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a b s t r a c t
A design of cylindrical double-target source with shutter slider which can continuously change the target
area ratio was applied to the divergent and mirror-conﬁnement Electron Cyclotron Resonance (ECR) plasma
sputtering system in the present study. The deposition process feasibility of several types of ﬁlms (singlelayer of pure and composite ﬁlm as well as multi-layer ﬁlm) can be realized by using this multi-functional
system. The highly concerned amorphous carbon ﬁlms were prepared with the Divergent ECR (DECR) and
Mirror-Conﬁnement ECR (MCECR) plasma sputtering systems. The tribological properties were compared,
which both showed a normally friction coefﬁcient around 0.15. Through adding substrate heating during
ﬁlm preparation, the tribological properties of DECR carbon ﬁlms were improved with an obvious decreasing
of friction coefﬁcient to 0.05 and a much longer wear lifetime. The designed double-target source with shutter slider was used to prepare Al–O–Si ﬁlms, by which the target area ratio of silicon to aluminum was changed from 0.5 to 2. A composite structure of Al–O–Si ﬁlm with high transmittance up to 89% at 193 nm
wavelength was obtained with the multi-functional ECR plasma sputtering system.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Electron Cyclotron Resonance (ECR) plasma source is widely used
in kinds of thin ﬁlm processes, including the ﬁlm deposition [1,2],
etching [3], surface modiﬁcation [4], doping [5], and epitaxy [6]. ECR
plasma sputtering has the merits of low sputtering temperature,
high plasma density, high degree of ionization and low working pressure, which provides a method for preparing thin solid ﬁlms with low
surface damage for industrial applications.
Divergent ECR (DECR) plasma sputtering deposition apparatus
with solid material target was developed in 1984 [7], and oxidized
metal ﬁlms of Al2O3, Ta2O5, ZnO were prepared by using the DECR apparatus [8,9]. During the development of ECR application technique,
Matsuoka and Ono discussed the effect of Mirror-conﬁnement magnetic ﬁeld application on ion energy of ECR plasma, which showed
that ions with lower energy generated in the Mirror-Conﬁnement
ECR (MCECR) plasma comparing with the DECR plasma [10]. The
MCECR plasma enhanced sputtering discharge for ﬁlm deposition
was investigated by Misina and coworkers [11], and SrTiO3 (STO)
and (Ba, Sr)TiO3 (BST) ﬁlms were prepared with the MCECR plasma
sputtering for the dynamic random access memories [12,13]. In
order to meet the requirement of semiconductor technology, ECR
plasma sputtering with two plasma sources was investigated to deposit the SiO2–Ta2O5 multilayered optical ﬁlms [14]. In recent years,
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optical ﬁlms with higher transmittance at 193 nm wavelength are
important to support the laser optical parts within the system of
micromachining and lithography [15]. Film materials like SiO2, Al2O3
and so on showed high transmittance at wavelength of 193 nm, but
multi-layers consisting of twenty or more layer pairs were necessary
[16,17]. Therefore, single layer of Al–O–Si composite ﬁlm combining
the good performances of SiO2 and Al2O3 with high transmittance is
expected to deposit with simpler preparation method.
Hirono et al. investigated the effect of ion irradiation on the wear
of DECR plasma sputtering carbon ﬁlms by using the Atomic Force
Microscope (AFM) scratch test with diamond tip radius of 80 nm,
and the results showed that far superior hardness was obtained compared to that of RF sputtering ﬁlms by removing weakly bonded carbon
atoms using ion irradiation [18]. They deposited a new kind of super
hard conductive nano-crystallite carbon ﬁlm whose hardness (evaluated
by the wear depth using AFM scratch test) is comparable to diamond
hardness, while the conductivity is 19 orders of magnitude larger than
that of diamond [19]. Diao and Hirono performed a joint study on
the tribological properties of the carbon ﬁlms prepared by DECR
plasma sputtering, and the results showed that the friction coefﬁcients
were about 0.15 and the wear lifetimes were about hundreds or few
thousands cycles, which were not good enough as a wear resistant
layer [20]. Diao and Miyake also examined the tribological properties
of carbon ﬁlms prepared by MCECR plasma sputtering, and the best
result obtained was the lowest friction coefﬁcient of 0.11 and the
longest wear lifetime of 3900 cycles [21]. The tribological properties
of ECR carbon ﬁlms still need to be improved to satisfy the requirement
