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ABSTRACT

The atomic and electronic structures of nanostructured carbon film are of fundamental importance due to their
dominant role in carbon films' physical, chemical and mechanical properties. Here, we reported thermally in-
duced atomic and electronic structure evolution of nanostructured carbon film by in-situ transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS). Two nanostructured carbon films were syn-
thesized by electron cyclotron resonance (ECR) plasma sputtering under ion and electron irradiation, respec-
tively. We observed that even though the two carbon films had similar initial sp2/sp3 hybridization ratio, they
exhibited very different performance during the same heating process. The electron irradiated film only had a
relative slight clustering of sp2 carbon crystallites and almost maintained its sp2/sp3 ratio till 1000 °C; while the
ion irradiated film had a significant sp2 crystallites clustering, started its sp3-to-sp2 conversion from 200 °C and
almost completed at 400 °C. Argon signal was only found in the ion irradiated carbon film and its content
reduced simultaneously with the sp3-to-sp2 conversion process. We suggest that the heated argon trapped inside
the carbon film were responsible for triggering the sp3-to-sp2 conversion. The result will guide the future ap-
plication of the nanostructured carbon film in the proper operation temperature range and help to choose ap-
propriate irradiation method for thin film surface modification.

1. Introduction

Carbon based films have drawn tremendous attentions due to their
unique physical, chemical and mechanical properties combine with the
good economic efficiency and eco-friendly character, leading to a wide
range of applications from daily used razor blade to spacecraft [1-10].
In all kinds of different carbon based film, the nanostructured carbon
films deposited by ion or electron irradiated ECR sputtering method are
of great interest due to its special structure of controllable nanosize
graphene sheets embedded in the amorphous carbon matrix with an
orientation vertical to the film [11-15]. This unique structure provides
fast electron transport channel, lubricant graphene-graphene interface,
hard amorphous matrix and abundant graphene edge defect, giving the
carbon film excellent properties in magnetoelectricity, piezoelectricity,
mechanical tribology and catalysis activity, showing the great promise
for applications including magnetic sensing, piezo sensing, lubricant
coating and electrochemical catalysis [16-23]. During the graphene
sheets embedded carbon film deposition, the size and density of gra-
phene sheets embedded can be modified effectively under ether original
ion beam irradiation (most are Ar*) or newly developed electron beam

irradiation by tuning the beam irradiation energy and density. These
two modification methods have different principles and leave different
residuals (trapped electrons and argon atoms) in the carbon films
[11,13-15]. In the electron beam irradiated carbon film, some irra-
diation electrons were trapped in the quantum well in the graphene
edge defect, induce the magnetics property of the carbon film
[21,24,25]. In the ion irradiated sample, a considerable amount of
argon atoms were trapped inside the carbon film, but their existence
and influence have long been neglected due to the inert nature of argon.

The influence of the high temperature environment on the carbon
film has both fundamental and practical importance. Numerous studies
on the influence of high temperature on carbon films' structures and
properties have been performed [7,26-36]. Generally, the previous
studies suggest that the high temperature causes the transformation of
sp3 hybridization to sp2 and the clustering of sp2 bonded atoms, which
changes the corresponding properties of the carbon films. For the hy-
drogenated amorphous carbon (a-C:H) film, the break of weak C—H
bond is believed to limit its high temperature stability [26,27,35,36]. Li
et al. reported the annealing effect on the structure and properties of a-
C:H films, the diffusion of hydrogen and sp3-to-sp2 conversion occurred
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Fig. 1. Schematic of (a) ECR carbon film deposition, (b) in-situ sample preparation, (c) in-situ TEM/EELS observation and in-situ heating process.

from 200°C, which results of poorer mechanical and tribological
properties [27]. Carpick et al. used the X-ray photoelectron spectro-
scopy (XPS) to test the annealed a-C:H film and found the activation
energy of C—H sp3 bond is about half of the C—C sp3 bond. The energy
of sp2 carbon's clustering and ordering is 10% of the C—H bond [36].
For pure carbon films without hydrogen, Friedmann et al. studied the
thermal stability of hydrogen-free, amorphous tetrahedrally co-
ordinated carbon (a-tC) films deposited by pulsed laser deposition
(PLD) method with Raman spectroscopy. They found no significant
change of Raman spectrum with temperature up to 800 °C [28]. An-
other study on the post annealing effect on the a-tC film deposited with
mass selected ion beam deposition (MSIBD) system was carried out by
Kalish et al. They found the correlation between the thermal stability
and their initial sp3/sp2 configuration: the carbon film with 60% sp2
fraction started the graphitization at 427 °C while the film with 20% sp2
fraction stayed stable even at 1000 °C [29].

