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ABSTRACT

The electron irradiated carbon film based on electron cyclotron resonance (ECR) sputtering technology has
been proved to have both high conductivity and paramagnetism. However, the relatively low hardness,
wear life and high surface roughness value limit its application in Micro-electromechanical Systems
(MEMS). To improve these properties, the sandwich structured carbon films with different modulation ra-
tios were introduced on silicon (100) wafers by alternative irradiation (ion/electron/ion) technique in ECR
sputtering system. The three-layered nanostructure of films was measured with a transmission electron mi-
croscopy (TEM). The surface roughness of the film can be controlled to 0.19 nm according to the measure-
ment of atomic force microscope (AFM). The unique characteristics of electron irradiated layer remained
stable after irradiation through the analyzing of Raman spectroscopy. The mechanical properties (including
hardness, elastic modulus, fracture behavior) and wear life were improved significantly due to the sand-
wich structure. The results showed that the sandwich structured carbon film is a kind of functional material
equipped with enhanced mechanical and tribological properties.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid development of nanotechnology, nano functional
materials are required to have both good tribological and mechanical
properties to cope with more complex application situations. Multi-
layer coating technique is one way to achieve the goal. Nano multi-
layer film is typically artificial materials composed of alternating
layers with different materials. The thickness of each layer can be
from several to hundreds of nanometers. The multilayer film system
can overcome the disadvantages of monolithic film and has much
better comprehensive properties [1-3]. Wang et al. prepared elec-
tron irradiated monolithic carbon film by electron cyclotron reso-
nance (ECR) sputtering technique, which has been proved to have
relatively high conductivity [4] and paramagnetism [5]. However, it
was also found that this kind of film had the limitations of relatively
low wear resistance, hardness and poor bonding strength with sub-
strate, which means that it would suffer a higher risk in deformation,
spalling and abrasion when facing a contact or friction in MEMS,
leading to a change in conductive property [6] or magnetic degrada-
tion [7]. In order to improve the tribological and mechanical proper-
ties of the electron irradiated film, we constructed a three-layer
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sandwich structured carbon film by using multilayer coating tech-
nique and assembling the electron irradiated film with relatively
hard ion irradiated carbon film together. The ion irradiated layer
lying between substrate and electron irradiated layer could serve
as undercoat layer to enhance the bonding strength with the
substrate.

Several studies about the properties of multilayer carbon films
have been reported. Han et al. explored hardness, elastic modulus
and stress trend of graded multilayer tetrahedral amorphous carbon
film [8]. Xu et al. investigated the influence of modulation ratio on
composition, hardness, residual stress, adhesion property and tribo-
logical characterization in four-layer carbon film [9]. Liu et al. devel-
oped a finite element model of multilayer carbon film with different
layer number to analyze stress distributions induced by wear parti-
cles [10]. However, the multilayer carbon film in the aforementioned
study was simply served as protecting films and seldom considered
as functional materials. In this paper, we proposed an ECR ion/elec-
tron/ion alternating irradiation technique for fabricating a multilay-
er functional material, and a sandwich structured carbon film with
hard/soft/hard layers was fabricated to evaluate the technique. The
evaluating experiments using TEM, AFM and Raman spectra were
carried out to analyze the structure, surface roughness and chemical
composition respectively. The tests on hardness, elastic modulus, re-
sidual stress, fracture behavior and tribological characterization
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between monolithic and sandwich structured carbon film were also
conducted to for exploring a novel functional material.

