
Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Nanocrystalline/amorphous biphase enhanced mechanical properties in
multilayer carbon films

Peidong Xuea,b, Lei Yanga, Dongfeng Diaob,⁎

a Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, School of Mechanical Engineering, Xi'an Jiaotong University, Xi'an 710049, China
b Institute of Nanosurface Science and Engineering, Guangdong Provincial Key Laboratory of Micro/Nano Optomechatronics Engineering, Shenzhen University, Shenzhen
518060, China

A R T I C L E I N F O

Keywords:
Multilayer carbon film
Ultrathin single layer
Interface structure
Mechanical properties

A B S T R A C T

This study reports the nanostructure evolution and mechanical properties improvement in the nanocrystalline/
amorphous multilayer carbon films. Electron cyclotron resonance sputtering and electron/ion alternative irra-
diation techniques were used to deposit the multilayer carbon films with the total film thicknesses ranging from
130 to 10 nm and the single layer thicknesses ranging from 4 to 1 nm. The high resolution transmission electron
microscopy observation showed that the interface between nanocrystalline layer and amorphous layer evolved
from an original toothed structure to a mixed biphase structure, and the nanocrystallite size in nanocrystalline
layer decreased when layer thickness was reduced from 4 to 1 nm. The nano-indenter tests showed a significant
improvement in hardness of multilayer film when single layer thickness was reduced from 4 to 1 nm. The scratch
tests revealed that good scratch resistance could be preserved in the multilayer film with 1 nm single layer
thickness when total film thickness was only 10 nm. This work may shed light on the ultrathin multilayered
coating technology.

1. Introduction

Multilayer technique is by far one of the most versatile methods to
assemble multifunctional nanoscale materials with controlled nan-
ometer-scale composition and structure [1]. Among various functional
nanoscale objects, carbon-based nanomaterials are promising candi-
dates for emerging science and technology with their unique physical
and mechanical properties [2]. It was found that adding the nano-
crystallite of fullerenes [3–5], carbon nanotubes [6–8] or graphitic
sheets [9] into carbon films could modify certain properties of the
original films. Our group recently prepared a kind of graphene sheets
embedded carbon film using electron cyclotron resonance (ECR) elec-
tron irradiation. This film was proved to have high conductivity [10],
paramagnetism [11] and large magnetoresistance [12]. Assembling
different hybrid carbon films into multilayer system with convenient
PVD or CVD method could further utilize the merits of carbon-based
nanomaterials. Based on the various properties of nanocrystalline
carbon films, multilayer carbon films could be promising candidates for
versatile applications in MEMS/NEMS system.

Various approaches have been made to modulate the properties of
carbon-based multilayer films including replacing one component layer
with other elements [13], changing deposition parameters [14] and

tuning single layer thickness [15–17]. Among these approaches, tuning
single layer thickness could preserve the original structures of the
component layers while changing the mechanical properties of the
multilayer films notably [18], which could bring a method for devel-
oping novel functional materials equipped with good mechanical
properties. But the ultrathin single layer thickness may bring different
changes in mechanical properties in different multilayer system. Some
systems would achieve remarkable hardness improvement [19] while
others would lose their good mechanical properties [20,21]. And the
ultrathin single layer thickness might limit the growth of nanocrys-
tallite within certain component layers, which could influence the
crystal structure of the component layers [22,23]. Our former study on
nanocrystalline/amorphous multilayer carbon films found that when
single layer thickness was reduced from 60 to 5 nm, the nanocrystalline
structure was kept intact in the component layers while the hardness
increased monotonously [18]. However, when the thickness of single
layer was less than 5 nm, the thickness of single layer would reach the
same scale as the size of nanocrystallite and interdiffusion effect would
be notable. Clarify the influence of the changed nanostructure on the
mechanical properties of multilayer film with ultrathin single layer
thickness could bring new method for designing novel multifunctional
films equipped with good mechanical properties.
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In this study, nanocrystalline/amorphous carbon multilayer films
with the total film thicknesses ranging from 130 to 10 nm and the single
layer thicknesses ranging from 4 to 1 nm were fabricated using ECR
sputtering and electron/ion alternative irradiation. The evolution of
interface structure, surface roughness and bonding structure of the
prepared films were characterized with transmission electron micro-
scopy (TEM), atomic force microscopy (AFM) and Raman spectra, re-
spectively. The hardness and elastic modulus of the carbon multilayer
films was evaluated with nano-indentation tests. For further evaluating
the mechanical performance of the films with ultrathin total thickness,
scratch resistances of multilayer and component films with different
total film thicknesses ranging from 130 to 10 nm were evaluated by
AFM diamond tip scratch tests.