As we can see, most experimental studies on the temperature in-
fluence on carbon film are ex-situ experiments, they ether anneal
samples from same batch with different temperature then test the an-
nealed ones or heat the same sample with different temperature out of
the observation or testing instruments [30-33]. In these situations, the
effects from the differences of the same batch samples and the transfer
process cannot be ruled out completely, which may have a misleading
to the final result. Few in-situ experiments were carried out [7,28,35],
but they used in-situ spectroscopy technique, the local information in
high spatial resolution is still lacking. A combination of in-situ TEM and
EELS study on the carbon film within a wide temperature range can
observe and analyze the thermal induced evolution of same carbon
film's morphology, atomic structure, electronic structure and chemical
composition, which is an ideal solution to solve the problem mentioned
above.

In this study, two nanostructured carbon films with similar initial
sp2/sp3 ratio were deposited by ion and electron irradiated ECR

sputtering respectively. The atomic and electronic structural evolutions
in the same areas of these two films were monitored by in-situ TEM and
EELS from 25 °C to 1000 °C. We observed significant atomic structure
rearrangement and a large increase of sp2/sp3 ratio in the ion irra-
diated carbon film during the heating process. In the electron irradiated
carbon film, the atomic structure rearrangement is mild and its sp2/sp3
ratio was preserved up to 1000 °C. We suggest that the heated argon
atoms knocked on and transferred the kinetic energy to the carbon
structure, then triggered the carbon sp3-to-sp2 conversion in the ion
irradiated sample.

2. Experimental
2.1. Carbon film fabrication

The carbon film was deposited on p-type <1 0 0> Si substrates
(20 x 20 mm, 500 um thick) by an electron cyclotron resonance plasma
sputtering system [13-15]. The schematic of the deposition system has
been shown in Fig. 1(a). Before deposition, the system was evacuated to
5.0 X 107°Pa with mechanical and turbo pumps. Pure argon
(99.999%) was injected to the system and maintained the gas pressure
at 4.0 X 10~ 2Pa. A 2.45 GHz microwave was introduced to the sput-
tering chamber to generate the Ar plasma through a rectangular wa-
veguide and a fused quartz window. A bias of -500 V was set on the
cylindrical carbon target to start the sputtering process. Mirror con-
finement and divergent magnetic field were introduced with different
magnetic coils setting for electron and ion irradiation ECR deposition,
respectively. The irradiation energy was set by applying a bias on the
substrate. In this study, the energy was set to 20 eV in both electron and
ion irradiation to have similar as-deposited sp2 contents of ~68%. The
XPS were employed to check if the carbon films were contaminated
from the chamber. As shown in Fig. S1, no impurities from the ECR
system source or chamber were found.
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Fig. 2. The as-deposited EELS and TEM images of (a) ion and (b) electron irradiated ECR carbon film. The released large graphene sheets can be occasionally found in
both ion and electron irradiation samples, as shown in (c) and (d) respectively. (e) The ion irradiated carbon film's HAADF image (up) and EELS mapping of o*/m*
peak ratio (middle) and Ar L2,3 edge signal (down). The line profiles of o*/st* peak ratio and Ar L2,3 edge signal are shown in (middle) and (down), respectively.

2.2. Carbon film characterization

The carbon film was released by scratching and transferred on the
MEMS heating chips as shown in Fig. 1(b). An aberration-corrected FEI
Titan® Themis G2 TEM (Electron Microscopy Center, Shenzhen Uni-
versity) equipped with a Gatan Quantum ER/965 EELS detector was
employed to perform the TEM imaging and electron energy loss spec-
troscopy. The configuration of the in-situ experiment has been shown in
Fig. 1(c). The TEM was operated at 80 kV accelerate voltage to mini-
mize electron beam damage on the carbon sample. A FEI NanoEx-i/v
heating holder with MEMS chips was used to perform the in-situ
heating as shown in Fig. 1(c), ion and electron irradiated samples were
heated from 25°C to 1000 °C with steps of 200 °C respectively. Each
step was kept for around 30 min for stabilization, TEM imaging and
EELS recording. The TEM images were recorded by a Ceta2 camera with
an electron dose of ~5 X 10° electron/nm? The EELS spectra were
obtained by a Gatan Quantum ER/965 detector during scanning over
the film. The energy dispersion was set to 0.05eV/channel, with a
2.5 mm aperture. Each final spectrum was summed up with 20 single
0.5 s-acquired spectra. The EELS collection angle was set to 3.6mrad,
which is the magic angle for 80 kV EELS, to minimize the anisotropy
effect of carbon crystallite [37,38]. For sp2/sp3 ratio quantification, the
background and plural scattering were removed from the carbon K-