2. Experiment
2.1. Film preparation

The sandwich structured carbon films were deposited on Si (100)
(20 x 20 x 0.5 mm) with ECR-sputtering technique [11]. Prior to the de-
position, the chamber was pumped to a background pressure of
4.10 x 10~ * Pa and high purity argon was introduced into the chamber
as the working gas with a pressure of 4.00 x 10~2 Pa. During the depo-
sition, a DC bias voltage of —300 V was applied to the carbon target. The
monolithic electron irradiated carbon film was fabricated at a substrate
bias voltage of +50 V under the Mirror Confinement ECR (MCECR)
mode [4]; while the ion irradiated film was deposited at a voltage of
—5 V under the Divergent ECR (DECR) mode. All of the samples were
prepared at room temperature. However, the substrate temperature of
electron irradiated film raised up to 200 °C, while that of ion irradiated
film almost remained the same during sputtering. The process of ECR
ion/electron/ion irradiation is illustrated in Fig. 1. Five sandwich struc-
tured carbon films were obtained with different modulation ratios (de-
position time ratio of an ion irradiated layer to an electron irradiated
layer). The total deposition time for one film was 1500 s. Due to the dif-
ferent deposition rates between ion and electron irradiated layers and
the possibility of ion etching, the total thickness of these films were
not exactly the same. The detailed experimental parameters are
shown in Table 1.

2.2. Characterization of films

The nanostructures of sandwich structured carbon films were ob-
served using TEM (JEM-2100) with the electron acceleration voltage
of 200 kV. TEM specimens for the cross-sectional view were prepared
by mechanical polishing followed by argon-ion beam milling to a thick-
ness appropriate for observation. The surface roughness measurement
was carried out by using an AFM (Bruker Innova). The chemical compo-
sition was analyzed by Raman spectra (Horiba HR800) with a laser
wavelength of 514 nm, and spectra region between 1100 and
3500 cm ™ L. The conductivity was measured by the four-point probe
method at room temperature.

The elastic modulus and hardness of the different structured carbon
films were measured by a nanoindenter (Hysitron TI-900) and calculat-
ed by Oliver-Pharr method. In the test, a Berkovich diamond indenter
with a tip radius of 200 nm and the maximum load of 1 mN were

Table 1
The experimental parameters of carbon films.

Sample Deposition time of Deposition time of Modulation ratio  Thickness
name ion irradiated electron irradiated  (ion: electron

layer (bias = layer (bias = irradiated layer)

—5V) +50V)
MO-E - 1500 s - 150 nm
M1 500 s 500 s 1:1 140 nm
M2 600 s 300 s 2:1 125 nm
M3 667 s 167 s 4:1 110 nm
M4 700 s 100 s 7:1 105 nm
M5 720s 60 s 12:1 102 nm
MO-I 1500 s - - 100 nm

used. A pre-test on quartz standard sample was done to calibrate the
equipment. The value of the elastic modulus and hardness of the sam-
ples were given by averaging three different measurement results. The
radius of curvature of the substrate was measured using a stylus
profilometer (Ambios XP-2), and the residual stress was calculated
through Stoney's formula [12].

o, st (L_L)
I~ 6(1—=vs)d; \Rpost  Ryre

where E;, v and d; were the elastic modulus, Poisson's ratio and thick-
ness of the Si (100) substrate, respectively. R, and R,os; were the curva-
ture radii of substrate before and after deposition. Fracture behavior was
tested using the nanoindenter (Hysitron TI-900) as well. A cube dia-
mond indenter with a tip radius of 50 nm and the maximum load of
10 mN were used to ensure the happening of fracture and compare
with single amorphous carbon film [13]. The loading/unloading rate
was 10 mN/min and holding time at maximum load was 5 s. The tribo-
logical experiments of the carbon films were operated on a ball-on-disk
tribometer. The test conditions are at room temperature (23 °C) and a
relative humidity about 40%. A SizN,4 ball was used for the frictional
tests. The normal load was 1 N and sliding velocity was 19 mm/s with
a frictional circle radius of 1.4 mm.

3. Experimental results and discussions
3.1. Nanostructures

Fig. 2 illustrates the cross-sectional view of two sandwich structured
carbon films fabricated by ECR ion/electron/ion irradiation technique.