of industrial applications as a protective layer.
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Fig. 1. Schematic illustrations of the multi-functional ECR plasma sputtering system, (a) Three- dimensional schematic of the ECR plasma sputtering apparatus including a doubletarget source with shutter slider (left), and the detail structure of shutter slider (right); (b) Schematic of DECR with magnetic ﬂux density distribution; (c) Schematic of MCECR with
magnetic ﬂux density distribution.
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Based on the above research background on ECR plasma sputtering technologies, in the present study, a cylindrical double-target
source with shutter slider is applied to the ECR plasma sputtering system, and the multi-functional ECR system is used to prepare carbon
ﬁlms with better tribological properties and composite Al–O–Si
ﬁlms with high transmittance. For this purpose, plasma properties
of DECR and MCECR are measured with Langmuir probe. Amorphous
carbon and Al–O–Si ﬁlms are deposited with the different functions of
the apparatus. The nano structures and tribological properties of carbon ﬁlms are characterized by Transmission Electron Microscope
(TEM), X-ray Photoelectron Spectroscopy (XPS), and Pin-on-disk
(POD) tribomoter. The structure, surface roughness and optical properties of Al–O–Si ﬁlms are characterized by XPS, Atomic Force Microscope (AFM), and Deep Ultraviolet (DUV) spectral photometer.
2. Experiments
2.1. ECR conﬁguration
Fig. 1 shows the three and two-dimensional schematic illustrations
of the multi-functional ECR plasma sputtering system. In order to realize the preparation of composite single-layer ﬁlms or multi-layer ﬁlms
with different targets in a limited space, a double-target source with
shutter slider was designed as shown in Fig. 1(a). By adjusting the
turning outside the chamber, the shutter slider can be moved along
the surfaces of the cylindrical targets continuously, and the exposed
areas of two targets are changed. Through using the shutter slider on
the double target source, composite single-layer ﬁlms can be deposited by exposing different area ratios of the two targets, or multilayer ﬁlms can be deposited by exposing different target each time.
The shutter slider was made of steel and the surface was coated
with a 0.2 mm thick alumina layer using the thermal sprayed method. In this study, 2.45 GHz microwave with the power of 200 W was
introduced to the chamber through a rectangular waveguide and a
fused quartz window. Magnetic coils were arranged around the
chamber to achieve a microwave ECR condition (magnetic ﬂux density, 875 G). DECR plasma was generated when the DC power was
applied to the magnetic coil on left side (Fig. 1(b)), while MCECR
plasma was generated when DC power was applied to both of the
two coils (Fig. 1(c)). The magnetic coil current was set as 400 A,
and the distance between the two magnetic coils was 390 mm,
then the axial distributions of magnetic ﬂux density B in DECR and
MCECR plasma are shown in Fig. 1(b) and (c) respectively. The ECR
zones lay at 110 mm away from the center of two targets, and substrate
was located at the place of Z = +110 mm. As a result, the distance
of substrate to the ECR zone (ZECR) of DECR was 220 mm, and that of
substrate to the two ECR zones of MCECR (−ZECR, +ZECR) were
220 mm and 0 mm respectively. The substrate heater and thermocouple sensor ﬁxed just behind the substrate holder can control the substrate temperature from room temperature to 700 °C.
The plasma properties with working pressures from 0.02 to
0.10 Pa for DECR and MCECR plasma were measured with Langmuir
probe. The tungsten tip of 0.2 mm in diameter is located where the
substrate is ﬁxed during deposition. The Langmuir probe is ﬂoated
in the plasma, and plasma density and potential are obtained from
the current collected by the tip and the applied voltage. Results indicated that the plasma density of DECR was lower than that of MCECR,
as shown in Fig. 2(a), the lower plasma density in DECR decreased
collisions of ions with electrons and increased the sputtered ion energy. Besides, in the ECR plasma, when the ions transfer from strong
magnetic ﬁeld to the weaker ﬁeld, they are accelerated (decelerated
when the ions transfer from weaker to stronger ﬁeld) by the force
Fz = −μzgradBz, where μz = mv 2/2B, is the magnetic momentum of
plasma volume unit, and gradBz is the gradient of magnetic ﬂux density B in the parallel Z direction to the magnetic ﬁeld [22]. According
to the magnetic ﬂux distributions of DECR and MCECR shown in Fig. 1,