edges using Digital Micrograph (TM) software. The influence of the
electron beam on the carbon film has been tested by performing the
continuous electron beam (with the same setting of normal in-situ ex-
periment) irradiation on the samples for 20 min (the total electron dose
is larger than the electron dose in the whole in-situ experiment) beam
irradiation test are shown in Fig. S2, no significant difference of carbon
K-edge and argon L-edge can be distinguished, which proves that in our
experimental condition, the damage effect from the electron beam was
minimized.

3. Results and discussion
3.1. As-deposited carbon films and Ar trapping location

The as-deposited samples were first characterized by TEM and EELS.
As shown in Fig. 2(a) and (b), both ion and electron irradiated samples
have the nanocrystallite structures inside the film. No significant dif-
ference can be distinguished through the images. In the EELS core loss
spectra, the argon signal can only be observed in the ion irradiated
sample, indicating the existence of argon trapped inside the film from
argon ion irradiation. The EELS Ck edge general shapes of two carbon
films are quite different, compare with the ion irradiated carbon film,
the electron irradiated sample has a sharper 1s-0* peak at ~291 eV
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Fig. 3. (a)-(f) The TEM images and corresponding EELS spectra of the ion irradiated carbon film with the temperature from 25 °C to 1000 °C. (g) Sp2 fraction and
argon content of ion irradiated carbon film with the temperature from25 °C to 1000 °C. (h) Plasmon peak position as a function of temperature from 25 °C to 1000 °C.
(i) EEL spectra of the ion irradiated carbon film with the temperature from 25 °C to 1000 °C.

which is similar to the pure sp2 crystallite and normally considered as a
symbol of higher level of ordering or clustering of sp2 bond carbon.
Pure sp2 crystallite sheets can be found occasionally in both ion and
electron irradiated samples as shown in Fig. 2(c) and (d). There is no
argon signal found in the pure sp2 crystallite sheets from ion-irradiation
samples, which implies the argon can be only implanted in the small
voids in the amorphous carbon. To prove this, an EELS mapping was
employed on the ion-irradiated carbon film as shown in Fig. 2(e). From
up to down is the HAADF image, the mapping of o*/st* peak ratio and
the argon signal of the ion irradiated carbon film, their corresponding
intensity line profiles are shown in the mapping images. Comparing the
o*/m* peak ratio and the argon signal, it is quite clear that the argon
tends to be stored in the higher o*/x* (more amorphous in our case)
region.

3.2. Atomic and electronic structural evolution of ion-irradiated carbon film
The in-situ heating experiments of ion-irradiated carbon film from

25°C to 1000 °C were carried out inside the TEM with a MEMS based
heating holder, the TEM images and corresponding EELS of the same

area of carbon film with increasing temperature are shown in
Fig. 3(a)-(f). From the atomic resolution TEM images, we can see the
shape of the film edge is generally preserved even at 1000 °C, however
the atomic structure inside the shape changed with increasing tem-
perature: the amorphous carbon transferred to multilayer graphene
sheets and small embedded graphene sheets linked together to form
bigger multilayer graphene structures (according to the 3.4 nm d-spa-
cing and the layers number is below 10) [39]. This atomic rearrange-
ment started from 200 °C and almost completed at 600 °C. From the
corresponding EELS core loss spectra, more details in electronic struc-
ture and composition of the carbon film are revealed: first, the argon
signal started decreasing from 200°C and disappeared at 600 °C;
second, the relative height of it* peak grew from 200 °C and after 600 °C
the peak height stopped growing and maintained the height till 1000 °C.
This implies the general electronic structure changing occurred during
the heating process; third, the width of the n* peak narrowed slightly
and a small 0* peak arise at ~291 eV with the increasing temperature,
which normally implies the expansion of sp2 crystallization. Further
quantitative core loss EELS analysis of carbon film's sp2/sp3 ratio was
carried out by two window method with pure sp2 crystal (multilayer
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Fig. 4. (a)-(f) The TEM images and corresponding EELS spectra of the electron irradiated carbon film with temperature from 25 °C to 1000 °C. (g) Graph of ion argon
concentration and sp2 fraction with temperature from 25 °C to 1000 °C. (h) Plasmon peak position as a function of temperature from RT to 1000 °C. (i) EELS spectra of

the electron irradiated carbon film with temperature from 25 °C to 1000 °C.