{n} @ Arion (L] @ Arlon e} @ Arlon
Carban target @ Sputtered Carbon target W Sputtered C Carbon targes w Sputtered C
- [ @ Electron o
o A K R R
-— o - B e
' |".I g Plasmastream pu ¥ * ' Plasana stream i e @  Flayma stream
Target bias e under DECR mode Target bias Y @  under MCECR mode Target bias L under DECR mod
valiage ] voltage (%) / valtage o L7
& L . - lam irrudisted
w o Grapheene Electron irradiated ® w e !
bt @ ° & 98 e tayer * ' v + luyer
w & 8 v e ? lom irradiated L J + i’ YV + / 2
REERERLE I FL AR
Suhstrute "'l Subsirale __.L Sulsirale —l
Sutvstrate blas voltage ] Sabstrate bias voliage Substrate as valtage
Vi=-5V V= 4500V Vi=-5Y¥
lom irradiation process Eleetron irradiathon process Ton irvadiation process

Fig. 1. Schematic illustration of the experimental design for ECR ion/electron/ion irradiation process. (a) lon irradiation process of the first layer in sandwich structured carbon film.
(b) Electron irradiation process of the second layer in sandwich structured carbon film. (c) lon irradiation process of the third layer in sandwich structured carbon film.
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Fig. 2. Cross-sectional TEM images of sandwich structured carbon films (a) M1 and
(b) M2.

The modulation ratios of the samples were 1:1 and 2:1, respectively.
The TEM images confirmed a well-defined three-layered sandwich
structure with one brighter layer wrapped by two darker ones. The
first and the third darker layers were deposited by ion irradiation,
while the brighter one in the middle was deposited by electron irradia-
tion. The thicknesses of ion irradiated layer and electron irradiated layer
in sample M1 were 40 nm and 60 nm, respectively. Since the deposition
time of the three layers in sample M1 were same, it appears that the de-
position rate of electron irradiated layer was higher than that of ion ir-
radiated layer, which can also be confirmed by thicknesses of each
layer in sample M2. The bright area outside the film was glue (M-
Bond 610) and came from the preparation of TEM specimens.

The nanocrystalline structure with stacks of graphene sheets can be
observed in the middle layer of sandwich structured carbon films, and
the orientation of the graphene sheets was perpendicular to the sub-
strate. The graphene sheets appeared when the irradiation energy was
higher than 40 eV and may relate to the decline in electrical resistance
according to Wang's work [4].

It should be noticed that the luminance between the ion irradiated
layer and electron irradiated layer were totally different. One reason
for this could be the density difference between two kinds of films. Fu-
ture research could explore the relationship between luminance and
density of different kinds of carbon films.

{ul Sample: Mi-E bl Samples M2
Ha: d.dh mm
S0 mm
O nm
5
1 1
0 pm
fich Samples M5 ) Sample: Mo-1
Ho: 0.1% nm Ra: 0L1E nm
2 mm Inm
§on 0 mm
5
1 1 1
0 pm 0 pm
leh
15F
E
E12t+
E 9 I
= |
e Smooth surface
= 6
=]
-
&3
z
2
< 0F
MO-E M1 M2 M3 M4 M5 M-I
lon/Electron/lon irradiated laver

Fig. 3. Surface topographies of (a) electron irradiated film, sandwich structured carbon
films (b) M2, (¢) M5, (d) ion irradiated film, and (e) roughness of all samples.

3.2. Surface roughness

Fig. 3(a-d) shows the AFM images of monolithic carbon films and
sandwich structured carbon films. The mean surface roughness (Ra) of
electron irradiated film was relatively high (14.5 nm) due to the appear-
ance of graphene sheets. With the sandwich structure, however, the
roughness becomes smaller noticeably and decreased as the modula-
tion ratio increased (Fig. 3(e)). A number of rough peaks can still be
found in the AFM images of sample M2 (4.46 nm) with a low modula-
tion ratio. However, the rough peaks disappeared when the modulation
ratio was larger than 4:1 and the roughness was only around 0.2 nm
(sample M3-M5), which was nearly the same as that of ion irradiated
film (0.18 nm). This could be explained by the ion etching during the
preparation of outermost ion irradiated layer. Since the deposition
time of ion irradiated layer was longer in the case of sandwich struc-
tured carbon films with larger modulation ratio, the rough peaks
would be etched effectively in these samples.