Fig. 2. Plasma properties of multi-functional ECR plasma sputtering system, (a) Plasma
density; (b) Plasma potential.

ions are accelerated from the ECR zone to the substrate in DECR plasma, while in case of MCECR, ions will be decelerated before reaching
the substrate, the ion energy in DECR plasma is higher. Fig. 2(b)
shows the plasma potentials of DECR and MCECR plasma with different working pressures. The plasma potential formed in front of substrate is higher for DECR than MCECR at same working pressure.
When the same substrate bias is applied, the energy of incident ion is
higher in DECR plasma. As a result, the deposition rate will be decreased
in the DECR plasma sputtering comparing with that of MCECR.
It is known that when a substrate is suspended into the plasma, a
negative potential with respect to the plasma is built by the substrate,
electrons are repelled and ions are accelerated to substrate by the voltage across the sheath, which directly inﬂuences the energy of incident
ions. In the ECR plasma sputtering system, a modiﬁed Langmuir single
probe, which has a large area simulated substrate near probe tip,
was used to identify the electron irradiation by the coauthor. And the
electron and ion irradiation scopes were clariﬁed by comparing substrate bias voltage and the ﬂoating voltage which was obtained by the
modiﬁed Langmuir probe [23]. During ﬁlm deposition, substrate
was insulated from the plasma chamber and connected to a DC
power supply. Electric ﬁeld was generated by the applied bias voltage which overlaid on the sheath potential. When the potential generated by positive bias voltage was higher than the sheath potential,
substrate stayed at positive potential, ions were repelled and electrons reached the substrate, and when the potential was lower
than the sheath potential, electrons were repelled and ions reached
the substrate.
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2.2. Deposition conditions
2.2.1. Carbon ﬁlms prepared in DECR and MCECR plasma
Carbon ﬁlms were deposited on p-type b100N oriented silicon
substrates. Silicon substrates with the size 20 mm × 20 mm × 0.5 mm
were ﬁrst degreased in acetone, and then cleaned with absolute
ethyl alcohol before put into the vacuum cavity. The background
pressure of vacuum chamber was 3 × 10 −4 Pa, and argon was inﬂated
keeping the working pressure to be 0.04 Pa. The substrate surface was
cleaned by Ar plasma for 3 min before target discharge voltage of
−300 V (discharge current of 0.4 A) was applied. Carbon ﬁlms were
deposited in DECR and MCRCR plasma with substrate temperature
starting at 21 °C, and increasing to about 60 °C after deposition. The
DECR carbon ﬁlms were deposited for 25 min, while the MCECR
ones were deposited for 15 min. Another group of DECR carbon ﬁlms
was deposited with substrate heating at 400 °C for 25 min. The ECR
carbon ﬁlms were prepared with substrate bias voltages of + 10 V,
+ 20 V, + 30 V, + 50 V and + 70 V.
2.2.2. Al–O–Si ﬁlms prepared in MCECR plasma including double-target
source with shutter slider
The fused-silica substrates (20 mm× 20 mm× 2 mm) were cleaned
by ultrasonic wave and then put into the vacuum chamber. The chamber was pumped to a background pressure of 6.0 × 10− 4 Pa with mechanical and molecular pumps. Then argon and oxygen gases
controlled by mass ﬂow meters were inﬂated to the working pressure
of 0.04 Pa. Prior to deposition, substrate was pre-sputtered by argon
plasma for 5 min with substrate bias voltage of − 5 V, and then the
targets were discharged with the voltage of − 300 V and the current
of 0.4 A. The Al–O–Si ﬁlms were deposited only for 1 min because
the deposition rate was high for the reactive sputtering deposition
between Al, Si sputtered atoms and Oxygen by the effect of high activation of reactive gas and the ion irradiation. The ﬁlms were prepared with substrate bias voltages of + 20 V, + 50 V and + 80 V.
Substrate temperature was room temperature of 21 °C. Groups of deposition conditions are shown in Table 1.
2.2.3. Characterizations
The bonding structures of deposited carbon ﬁlms and composite
Al–O–Si ﬁlms were analyzed using X-ray photoelectron spectroscopy
(XPS) with monochromatic Al Κα radiation (150 W, 15 kV, 1486.6 eV),
and the ﬁlm surfaces were cleaned by argon ions before the analysis.
The nanostructures of carbon ﬁlms were observed using Transmission

