical results, see Ref. 16.
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films are perpendicular to the substrate, while the reported
bilayer graphene is grown parallel to the substrate. This dif-
ferent orientation allows GSEC film to bring the graphene-
like electric properties into 3 dimensional devices since the
film can be really thick.

We also notice that the 2D band becomes stronger with
the increment of irradiation energy, indicating the increasing
content of embedded graphene sheets in the film. Meanwhile,
the 2D band center and its shape hardly changes. This signifies
that the graphene sheets in these films still exist in the form of
few layered stacks, instead of bulk layered graphite. The elec-
tron diffraction study also proved this information.

In order to understand the GSEC film formation mecha-
nism under low energy electron irradiation in ECR plasma,
we propose a description on this subject, which is illustrated
in Figure 4. Figure 4(a) was simplified to emphasize the for-
mation of electron irradiation. Electrons are resonantly
accelerated to move around the magnetic field lines, and
their momentum at the magnetic mirror position (dashed
lines in Figure 4(a)) is zero.'* By taking advantage of this
characteristic of ECR plasma, we developed the low energy
electron irradiation technique: A positive bias voltage V,, is
applied on substrate, which is located nearby the magnetic
mirror position. Electrons gain kinetic energy from V,, and ir-
radiate the film, forming substrate current i;. Meanwhile, the
Ar™" ions are attracted to the carbon target and sputtered the
target surface, providing the carbon atoms for film growth.

The electron-atom-interaction is shown in Figure 4(b).
Low energy (less than 100eV) electrons exchange energy
with valence electrons of carbon atoms through inelastic
scattering (dashed line), and the hybridization change from
sp” (dark green) to sp? (light green) is induced. This is differ-
ent from the ion irradiation mechanism, in which the inelas-
tic collision between impacting ions and atom nuclei is
mainly considered.”>** During one inelastic scattering pro-
cess of irradiating electron, its kinetic energy is lost through
several means (electron excitation, plasmon excitation, pho-
non excitation, etc.). When the energy loss is large enough,
one part of it AE can trigger the hybridization change of car-
bon atom by breaking a C-C bond (bond energy of 3.6eV) in
sp® system. According to our calculations based on electron
inelastic scattering in carbon base,”"° the electron energy
loss per inelastic process increases with its irradiation energy
nonlinearly. When irradiation energy rises from 20eV to
40eV, the electron energy loss increased from 4.2¢eV to

?“é ECR
EE@@ E /{H Q
| III Fil 1

Carbon targetgg LT
Chamber |Groyng T VT

FIG. 4. Tllustration of graphene sheets forming under electron irradiation. (a)
Electron irradiation formation in ECR plasma; (b) electron-atom-interaction.
sp* C atoms are in light green and sp® C atoms are in dark green.
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17.1eV. This dramatic increasing is essential for breaking
the C-C bond to form sp2 hybridization. We also character-
ized the film binding configuration with x-ray photoelectron
spectra, and the sp2 content increased as the structural transi-
tion took place. There are some researches on graphitic
structure formation in amorphous carbon by high energy
electron beam in TEM,?’*° and high energy electron beam
irradiation for nano structure modification.>®! However,
these methods were unapplicable for large scale graphene
preparation, and the electron beam energy was much higher
than in our study.

One thing should be noticed that the irradiating electrons
also attribute to higher temperature of the film substrate (Fig-
ure 1). In our study, the substrate temperature under electron
irradiation increased from 21 °C to below 150 °C, which was
measured by a thermal meter behind the substrate surface.
This is another clue that the graphene sheets were formed by
electron irradiation, since the substrate temperature of higher
than 250 °C was indispensable to form graphene sheets in
ion irradiation.*

In conclusion, we proposed an ECR plasma-based low
energy electron irradiation technique. By using this tech-
nique, the carbon film structural transition from amorphous
to GSEC was found with the irradiation energy of 40eV.
The GSEC film shows similar 7 electronic structure with
that of bilayer graphene, which was verified by analyzing its
2D band in Raman spectrum. Comparing with mechanical
cleavage and epitaxial growth, the most commonly used
methods to obtain few layer graphenes, the low energy elec-
tron irradiation technique is high efficiency and economical.
This finding indicates that the GSEC film can be expected
for broad applications in many fields such as electronics and
nanomachinery.

The authors thank the National Nature Science Founda-
tion of China under Grant Number of 90923027. The authors
also wish to thank Dr. S. Hirono for helpful discussion.
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