3.3. Chemical composition and conductivity
Fig. 4(a) depicts the Raman spectra of monolithic carbon films and

sandwich structured carbon films with different modulation ratios fab-
ricated on Si (100) substrate. The spectrum of ion irradiated monolithic
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Fig. 4. (a) Raman spectra of the monolithic carbon films and sandwich structured carbon films. (b) Raman spectrum of electron irradiated layer in sandwich structure sample M1 fitting by
difference Raman spectra. (c) Conductivity and Ip/Ig of the monolithic and sandwich structured carbon films.

carbon film exhibited a composite band centered around 1500 cm™ .
While the spectrum of electron irradiated monolithic carbon film
showed separate D and G bands near 1340 cm™ ' and 1600 cm™ !, and
a 2D band, which was often observed in graphene or graphite samples
[14], centered near 2700 cm™ . The appearance of 2D band implies a
structural transition from amorphous carbon to graphene sheets em-
bedded carbon. These graphene sheets could lead to relatively high con-
ductivity and paramagnetism of carbon films [4,5]. The spectra of
sandwich structured carbon films changed gradually with increase of
modulation ratios. The D and G bands still located separately in the sam-
ple M1 (modulation ratio of 1:1) but integrated in the sample M2-M5
as modulation ratio increased. The 2D band could hardly be seen in all
of the sandwich structured carbon films.

The spectra region ranging from 1000 to 2000 cm™ ! of all films was
fitted by D and G peaks using Breit-Wigner-Fano (BWF) function to cal-
culate the ratio of integrated intensities of D peak and G peak (Ip/Ig). As
shown in Fig. 4(c), the Ip/Ig value of monolithic ion irradiated carbon
film (sample MO-I) was the smallest among all samples, while the
monolithic electron irradiated one (sample MO-E) was the largest. The
Ip/Ig values of sandwich structured carbon film (sample M1-M5) lay
between them, and increased with the decreasing of modulation ratio.
Sheeja and Wei et al. had reported that the sp?/sp® ratio was directly as-
sociated with the Ip/I¢. The greater Ip/I; was, the larger sp?/sp® ratio it

had [15,16]. Thus, it could be suggested that the sp?/sp> ratio also in-
creased with the decreasing of modulation ratio in the sandwiched
structured films.

The spectrum of sandwich structured carbon film was analyzed to
confirm whether the structure of electron irradiated layer in the film
was changed during deposition. Since no 2D band was observed in
sandwich structured carbon films, it is likely that the Raman signal of
electron irradiated layer had been shielded under that of ion irradiated
layers. A brief difference Raman spectra method [17,18] was used to
separate the signal of electron irradiated layer from sandwich
structured film. Fig. 4(b) shows the difference spectrum of electron
irradiated layer in sample M1 and electron irradiated monolithic film
(MO-E). The 2D band near 2700 cm™ !, separating D and G bands near
1340 cm~ ' and 1600 cm ™!, which was a typical feature of electron
irradiated film, was observed in the difference spectrum. These findings
confirm that few changes happened to the electron irradiated layer
during deposition and hence the layer still had its original
properties. Fig. 4(c) presents the conductivity of all samples. The con-
ductivity of electron irradiated monolithic carbon film and sandwich
structured carbon films was six times greater than that of ion irradiated
monolithic carbon film. However, the sp?/sp° ratio of ion irradiated film
and sandwich structured films did not exhibit such obvious gap accord-
ing to the discussion above. It seems that the appearance of electron
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irradiated layer led to the relatively low resistivity of sandwich struc-
tured films. An individual 2D peak was found in the difference spectrum
of electron irradiated layer, inferring that the primary chemical compo-
sition of electron irradiated layer remains the same. While the measure-
ment on conductivity further supported the inference that the
properties of functional layer could preserve through the irradiation.