Electron Microscopy (TEM) operated with the electron acceleration
voltage of 300 kV (the two-point resolution is 0.17 nm). TEM specimens
were prepared by mechanical polishing followed by argon ions beam
milling to a thickness sufﬁcient for TEM observation. The tribological
properties of ECR carbon ﬁlms were tested with pin-on-disk tribometer.
Si3N4 ball with the radius of 3.17 mm was chosen as the counter pin,
which was widely used in industrial applications as the ball bearing
with low friction. The tribotests were performed with load of 2 N, disk
rotational speed of 180 rpm and the friction radius of 1.4 mm.
The transmittance of Al–O–Si composite ﬁlms at 193 nm wavelength was measured with Deep Ultraviolet (DUV) spectral photometer with the measurement wavelength from 180 to 1200 nm, which
has high sensitivity in the ultraviolet band. Surface topographies of
fused-silica and Al–O–Si ﬁlms were measured by Atomic Force Microscope (AFM) with scan size of 1 μm × 1 μm, scan frequency of 0.75 Hz
and the loaded force of 2–4 μN.
3. Results
3.1. Carbon ﬁlms prepared by DECR and MCECR plasma sputtering
Typical nano structure of the deposited carbon ﬁlms is presented
in Fig. 3. The nano structures of the three kinds of ECR carbon ﬁlms
were amorphous, and there were ultra thin interface layers of about
2.5 nm between Si substrate and carbon ﬁlm. The thicknesses of
DECR and MCECR carbon ﬁlms without substrate heating were
26 nm and 40 nm respectively. With substrate heating, the thickness
of DECR carbon ﬁlm was 122 nm. Considering about the deposition
time, the deposition rates were about 1 nm/min and 2.7 nm/min for
DECR and MCECR carbon ﬁlm without substrate heating respectively,
and it was about 5 nm/min for DECR carbon ﬁlm with substrate
heating.
Fig. 4 shows the XPS analysis results. C1s spectra of the ECR carbon
ﬁlms were obtained, then the trigonal (sp 2) and tetrahedral (sp 3) carbon hybridizations of amorphous carbon ﬁlms were quantitatively
analyzed by decomposing the C1s spectrum into Gaussian–Lorentzian
distributions, as shown in Fig. 4(a). Except for the main carbon hybridizations at binding energy of 284.4 and 285.2 eV representing for the sp 2
and sp 3 bonds respectively, another two peaks of much smaller intensity at 286.6 and 288.8 eV have also been noticed which were attributed

Table 1
Deposition conditions of Al–O–Si composite thin ﬁlm, and the transmittance characterization at 193 nm wavelength.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Deposition conditions

Characterization

Exposure area ratio
of Si to Al targets

Oxygen
pressure (%)

Substrate bias
voltage (V)

Transmittance at
193 nm wavelength (%)

2:1
2:1
2:1
2:1
2:1
2:1
1:1
1:1
1:1
1:1
1:1
1:2
1:2
1:2
1:2
1:2
1:2

7
7
7
10
10
10
7
7
10
10
10
7
7
7
10
10
10

+ 20
+ 50
+ 80
+ 20
+ 50
+ 80
+ 20
+ 80
+ 20
+ 50
+ 80
+ 20
+ 50
+ 80
+ 20
+ 50
+ 80

70
73
60
48
53
24
84
66
70
80
77
80
89
63
62
62
50

Fig. 3. Cross-sectional TEM pictures of a representative ECR carbon ﬁlm (DECR carbon
ﬁlm with substrate heating at 400 °C).
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Fig. 4. The XPS analysis results of ECR carbon ﬁlms with different substrate bias voltages, (a) The peak ﬁtting result of C1s spectrum; (b) The content ratios of sp3 to sp2.

