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covered by diamond-like carbon with various
surface coating morphologies
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Abstract Four different kinds of diamond-like carbon
(DLC) coating morphologies on the surface of silicon films
were prepared directly on a copper foil by using radio
frequency plasma-enhanced chemical vapor deposition at
200°C. A thin double layer film consisting of DLC (60 nm)
and silicon film (250 nm) was fabricated for use as the
anode material of lithium secondary batteries, and its
electrochemical performance was also examined with
special attention being paid to the surface coverage of the
DLC film. The full coverage of silicon by the DLC film
resulted in poor capacity due to the ensuing low reactivity
with the lithium ions. On the other hand, the partial coating
of the DLC film on the silicon film not only reduced the
capacity fading, but also increased the discharge capacity
during the charge/discharge cycles. These results indicated
that the good dispersion of the DLC coating, obtained by
using a smaller coating sector on the silicon film, improved
the integrity of the electrode structure, thus giving higher
capacities and reduced capacity fading.
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Introduction

Due to the rapid progress of information technology,
consumer electronics devices such as cellular phones and
laptops require lithium ion batteries (LIBs) with a high energy
density, high power density, high efficiency, and light weight.
In this regard, considerable efforts have been made to improve
the performance of LIBs. For the anode materials, systems
based on metals such as silicon [1–3] and tin [4–6] have been
studied as alternative candidates, due to their very high
theoretical capacities in comparison with the conventional
graphite materials (theoretical capacity of 372 mA h g−1).
Silicon is of great interest because it can react with lithium to
form binary alloys with a maximum lithium uptake of 4.4
atoms per Si atom, namely, Li22Si5 [7, 8]. In the case of
Li22Si5, the theoretical specific capacity is 4,200 mA h g−1,
which is the highest capacity for any of the Li alloys studied
to date [9]. However, the enormous volume change during
the alloying/dealloying process of lithium ions with silicon
causes the rapid disintegration of the electrode and results in
severe capacity fading. This means that the volume variation
of silicon causes serious problems, such as the breaking of
the crystallite particles to form an amorphous phase [10] and
the loss of contact between the silicon thin film and copper
substrate which can lead to poor cycle performance [11].

It is believed that the characteristics of the solid
electrolyte interphase (SEI) film at the surface of the silicon
layer play an important role in the reversible charge/
discharge reaction [7, 8]. Because the continuous formation
of the SEI film due to the direct contact with the electrolyte
leads to the instability of the interfacial properties, further
studies on the interfacial phenomena between the electrode
and the electrolyte solution are needed [12, 13].

In this research, in order to improve the electrochemical
properties of the silicon anode in the liquid electrolyte, it was
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decided to focus on the interfacial reaction that affects the
cycleability and overall lifetime of the lithium ion batteries. A
diamond-like carbon (DLC) film is introduced as a coating
material for the silicon anode to obtain a stable interface. DLC
films have been extensively studied over the last few decades
because of their unique microstructure consisting of sp2-
bonded carbon clusters interconnected with sp3-bonded sites
[14, 15], and their numerous interesting properties such as
good hardness, high elasticity, low friction coefficient,
chemical stability, and high electrical resistivity (approxi-
mately 1017Ω cm) [16–18]. It has been reported that the use
of carbon films such as DLC [19–21] and fullerene (C60)
[22] can stabilize the interfacial properties of the active
materials for LIBs. The purpose of this study is to investigate
the effect of the geometric design of the electrode on the
electrochemical performance of a silicon thin film cell. It was
expected that the geometric design of the thin film anode
material through the use of a DLC coating on the silicon
electrode would give rise to the necessary high capacity
along with good cyclic performance.