3.4. Mechanical properties

Fig. 5 shows the typical load-displacement curves of Si substrate,
monolithic carbon films and sandwich structure film sample M2 with
the maximum indentation load of 1 mN. Table 2 displays the hardness,
elastic modulus and residual stress values of monolithic and sandwich
structured films. The hardness and elastic modulus of electron irradiat-
ed monolithic carbon film were only 1.8 GPa and 45 GPa. The hardness
and elastic modulus of sandwich structured films increased significantly
with the values ranging from 3.3 GPa to 13.4 GPa and 109 GPa to
190 GPa, respectively. Since the maximum penetration depth of indent-
er went beyond the 20% of the film thickness, the value of hardness and
elastic modulus were considered as a mixture of film and substrate [19].
The hardness and elastic modulus increased as modulation ratio in-
creased, which were in agreement with the result of Ip/I;. It is possible
that the increase in the fraction of sp> bonded carbon atoms would en-
hance the hardness and elastic modulus of sandwich structured carbon
films. Besides, the high residual stress in ion irradiated carbon is re-
duced by more than 50% through sandwich structure. Among all of
sandwich structured films, sample M3-M5 with higher modulation
ratio were most desired for the working situation with higher normal
pressure due to their high hardness and elastic modulus.

The fracture behavior under higher load of monolithic carbon films
and sandwich structured carbon films were analyzed from load-
displacement curves. Fig. 6 illustrates the load-displacement curves of
the monolithic and sandwich structured carbon films sample M2. In
the load-displacement curve of sandwich structured carbon film, the
first pop-in happened at the load of 3.5 mN. With the increase of inden-
tation load, it began to show discontinuities which changed the slope of
the loading curve at 3.5-6.5 mN. Another relatively small pop-in was
found when the load reached 6.5 mN. Other sandwich structured films
also exhibit such pop-in, discontinuities and pop-in pattern while only
one pop-in was found in the curve of monolithic carbon films. One prob-
able explanation may be attributed to the layer by layer fracture accord-
ing to Li's study on monolithic carbon films [20]. The two pop-ins could
be inferred as the fracture of two ion irradiated layers, while the discon-
tinuities may be the spalling of electron irradiated layer.
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Fig. 5. The load-displacement curves Si substrate, monolithic carbon films and sandwich
structured carbon films M2 with the maximum indentation load of 1 mN to obtain hard-
ness and elastic modulus.

Table 2
Hardness, elastic modulus, residual stress, wear life and average friction coefficient of
monolithic carbon films and sandwich structured films.

Sample Hardness Modulus Residual stress ~ Wear life Friction
(GPa) (GPa) (GPa) (Cycle) coefficient

MO-E 1.84+02 45+3 —1.33 +£0.07 45420 0.172 4+ 0.038
M1 33+£03 109+5 —5.264 021 31404380 0.128 & 0.027
M2 86+04 14648 —5.274+0.18 6100 4530 0.120 £ 0.023
M3 96+0.7 1574+ 16 —6.82 4+ 0.18 2520 4260 0.131 4 0.029
M4 11+1 172 £ 15 —7.93 4030 24004370 0.13540.030
M5 134+£02 190+3 —8234+0.38 16104280 0.136 4 0.030
MO-I 135+£03 191+10 —16.86+0.69 1200+ 340 0.163 & 0.032

According to the discussion, the load for the second pop-in could be
considered as the maximum load before the film spall completely. Since
the load of second pop-in in sandwich structured films exceeded
6.5 mN, which was greater than that of the single pop-in in monolithic
carbon films about 5 mN, it is concluded that the sandwich structure
could bear higher load in the occasion of indentation and thus had bet-
ter fracture behavior than the monolithic carbon films. This phenome-
non agreed with Kot's work on Ti/TiN multilayer films and can be
interpreted as the important role of electron irradiated layer on me-
chanical response, reducing the residual stress and increasing the frac-
ture resistance [21].