to some carbon atoms bonded with oxygen atoms on the ﬁlm surface.
The sp 3/sp 2 bonding ratio with different substrate bias voltages are
summarized and shown in Fig. 4(b). The fraction of sp 3 bonds was
higher than that of sp 2 for the DECR carbon ﬁlms. According to the plasma measurement results, the energy of incident ions is higher during
the DECR plasma sputtering, therefore, the formation of sp3 bonds is
easier for the DECR carbon ﬁlms. The sp 3/sp 2 bonding ratio increased
in the DECR carbon ﬁlms with substrate heating comparing with the
ﬁlms without substrate heating. It has been studied that the thermal
stability of amorphous carbon ﬁlms is related to the sp 3 fraction, when
the sp 3 fraction is higher in the ﬁlm, the structure is more stable
[24,25]. The conversion of sp3 to sp 2 bonds did not happen in the
DECR carbon ﬁlms with substrate heating at 400 °C, which showed
the thermal stability of ECR carbon ﬁlms.
The typical friction curves of ECR carbon ﬁlms are shown in Fig. 5.
For the ﬁlms without substrate heating, the friction coefﬁcient tended
to be stable after the running in stage, we took the mean value of stable
stage friction coefﬁcients as the friction coefﬁcient of the sample, for
example the friction coefﬁcients of the MCECR and DECR samples
without substrate heating in Fig. 5(a) and (b) were 0.154 and 0.175
respectively. The friction coefﬁcient had two stable stages for the
DECR carbon ﬁlm with substrate heating, as shown in Fig. 5(c), in
which the sample showed high friction coefﬁcient of 0.206 and low
friction coefﬁcient of 0.062. All the DECR ﬁlms prepared with substrate heating showed the obvious friction coefﬁcient decreasing
stage, while the ﬁlms without substrate heating did not have such

Fig. 5. Typical friction curves of the ECR carbon ﬁlms, (a) MCECR carbon ﬁlm without
heating; (b) DECR carbon ﬁlm without heating; (c) DECR carbon ﬁlm with substrate
heating.

character. Wear lifetime was obtained from the friction cycle before
ﬁlm worn out (for example, they were 639 and 592 cycles for the
ﬁlms in Fig. 5(a) and (b) respectively). The wear lifetime of DECR carbon ﬁlm with substrate heating was so long that the failure of the ﬁlm
cannot be shown even at the end of the curve for 27,500 cycles, as
shown in Fig. 5(c). The detailed explanations about the mechanisms
of the long wear lifetime will be given in the discussion session.
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The mean friction coefﬁcients of the carbon ﬁlms are summarized
in Fig. 6(a). The friction coefﬁcients of the MCECR and DECR carbon
ﬁlms without substrate heating were around the value of 0.15,
which is typical for amorphous carbon ﬁlms. While obvious friction
coefﬁcient decreasing during tribotests happened for the DECR carbon ﬁlms with substrate heating, the high stable friction coefﬁcients
were also about 0.15, and the lower ones were near the value of
0.05. The mean wear lifetimes of the three kinds of carbon ﬁlms are
shown in Fig. 6(b). The wear lifetimes of the MCECR and DECR
ﬁlms without substrate heating were relative low with few to tens
of hundreds of cycles. However, the DECR carbon ﬁlms with substrate
heating cannot be worn out at 15,000 cycles. With the multi-functional
ECR plasma sputtering system introduced in this paper, amorphous
carbon ﬁlms with good tribological properties of low friction coefﬁcient
to 0.05 and long wear lifetime were prepared.
3.2. Al–O–Si composite ﬁlms prepared by the double-target source with
shutter slider
Al–O–Si composite ﬁlms were prepared by using the double-target
source with shutter slider in the MCECR plasma sputtering system.
The thickness of Al–O–Si ﬁlm was about 60 nm with the deposition
rate of 60 nm/min. The transmittance of the ﬁlms at 193 nm wavelength was measured with DUV spectral photometer, and the results
are summarized in Table 1. Film deposition conditions seriously affected

Fig. 6. Tribological properties of the ECR carbon ﬁlms with different substrate bias voltages, (a) Friction coefﬁcients; (b) Wear lifetimes.