2. Experiment methods

2.1. Film preparation

Multilayer carbon films composed of alternative electron irradiated
layers and ion irradiated layers were deposited on silicon substrate
(type 〈100〉) using mirror confinement electron cyclotron resonance
(MCECR) and divergence electron cyclotron resonance (DECR) plasma
sputtering system, respectively. In MCECR plasma sputtering system,
current was applied to two magnetic coils to form a mirror confinement
magnetic field. While in DECR plasma sputtering system, current was
only applied to one magnetic coil to form a divergence magnetic field.
By using different plasma sputtering system, different sputtering energy
and density could be obtained [24]. The detailed description of ECR
system and the alternative irradiation method were reported in our
previous works [10,18]. The substrates with thickness of 0.5 mm were
cut into 20 mm× 20 mm square and cleaned in acetone and ethanol
bath sequentially by ultrasonic bath before fixed onto the substrate
holder. The chamber was first evacuated to a background pressure of
4.00 × 10−4 Pa, then the working pressure was controlled to
4.00 × 10−2 Pa by inflating pure argon gas. The substrates were he-
ated up and kept at 200 °C for an hour to remove the water molecular
may exist on the substrate. After cooling down to 80 °C, the substrates
were cleaned by argon ion sputtering for 3 min with substrate bias of
−50 V as pretreatment. During the deposition, a DC bias voltage of
−300 V was applied to the round carbon target with a purity of 99.9%.
The substrate bias was set as +100 V during electron irradiated layers
deposition and −5 V during ion irradiated layers deposition, respec-
tively. In the deposition process, one intermediate layer (IL) was firstly
deposited with ion irradiation to enhance the adhesion force between
the multilayer film and the substrate. Then electron irradiated layers
and ion irradiated layers with equivalent thickness were deposited layer
by layer to construct the whole multilayer films. The single layer
thicknesses were set as 1, 2, 3 and 4 nm. With each certain single layer
thickness, multilayer carbon films with total film thicknesses of 130, 90,
50 and 10 nm were deposited. Pure component films were also fabri-
cated for comparison. Multilayer carbon films with single layer thick-
ness of 1, 2, 3 and 4 nm were named as L-1, L-2, L-3 and L-4, respec-
tively. And pure electron irradiated carbon film and ion irradiated
carbon film were named as L-E and L-I, respectively. Total film thick-
ness, IL thickness and number of layers of all the multilayer samples are
summarized in Table 1.

2.2. Characterization of films

The nanostructures of the carbon films were observed with a Tecnai
F30 transmission electron microscope (TEM) operated at 300 kV. The
bonding structures of the films were studied by Raman spectra, which
were obtained with a HORIBA HR800 laser confocal Raman spectro-
meter. The 514 nm laser spot size was 2 μm using a 100× objective,
and the spectrum region was between 1100 and 3500 cm−1. The sur-
face morphologies were measured with an Innova atomic force micro-
scope (AFM) which was installed in a glove box filled with Nitrogen.
The scanning size was 5 μm × 5 μm and the scanning tip was a silicon
tip with tip radius of 2 nm.

The hardnesses of different carbon films and Si substrate were
measured by a nanoindenter (Hysitron TI-900) and calculated by
Oliver-Pharr method. In the test, a Berkovich diamond indenter with a
tip radius of 200 nm was used and the maximum load for indentation
was 1 mN. A pre-test on quartz standard sample was done to calibrate
the equipment. The values of the elastic modulus and hardness of the
samples were given by averaging three different measurement results.

In order to further investigate the mechanical properties of multi-
layer films with ultrathin total film thickness. Scratch tests were con-
ducted by AFM using a diamond tip with tip radius of 40 nm and the
load of scratch was set as 120 μN. The scratch velocity was set as
0.1 μm/s. Each sample was scratched for three times and the scratch
depth was given by calculating the average depth.

3. Experiment results

3.1. Nanostructures

Fig. 1(a–c) shows the local TEM cross-sectional images of L-1, L-2
and L-3 with total film thickness of 130 nm. The properly rotated inset
figures show the enlarged view of the local structure. The component
layer thicknesses for the L-1, L-2 and L-3 were 1 nm, 2 nm and 3 nm and
the total thicknesses for all of the three samples were 130 nm, as ex-
pected. When single layer thickness was reduced, the layered structure
became blurred. However, the sequential bright and dark structure still
could be observed even for L-1. The dark layers were deposited with ion
irradiation and the bright layers were deposited with electron irradia-
tion.