The experiment results of mechanical properties indicate that the
sandwich structured film equipped with relatively higher hardness,
modulus and fracture resistance than those of electron irradiated film.

3.5. Tribological properties

Fig. 7 shows the typical tribological curves of friction coefficient for
monolithic carbon films and sandwich structured carbon film M2. The
electron irradiated monolithic carbon film had relatively weak tribolog-
ical properties with the friction coefficient 0.172, and the value was
about 0.4 after 45 cycles, which means the failure of film. The friction co-
efficient and wear life of ion irradiated monolithic carbon film were
0.163 and 1200 cycles individually. The friction coefficient of sandwich
structure sample M2 was 0.140 at the beginning of tribotest, and de-
creased to 0.078 after about 4000 cycles. It could be due to the failure
of the second electron irradiated layer, and then the graphene sheets
lying inside lubricated the Si3N4 ball-carbon film friction pair. Table 2
also displays wear life and average friction coefficient of monolithic
and sandwich structured films. The wear life of sample M2 was more
than 6000 cycles, which was about 100 times longer than that of

{2 + Max load: 10 mN
Indenter type: cube M2

1o  Indenter radius: 50 nm \

8  Second pop-in

Mu-1

Load (mN)

First pop-in

MO-E

300 400 500 600 700
Displacement (nm)

0 100 200

Fig. 6. The load-displacement curves of monolithic carbon films and sandwich structured
carbon films M2 with the maximum load of 10 mN to obtain fracture behavior.
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Fig. 7. The typical tribological curves of friction coefficient for electron irradiated monolithic
carbon film, sandwich structured carbon film M2 and ion irradiated monolithic carbon film.

electron irradiated film and even 5 times more than that of ion irradiated
film. Thus, sample M2 with the modulation ratio of 2:1 was most desired
for the working situation with more abrasion. However, the average
friction coefficients of all samples were approximate, ranging from
0.120 to 0.172.

These data reported here show an effective improvement on the
wear life of electron irradiated film by adopting the sandwich structure,
which shows a good agreement with the results of measurement on the
hardness and surface roughness mentioned above. Moreover, the wear
life of sandwich structured films is even longer than that of ion
irradiated film. One reason for this could be that the electron irradiated
layer acted as the internal stress relaxing layer [22] while the ion irradi-
ated layers acted as the protective layer in the sandwich structured film,
resulting in a good combination of internal stress and hardness in the
sandwich structured films than that of monolithic films. Furthermore,
the relatively high fracture resistance also produced a high wear life ac-
cording to Ren and Kodali's study [23,24]. Our results suggest that the
superior tribological properties of sandwich structure may be due to
the improvement of mechanical properties [25,26].

4. Conclusions

In summary, an ion/electron/ion alternative irradiation technique
was developed in electron cyclotron resonance (ECR) sputtering system
for layered materials fabrication. By using this technique, a three-
layered sandwich nanostructured carbon film was fabricated, where
TEM image showing clearly that one electron irradiated layer was em-
bedded between two ion irradiated layers. The mean surface roughness
of the sandwich structured carbon film can be controlled at a relatively
low value of 0.19 nm. The mechanical properties (hardness, elastic
modulus, fracture behavior) and wear life were improved significantly

compared with electron irradiated monolithic carbon film. Among all
sandwich structured samples, the ones with larger modulation ratio
(M3-M5) had higher hardness and elastic modulus, while the ones
with smaller modulation ratio (M1-M2) possessed longer wear life. In
conclusion, the above results indicated that this technology can be ex-
pected for broad layered materials fabrication applications.
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