the transmittance, which varied between 24% and 89%. When the area
ratio of silicon to aluminum targets was 1:2, substrate bias voltage
was +50 V and oxygen pressure was 7%, the highest transmittance of
Al–O–Si ﬁlms at 193 nm was obtained to be 89%.
To study the composite structure of Al–O–Si ﬁlm with high transmittance of 89%, XPS spectra of Al2p, O1s, and Si2p of the sample
were measured as shown in Fig. 7. The peak ﬁtting result of Al2p
spectrum (Fig. 7(a)) showed only one peak located at 74.8 eV,
which was much different with the 73.1 eV Al2p peak in aluminum,
and slightly higher than the 74.4 eV Al2p peak in Al2O3 [26]. The single peak in Al2p spectrum indicated that Al element existed in the
ﬁlm with one-phase composite. The binding energy of Al2p in the
Al–O–Si ﬁlm was different from those in pure aluminum and alumina
and other related aluminum compounds, which meant that the composite structure of Al in Al–O–Si ﬁlm was neither aluminum nor alumina. The peak ﬁtting results of O1s (Fig. 7(b)) and Si2p (Fig. 7(c))
also showed that only one binding peak existed with the peak position at 531.5 eV and 103.0 eV respectively. The O1s binding energy
is between those of the Al2O3 (531.0 eV) and SiO2 (533.0 eV), and the
Si2p binding energy in the Al–O–Si ﬁlm is between those of the pure silicon (99.5 eV) and SiO2 (103.5 eV). The binding peak of pure aluminum,
pure silicon, Al2O3 and SiO2 cannot be found in the XPS spectra of Al2p,
O1s and Si2p, and each binding energy of the three elements in the
ﬁlm was appeared with only one ﬁtting peak. Therefore, a one-phase

Fig. 7. Al2p (a), O1s (b), and Si2p (c) XPS spectra of MCECR Al–O–Si ﬁlm.
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composite structure of Al–O–Si ﬁlm was deposited by using the doubletarget source with shutter slider in the MCECR plasma sputtering
system.
Surface topographies of fused-silica substrate and Al–O–Si ﬁlms
deposited with different preparation parameters are shown in Fig. 8.
There were sharp peaks and obvious grooves left at the polished
fused-silica substrate surface (Fig. 8(a)). After deposited a single
layer of Al–O–Si ﬁlms, the surface was quite smooth (Fig. 8(b)) with
the maximum surface roughness of 1.26 nm when the area ratio of
Si to Al targets was 1:2, substrate bias voltage was + 50 V and oxygen
pressure was 7%, and there were only slight ﬂuctuations on the ﬁlm
surface. In Fig. 8(c), many domes appeared on the ﬁlm surface
when the sample was deposited with the area ratio of 1:1, substrate
bias voltage of +50 V and oxygen pressure of 10%, and the maximum
surface roughness was 1.51 nm. The grooves disappeared and the
sharp peaks still existed when the area ratio of Si to Al targets was
2:1, substrate bias voltage was +50 V, and oxygen pressure was 7%
(Fig. 8(d)), the maximum surface roughness was 2.45 nm. All the
grooves, peaks, ﬂuctuations and domes distributed randomly on the
ﬁlm surface. According to the result of the transmittance at 193 nm
wavelength (Table 1), the sample in Fig. 8(b) had the highest transmittance and the lowest surface roughness, and the transmittance
decreased with the increasing of surface roughness for the ﬁlms in
Fig. 8(c) and (d), which indicated that the optical property of Al–O–Si
ﬁlms was affected by the surface topography, especially the sharpness
degree of the maximum values of the surface roughness.
4. Discussion
In the present study, a cylindrical double-target source with shutter slider was applied to the DECR and MCECR plasma sputtering system, and the multi-functional ECR system was used for preparing
carbon ﬁlm with better tribological properties and composite Al–O–
Si ﬁlm with high transmittance. Usually, a target with constant elements content ratio was used to obtain only one kind of thin ﬁlm
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with ﬁxed elements content ratio, therefore lots of targets were needed in order to study the effect of elements content ratio on the required properties of composite ﬁlms. On the other hand, to obtain
multi-layers ﬁlms with the ECR plasma sputtering method, two or
more plasma source sputtering chambers that contained different targets were used before. Therefore, the multi-functional ECR plasma
sputtering system was introduced to solve equipment problems in
this paper.
During the ECR plasma sputtering, the neutral sputtered atoms are
easily contaminated at the quartz window, which will affect the introduction of microwave into the chamber. In a developed ECR plasma
source, microwaves were divided into two directions with equal
power and then introduced to a microwave composer through quartz
windows over the same distance, and the quartz windows were set
blind from the ECR plasma. Results indicated that the design could effectively prevent ﬁlm deposition on quartz windows and keep microwave source with high stability [27]. Narrow corner waveguide with a
double bend to set the quartz window blind was also investigated
that can effectively prevent the pollution to the quartz window [11].
In the present study, quartz window was placed directly perpendicular
to the magnetic ﬂux direction to seal the vacuum. Microwave reﬂected
power was monitored during the ﬁlm deposition, and the quartz window was observed after deposition. It showed that there was only tiny
pollution at the surface when preparing the carbon and Al–O–Si ﬁlms,
which did not affect the microwave reﬂected power during deposition.
Typical amorphous carbon ﬁlms were prepared with MCECR and
DECR plasma sputtering without substrate heating and DECR with
substrate heating at 400 °C. The tribological properties were compared that the DECR carbon ﬁlms with substrate heating exhibited
improved tribological properties with low friction coefﬁcient of 0.05
and long wear lifetimes. The thicknesses of samples we used here
were different, and it is known that usually the thicker the ﬁlm, the
longer the wear lifetime for the ﬁlms with same structure. Although
the ﬁlm thickness of DECR carbon ﬁlm with substrate heating was
3–5 times thicker than the ﬁlms without substrate heating, the