According to the inset figures, the interface evolution could be ob-
served clearly when the single layer thickness decreased. Influenced by
the interface mixing and the interdiffusion effects, the interface be-
tween nanocrystalline layer and amorphous layer possessed three dif-
ferent shapes when the single layer thickness was reduced from 3 nm to
1 nm. The interface of L-3 was more like toothed structure as the two
component layers intruding into each other. For L-2, owing to the de-
creased single layer thickness, the protruding tooth like structure con-
necting the adjacent layers and form a linked-layer structure. For L-1,
although the layered structure still could be observed in the whole
image, the enlarged local image showed a less identifiable layer
structure or biphase structure.

Fig. 1(d–f) shows the typical high resolution transmission electron
microscopy (HRTEM) images of L-1, L-2 and L-3. The layered structure
could not be observed clearly at this scale owing to the low contrast.
The graphene nanocrystallite, which can influence the electrical and

Table 1
Total thicknesses, IL thickness and number of bilayers of the multilayer samples.

Samples L-4 L-3 L-2 L-1

Single layer thickness (nm) 4 3 2 1
Total thickness (nm) 130 90 50 10 130 88 52 8 130 90 50 10 130 90 50 10
IL thickness (nm) 10 10 10 2 10 10 10 2 10 10 10 2 10 10 10 2
Number of layers 30 20 10 2 40 26 14 2 60 40 20 4 120 80 40 8
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mechanical properties of the multilayer films, could be observed in all
of the three images. According to Fig. 1(d), the interplanar spacing
between graphene sheets was approximately 0.34 nm and the orienta-
tion of graphene nanocrystallite was perpendicular to the substrate. The
size of the graphene nanocrystallite in L-1 was around 1 nm, which
should be explained as the alternative deposition of the component
layers interrupt the growth of large graphene nanocrystallite in nano-
crystalline layers. Similar tendency was also observed in other multi-
layer systems with ultrathin single layer thickness [23,25].

3.2. Bonding structure

Fig. 2(a) depicts the Raman spectra of L-E, L-I and multilayer carbon
films with different single layer thicknesses. The D peak arises due to
the presence of sp2 carbon atoms in rings, while the G peak arises due to
the presence of sp2 carbon atoms in both rings and chains [26–30]. The
spectrum of L-I exhibited a composite band centered near 1500 cm−1,
which indicated an amorphous structure. While the spectrum of L-E
showed separate D and G bands near 1340 cm−1 and 1600 cm−1,
which indicated an ordered nanocrystalline structure. For the multi-
layer films, both of the electron and ion irradiated layers contributed to
the Raman signal. We have proven that the bonding structure of elec-
tron irradiate layers preserved in multilayer films with single layer
thickness beyond 5 nm by using a brief difference Raman spectra
method [18]. However, when single layer thickness was further

reduced to less than 5 nm, the bonding structure exhibited apparent
changes that D and G peak became less identifiable. The changing of the
Raman spectra could also prove the existence of nanocrystalline
structure because the Raman spectra of amorphous multilayer carbon
films should not change with the changing of single layer thickness.

Fig. 1. TEM images of L-1, L-2 and L-3. (a–c) TEM cross-sectional images of the L-1, L-2 and L-3, respectively. The total thickness of 130 nm and bright/dark sequential layers could be
observed. An evolution of the interface structure from a toothed structure to a biphase structure could be observed in the inset images. (d–f) HRTEM cross-sectional images of L-1, L-2 and
L-3, respectively. It could be observed that the graphene nanocrystallite size decreased with single layer thickness decreasing. The interplanar space is about 0.34 nm and the size of
graphene nanocrystallite is about 1 nm as shown.

Fig. 2. (a) Raman spectra of different films ranging from 1100 to 3500 cm−1. (b) Raman
spectra of different films ranging from 1100 to 2000 cm−1. D peak and G peak become
obscure with the decrease of single layer thickness.
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In order to observe the spectra evolution more clearly, Fig. 2(b)
depicts the spectra of different samples ranging from 1100 to
2000 cm−1 and the decomposed D and G peak. The D band and G band
were fitted with a Lorentzian line and a Breit–Wigner–Fano (BWF) line,
respectively. The G peak position and the ratio of D peak intensity to G
peak intensity (ID/IG) were calculated according to the decomposed D
and G band [29]. The Raman spectra results were summarized in
Table 2. When single layer thickness decreased, the G band position
shifted to low frequency and the value of ID/IG decreased. The in-plane
size of graphene nanocrystallite could be estimated according to the
value of ID/IG. For multilayer films, the estimation for exact size of the
graphene nanocrystallite may not be accurate but we could still con-
clude a tendency that the in-plane graphene nanocrystallite size would
drop when the single layer thickness was reduced.