graphene) as reference. The sp2 content and argon concentration as a
function of heating temperature are shown in Fig. 3(g). The sp2 content
of the as deposited sample is 67.9%, which remains almost same
(70.2%) at 200 °C, then the sp2 content grows rapidly to 94.5% at
400 °C, then grows to almost 100% from 600 °C. With the increasing sp2
content, the argon concentration (2.9% at 25°C) decreases simulta-
neously and disappeared completely at 600 °C. The temperature influ-
ence can also be observed in low loss EELS spectra. The bulk plasmon
energy as a function of temperature is shown in Fig. 3(i). It is clearly
showed that the plasmon energy rapidly declined at 400 °C, reflecting a
decreasing of the valance electron density (the plasmon energy E, is
directly proportional to valance electron density) which is mainly from
the sp3-to-sp2 hybridization conversion as shown in Fig. 3(g). The
argon releasing and sp2 carbon clustering also have a relative small
effect on the bulk plasmon energy (the former will increase the plasmon
energy while the latter decrease it), which should be responsible for the
small energy shift at 25-200 °C and 400-600 °C.

3.3. Atomic and electronic structural evolution of electron-irradiated carbon
film

The temperature influence on electron irradiated carbon film was
also studied by in-situ TEM and EELS. The results are shown in
Fig. 4(a)-(f). The experimental procedure was same with experiment on
the ion-irradiated sample. From TEM images, we can see the shape of
the film doesn't change up to 1000 °C. A slight clustering of sp2 carbon
can be observed, but with a lower level compared with the ion irra-
diated carbon film. Through the corresponding core loss EELS, we can
see no significant variation occurs from 25 °C till 1000 °C, very small
changes can be found with w* and o* peak shape, but not as obvious as
the changes in ion-irradiated sample. In the quantitative core loss EELS
analysis as shown in Fig. 4(g), comparing with the rapid increasing of
sp2 content from 68% at 25 °C to the 94% at 400 °C in the ion irradiated
carbon film, the sp2 content of the electron irradiated sample almost
preserved in the range from 68% to 73% up to 1000 °C, showing very
little influence from the increasing temperature. In the low loss EELS as
shown in Fig. 4(i), the bulk plasmon energy decreased from ~25.9 eV at
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Fig. 5. The schematic of the sp3-sp2 conversion triggered by the heated argon. (a)-(d), the process of argon atom release and the following sp3-sp2 conversion
triggered by it. (e)—(f), the corresponding highlights of the argon-carbon interaction.

25°C to ~24.4 eV at 1000 °C, which is also smaller than the decline
happened in ion irradiated carbon film. As shown in core loss EELS, no
obvious sp3-to-sp2 conversion occurred, the decreased plasmon energy
should be mainly from the clustering of sp2 carbon and the lattice ex-
pansion of the carbon film. When the sp2 clusters growing longer, they
tend to curl and form small voids which reduce the carbon film's den-
sity, therefore lower the bulk plasmon energy. A recent research re-
ported that the crystal lattice of carbon can expand during the heating
process [40], this lattice expansion can also lead to the lower film's
density and bulk plasmon energy. Another possible factor is the trapped
electron emission. In the electron irradiated carbon film, excess elec-
trons are trapped in the embedded graphene edge defects, resulting of a
lower work function of the film. So during the heating process, the
trapped instable excess electrons may be emitted, which can also reduce
the electron density and decrease the bulk plasmon energy peak in low
loss EELS.

3.4. Discussion

As shown in Fig. 4(g), the ion and electron irradiated ECR carbon
films showed very different performance during the same heating
process, the reason behind this needs to be discussed thoroughly. Pre-
vious study suggested that the carbon films with different sp2/sp3 hy-
bridization ratio can lead to different thermal stability [29]. As both
two samples in our study have very close initial sp2/sp3 ratio, this ef-
fect can be excluded. The desorption of chemical or physical adsorbed
water can affect the carbon film's electronic structure, but as shown in
Fig. S3, the survey EELS shows no oxygen signal in both samples, so the
influence of water desorption can be ruled out as well. The doping that
widely used as a technique to alter the carbon film's properties can also
influence the carbon film's thermal stability: the weak C—H bond is
normally considered to be responsible for weakening the carbon film's
thermal stability while the nitrogen doping is reported that can change
the thermal stability in both ways [7,41,42]. However, all the research
studied the influence of the chemical bonding between carbon and
doped atoms, the residual inert atoms like argon were neglected. In this
study, as shown in Figs. S1 and S3, no chemical bonded doping like
hydrogen or nitrogen was applied on the carbon films, the major dif-
ference is the argon and the trapped excess electrons which existed in

the ion and electron irradiated ECR films respectively. In Fig. 3(g), we
can see a clear correlation between the argon concentration and the
sp2/sp3 ratio. Based on these observations, we propose a mechanism of
the argon's role in the carbon film heating experiment.