Fig. 8. Surface topographies of fused-silica and Al–O–Si ﬁlms measured by AFM with scan size of 1 μm × 1 μm, (a) Fused-silica substrate; (b) Al–O–Si ﬁlm: +50 V, 7%, 1:2; (c) Al–O–Si ﬁlm:
+50 V, 10%, 1:1; (d) Al–O–Si ﬁlm: +50 V, 7%, 2:1.
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wear lifetimes were more than 30 times longer. We have studied that
the transfer layers formed during sliding wear and effectively decreased the friction coefﬁcients and maximum contact stresses,
which contributed to the long wear lifetime of DECR carbon ﬁlms
with substrate heating. Therefore, it is suggested that the MCECR
and DECR amorphous carbon ﬁlms without substrate heating cannot
generate effective transfer layer during the sliding contact, which
inhibited the appearance of friction coefﬁcient decreasing and long
wear lifetime.
During the deposition of Al–O–Si ﬁlms, the percentage of oxygen has
been examined and controlled in order to avoid the formation of alumina coating on the aluminum target surface, which would hinder the
sputtering process. The targets were pre-sputtered for 10 min before
ﬁlm deposition, which not only cleaned the targets and shutter slider
but also cleaned the environment of MCECR plasma in the vacuum
chamber. Through applying the double-target source with a shutter
slider to the ECR plasma sputtering system, single layer Al–O–Si composite ﬁlms with high transmittance were successfully prepared, and
the double-target source with shutter slider is going to be used for the
preparation of multi-layer thin solid ﬁlms in the future.
5. Conclusions
In this paper, multi-functional ECR plasma sputtering system including a cylindrical double-target source with shutter slider was introduced. Composite single-layer ﬁlms or multi-layer ﬁlms can be
prepared with different exposing target areas through moving the
shutter slider. By using the system, amorphous carbon ﬁlms and composite Al–O–Si ﬁlms were prepared.
The ECR carbon ﬁlms showed amorphous structures. The friction
coefﬁcients of MCECR and DECR carbon ﬁlms without substrate heating were near the value of 0.15. The DECR carbon ﬁlms with substrate
heating exhibited improved tribological properties with an obvious
decreasing of friction coefﬁcient to 0.05 and a much longer wear lifetime, which make the ECR carbon ﬁlms can be more widely used in
the ﬁeld of tribological application.
One-phase composite Al–O–Si ﬁlms were prepared by using the developed double-target source with shutter slider, and the ﬁlm showed a
high transmittance of 89% at 193 nm wavelength when the preparation
conditions were area ratio of silicon to aluminum targets of 1:2, substrate bias voltage of +50 V and oxygen pressure of 7%. The optical
property of Al–O–Si ﬁlms at 193 nm was affected by the surface

topography, and because of the low surface damage of MCECR plasma
sputtering, Al–O–Si ﬁlm with optimal optical property was obtained.
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