Experimental

Two kinds of thin films were deposited by gas phase reactions
using the plasma-enhanced chemical vapor deposition
(PECVD) method. Figure 1 shows a schematic diagram of
the PECVD system used for our depositions. Silicon thin
films were deposited on a copper foil (18 μm thick) substrate
which serves as a current collector, using a mixture gas of

argon and silane (SiH4). The deposition parameters are
shown in Table 1. The base pressure was 1.0×10−4Torr, and
the working pressure was 5.0×10−2Torr. During the deposi-
tion, the radio frequency (RF) power was maintained at
200 W for 30 min, and the substrate temperature was kept at
200°C. The deposition of the DLC films on the silicon anode
was carried out using the following procedure. Table 1 also
presents the deposition conditions of the DLC film. The self-
bias produced on the substrate was approximately −300 V. A
mixture of acetylene (C2H2), hydrogen, and argon was used
as the processing gas. The gas flow rates of argon, hydrogen,
and acetylene were 10, 20, and 5 sccm, respectively, and the
RF power was 120 W at a working pressure of 0.1 Torr. Four
different kinds of DLC-coated silicon electrodes were
prepared to investigate the relationship between the surface
morphology and their electrochemical performance. In this
work, the different surface coating morphologies were
prepared by a masking method. A stainless steel plate (2×
1 cm2) and two types of stainless steel mesh (2×2 cm2) were
placed onto the silicon thin film anode. Subsequently, carbon
film was deposited for 5 min at 200°C. As can be seen in
Table 2, S0 stands for the pure silicon electrode without any
treatment, S1 represents the silicon electrode with DLC
coated over its entire surface, S2 represents the silicon
electrode with DLC coated over half of its surface, S3
represents the silicon electrode partially coated with DLC
film where the dimensions of each DLC coating sector were
1.5×1.5 mm2, and S4 also represents the silicon electrode
partially coated with DLC film, but the dimensions of each
DLC-coating sector were 300×300 μm2.

Half cells were used to examine the electrochemical
performance of the DLC-coated silicon thin films. The
DLC-coated silicon thin film was employed as a working

Fig. 1 Schematic diagram of PECVD system

Table 1 The conditions used for the silicon thin film deposition and
DLC-coating procedures

Process parameter Condition

Material DLC Silicon

RF power (W) 120 200

Base pressure (Torr) 1.0×10−4 1.0×10−4

Working pressure (Torr) 1.0×10−1 5.0×10−2

Ar flow rate (sccm) 10 50

SiH4 flow rate (sccm) – 15

C2H2 flow rate (sccm) 5 –

H2 flow rate (sccm) 20 –

Substrate temperature (°C) 200 200

Reaction time (min) 5 30

Thickness (nm) 60 250

DLC diamond-like carbon, RF radio frequency
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electrode (2×2 cm2), and a lithium foil was used as a counter
electrode. The separator was a polypropylene microporous
membrane, and the liquid electrolyte was 1 M LiPF6
dissolved in a mixture of ethylene carbonate (EC), diethyl
carbonate (DEC), and dimethyl carbonate (DMC; 1:1:1 in
vol%). The half cells were fabricated and sealed in a dry
room whose moisture content was maintained at less than
0.3%. Won A Tech (WBCS3000) and MACCOR (series-
4000) testing systems were used for the galvanostatic
charge–discharge cycling tests. All cells were cycled at a
constant current of 100 μA cm−2 at room temperature.
Charge–discharge cycling tests were performed with cut-off
voltages between 0.0 and 2.0 V (vs Li/Li+).

Scanning electron microscopy (SEM), Raman, Fourier
Transform Infrared (FT-IR), and X-ray photoelectron
spectroscopy (XPS) analyses were carried out to character-
ize the properties of the deposited thin films. The surface
morphology was investigated by SEM (HITACHI S-4100).
The compositional and structural characterization of the
DLC film was performed by Raman spectroscopy (Nicolet
Almega XR Dispersive Raman Spectrometer, Thermo
Electron Corporation), and Fourier transform infrared
(Genesis Series FTIR Spectrometer, ATI Mattson) spec-
troscopy. In order to confirm the compositional changes
after the electrochemical test, the electrode was investigated
by XPS (Esca system, PHI-5800).