3.3. Surface roughness

Fig. 3 presents the surface topographies, average roughness (Ra) and
root mean square roughness (Rq) values of the multilayer films with
different single layer thicknesses. The mean surface roughness of all the
multilayer films was around 0.1 nm, which was lower than that of L-E
(Ra = 6.78 nm) and L-I (Ra = 0.14 nm). The ultra-smooth surface could
make the multilayer films suitable to be applied in MEMS and NEMS.

It is also observed that the multilayer film would be smoother than
pure component film in other system [31]. Usually carbon film with
high sp3 would possess relatively smooth surface [32], while the ap-
pearance of graphene nanocrystallite within carbon films would lead to
high surface roughness [33,34]. For multilayer carbon film with ul-
trathin single layer thickness, the electron irradiated nanocrystalline
layers were too thin to grow high asperities. When one layer nano-
crystalline layer was deposited, the following ion irradiated amorphous
layer could break the growth of nanocrystallite, and the low energy ion
bombardment during the deposition would help smooth the surface
[35,36]. Thus, each new deposited layer could grow on a smooth sur-
face and a thick film with smooth surface could be formed as a result.

3.4. Mechanical behaviors

Fig. 4(a) shows the load-displacement curves of multilayer films
with total thickness of 130 nm during the indentation. Fig. 4(b) sum-
marizes the hardness value as a function of single layer thickness. Some
data were extracted from our former work for better comparison, which
were marked with hollow symbols [18]. As the total thickness of those
samples were 130 nm, the maximum penetration depth of the indenter
went beyond 20% of the film thickness, which means the values of the
hardness were partly influenced by the substrate [37,38]. Because the
hardness of the Si substrate was 11.5 ± 0.3 GPa, L-1 and L-2 should be
considered as hard films on soft substrate, while L-3 and L-4 should be
considered as soft films on hard substrate [39]. Thus, the real hardness
values of L-1 and L-2 should be slightly larger than the presented va-
lues, while the real hardness values of L-3 and L-4 should be slightly
smaller than the presented values. According to Fig. 4(b), when single
layer thickness decreased, the hardness of the multilayer films in-
creased monotonously. Compared with the slow increase in hardness
when single layer thickness decreased from 60 to 10 nm, the hardness
increased nearly 70% when single layer thickness decreased from 4 to
1 nm. The hardness of L-1 was 17.1 GPa, which was even higher than
that of the pure hard component film L-I with a hardness value of
13.1 GPa. Reasons for the abnormal hardness increasing rate should be
highly related to the nanostructure changes and we will discuss it later.
Fig. 4(c) presents the elastic modulus of different samples as a function
of single layer thickness. The value of elastic modulus exhibited the
same tendency as hardness. Fig. 4(d) presents the plastic resistance
parameter (H/E), which was found to be an important parameter to
estimate both elastic-plastic behavior of thin film and provide in-
formation about wear resistance. The H/E ratio shows the physical
response of an atomic lattice to an external force and relates to the bulk
fracture strength [40]. The H/E ratio also increased when single layer
thickness decreased. Interestingly, the H/E ratio of L-1 was slightly
larger than 0.1, which should vary in the range between 0 and 0.1 for
DLC. This high H/E value of L-1 might be attributed to the biphase
structure of the multilayer films and implied a high wear resistance.

3.5. Scratch resistance

Fig. 5 presents the cross-sectional topographies across the scratches
(as shown in the inset figures) on the surface of L-1 and L-4. The scratch
depth of L-1 was 1.1 nm while the scratch depth of L-4 was 4.2 nm.
Considering the multilayer films were very smooth, the scratch process

Table 2
Raman spectra results of the multilayer carbon films with different single layer thick-
nesses.

Samples L-4 L-3 L-2 L-1

G peak positions (cm−1) 1582.5 1578.7 1569.2 1555.8
ID/IG 0.81 0.78 0.72 0.60

Fig. 3. AFM images of different multilayer carbon films. All films
possess smooth surface.
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could be equivalent to the wear process that an asperity scratch on a
plane. Thus, the shallow scratch depth of L-1 could be explained by
both of the high hardness and the high H/E ratio.