The schematics is shown in Fig. 5. We have known that the residual
argons were all implanted in the amorphous carbon region from Fig. 2.
When the sample was heated as shown in Fig. 5(a), the weak van der
Waals bond broke and the heated hot argon atom started to knock on
the nearby amorphous carbon structures. When the temperature arrives
certain value, in our case above 200 °C, the hot argon breaks the heat
excited sp2 and sp3 bonds, produced the dangling bonds (shown in
Fig. 5(b)), as the sp2 bond has lower energy, dangling bond tend to
form the sp2 bond, which lead to the sp3-to-sp2 conversion and sp2
clustering as shown in Fig. 5(c). This process continues until the argon
released from the film. In the electron irradiated sample, without the
hot argon's “knock on” effect, the high temperature applied in this study
can only overcome the activation energy for clustering of sp2 carbon
atoms and is not enough for carbon sp3-to-sp2 conversion. So during
the heating process, we can only see the carbon clustering and ordering,
the sp2/sp3 hybridization ratio remained till the highest 1000 °C.

Inert ion beam irradiation was successfully introduced to optimize
the carbon film's performance ether during the carbon film deposition
to assist the film growth or after deposition to induce the carbon film's
structure transformation [15,37,43-46]. The ion-carbon interaction
during the ion irradiation is well considered and regarded as the reason
of the carbon film modification, however very few attention has been
drawn on the residual argon inside the film and their effect on the film's
properties. Some studies noticed the residence of argon atoms, but their
effect was long being neglected due to their low concentration and inert
property [45]. As we presented in this paper, the influence of residual
argon inside the carbon film can be significant, and the influence of
these residual inert atoms in the carbon film should not be ignored in
the future studies.

From the in-situ experiment, the atomic and electronic structural
evolution of both ion and electron irradiated nanostructured carbon
film from 25 °C to 1000 °C were resolved. So how can these evolutions
affect the different properties of the carbon films. For tribological
property, the ion irradiated carbon film will preserve its original tri-
bological performance in 200 °C, above that it will be more lubricous
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due to more sp2 graphene sheet, but its wear life will decrease because
of the less content of sp3 contained amorphous carbon which stabilize
the carbon film's structure. The electron irradiated carbon film, in the
other hand, should show a better tribological thermostability. Due to
the stable hybridization ratio, it may maintain its tribological property
till 1000 °C. In general, the electron irradiated carbon shows better
thermal stability than the ion irradiated one in most properties as the
sp3-to-sp2 conversion doesn't occur significantly under 1000 °C.
However, for properties like field emission property, the thermal sta-
bility of the trapped excess electrons in the electron irradiated carbon
film need to be further considered.

4. Conclusion

In summary, the high temperature influence on the ion and electron
irradiated nanostructured carbon films were studied by in-situ TEM and
EELS from 25 °C to 1000 °C. With the atomic resolution TEM imaging,
both ion and electron irradiated carbon films preserved their outer
shape even at 1000 °C and the atomic rearrangement was observed in
both samples from 200 °C. However, the differences from the two
samples were found from the quantitative core loss EELS analysis. The
electron irradiated sample preserved its sp2/sp3 ratio even at 1000 °C,
while the ion-irradiated sample started the sp3-to-sp2 conversion from
200 °C and completed at 600 °C. The residual argon atoms which only
found in the ion-irradiated carbon film effused simultaneously with the
carbon sp3-to-sp2 conversion and are considered as the reason of the
ion-irradiated carbon film's weaker thermal stability. For the first time,
the influence of residual inert argon in the graphene sheets embedded
carbon film was reported. When introduce the widely used argon ion
irradiation technique, the effect of the implanted residual cannot be
neglected, especially when the high thermal stability is required. On the
other hand, as no residual atoms implanted, the electron irradiation
technique shows its advantage and can be a desirable technique to
synthesize or modify high thermal stable carbon film.
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