Fig. 6 summarizes the scratch depth of different samples with dif-
ferent total thicknesses under the same load. The inset figure shows the
scratch depth of different multilayer carbon films with total film
thickness of 130 nm. Single layer thickness decreasing would improve
the scratch resistance notably. And although the hardness value of L-1
and L-I were different, their scratch resistance capability were nearly
the same. It could be concluded that when the total thicknesses of the
films were beyond 50 nm, the scratch resistance of the multilayer films
did not change notably. However, when total film thickness was re-
duced to 10 nm, the scratch depth of L-2, L-3 and L-4 sudden rose to
7.8, 8.5 nm and 11.5 nm, respectively. The sudden rise in scratch depth
means these multilayer films spalled under this normal load. This could
be explained that when the total film thickness was decreased to 10 nm,
the scratch depth was more than 20% of the total thickness, the scratch
resistance would be influenced by the substrate. For L-I and L-1, the
scratch depth was nearly the same when the total thickness of the films
larger than 50 nm. When total film thickness was reduced to 10 nm, the
scratch depth of L-I increased to nearly 10 nm while L-1 still kept a good
scratch resistance. For pure carbon films, the mechanical properties of
an ultra-thin film are softer than what expected for the same film if it

was thick. The softening of the mechanical properties of ultrathin films
is a size effect [41,42]. But for the multilayer film with ultrathin
component layers, it could still keep a high interfaces amount with
ultrathin total thickness and keep a good scratch resistance as a result.

4. Discussions

In this work, we found that when the single layer thickness of na-
nocrystalline/amorphous multilayer carbon film decreased from 4 to
1 nm, the interface structure of the multilayer films evolved from a
toothed structure to a biphase structure and the nanocrystallite size
decreased at the same time. The decreased single layer thickness also
brought a significant hardness improvement in the multilayer films. The
formation of coherent interface, the biphase structure and the de-
creased nanocrystallite size were considered as the factors influencing
the hardness.

In the first place, during the electron irradiated layer deposition, the
electron could penetrate in the former deposited ion irradiated layer
when the thickness of single layer was thin enough [43]. The pene-
trating electron may induce the former deposited amorphous ion irra-
diated layer to form some graphene nanocrystallites [43]. When

Fig. 4. (a) Load-displacement curves of L-1 to L-4. (b)
Hardness as a function of single layer thickness. (c) Elastic
modulus as a function of single layer thickness. (d) H/E as a
function of single layer thickness.

Fig. 5. Cross-sectional topographies across the scratches of L-1 and L-4. The inset images
present the AFM image of the scratch areas.

Fig. 6. Scratch depth of L-I and different multilayer films with different total thicknesses.
L-1 could preserve good scratch resistance when the film total thickness was reduced to
10 nm. The inset figure shows the scratch depth of different multilayer carbon film with
total thickness of 130 nm.
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graphene nanocrystallite existed in both of the two phases, a coherent
interface could form between the electron and ion irradiated phases.
The formation of the coherent interface was considered to result in
hardness increase [44]. Second, when the biphase structure formed in
the multilayer films, the interfaces between electron irradiated phases
and ion irradiated phases increased remarkably. Considering the two
phases possessed large difference in modulus, the interfaces could block
the movement of dislocation in the film efficiently [45,46]. Third, when
single layer thickness was reduced below 3 nm, the graphene nano-
crystallite size in the electron irradiated phases also decreased as a
consequence. The decreased graphene nanocrystallite could improve
the strength of nanocrystalline phase, which was known as the Hall-
Petch effect [47,48]. The strength improvement of one phase could
benefit in enhancing the total hardness [14]. As a result, a significant
hardness improvement was achieved in the multilayer films when
single layer thickness became ultrathin.

5. Conclusion

In this study, we used the electron/ion alternative irradiation
technology in ECR sputtering system to deposit multilayer carbon films.
We studied the nanostructure evolution and the mechanical properties
improvement induced by the change of single layer thickness (4 to
1 nm). The evolution of interface structure from a toothed structure to a
biphase structure was observed by HRTEM images. The decrease of
graphene nanocrystallite size was verified by both HRTEM images and
Raman spectra. Very smooth surface (Ra around 0.1 nm) could be ob-
tained for multilayer carbon film with ultrathin single component
layers. According to the indentation test, prominent improvements in
hardness, elastic modulus and H/E were observed when single layer
thickness was reduced from 4 to 1 nm. According to the scratch test,
when the total film thickness was reduced from 130 to 10 nm, good
scratch resistance was kept in the multilayer film with single layer
thickness of 1 nm. The hardness improvement was attributed to the
coherent interface, biphase structure and small nanocrystallite size.
This work may be useful for designing ultrathin protective multilayer
films.
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