Table 2 Explanation of DLC-coating morphology on the surface of the silicon thin film

Fig. 2 SEM image of cross-sectional morphology of DLC-coated
silicon thin film

Fig. 3 Raman spectrum of DLC film prepared by radio frequency
plasma-enhanced chemical vapor deposition (RF-PECVD)
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Results and discussion

Scanning electron microscopy was employed to determine
the cross-sectional thickness of the DLC and silicon films.
As shown in Fig. 2, the top layer is the DLC, and the
bottom layer is the silicon film. The total thickness is about
310 nm, which is composed of about 60 nm of DLC film
and about 250 nm of silicon film.

Raman spectroscopy was employed to obtain the detailed
bonding structure of the DLC film (Fig. 3). The Raman
spectrum shows a strong band at 520 cm−1 corresponding to
the crystalline silicon used as the substrate [23], strong broad
peaks from 1,100 to 1,700 cm−1 and a weak shoulder peak at
1,200–1,400 cm−1, which are characteristics of DLC [24].
The Raman spectrum of the DLC film can be deconvoluted
into two peaks: the first peak at 1,580 cm−1 assigned to the G
band due to the sp2 cluster configuration inside the film and
the second peak at 1,350 cm−1 assigned to the D band due to
the disordered configuration of the grain boundaries.
Quantitative analysis revealed that the intensity ratio of the
D and G bands (ID/IG) was 0.37, and the sp3 fraction was
determined based on the dependence of this ratio (ID/IG) on
the sp3 contents in the DLC film taken from the literature.
The obtained sp3 content is approximately 50%. The increase
of the H contents is closely related to the increase in the sp3

fraction and lowering of the D peak. The Raman spectrum
obtained in this experiment is typical characteristics of DLC.

As shown in Fig. 4, the presence of the sp2 and sp3

carbon sites is also observed in the FT-IR transmittance
spectrum. The peaks of the transmittance spectra were
found at 2,890 cm−1 and 2,820 cm−1, which are associated
with the major presence of hydrogen in the form of sp3

Fig. 4 FT-IR spectrum of DLC film deposited by RF-PECVD

Fig. 5 The XPS narrow scan spectra before the electrochemical test
(a) and after 40 cycles (b)

Fig. 6 Comparison of cycle performance for the DLC-coated Si
electrodes with different surface morphologies. 1 M LiPF6 EC +
EMC + DMC (1:1:1 in v/v) electrolyte between 0.0–2.0 V at
100 μA cm−2. S1 whole area DLC coating, S2 half area DLC
coating, S3 partial coating (coating sector is 1.5×1.5 mm2), S4
partial coating (coating sector is 300×300 μm2)
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stretching asymmetry and symmetry modes, respectively.
The peak at 1,700 cm−1 is due to the sp2 olefinic C–C
vibrational mode, and the peak at 1,590 cm−1 represents the
sp2 aromatic C–C vibrational mode. The wave numbers at
1,300–1,220 cm−1 are attributed to the C-C bending modes
for both the sp2 and sp3 carbon [16, 25].

Figure 5 shows the change in the XPS spectrum before and
after the electrochemical reaction on the natural surface of the
DLC-coated silicon electrode (S4). Before the electrochemical
test, this spectrum shows four components, namely peaks
corresponding to the C=C bond at 284.3 eV, C–C bond at
285.2 eV, C–O bond at 286.6 eV, and O–C–O bond at
288.6 eV. Here, it is noted that the main component of the

surface consists of sp2 and sp3 which are the typical
characteristics of DLC (see Fig. 5a). Figure 5b shows the
XPS spectrum change after the 40th cycle. In this case, a
new peak appears at 289.4 eV corresponding to the C–F
bond. These results suggest that the DLC reacts with the
electrolyte during the charge–discharge process. This means
that the DLC films prevent the direct contact of the silicon
electrode with the liquid electrolyte and consequently
increase their stability [19–21].

The discharge capacities of the bare silicon and DLC
coated silicon electrodes with different surface morpholo-
gies are given as a function of the cycle number in Fig. 6.
According to the preliminary experiment, we could confirm
that the silicon film deposited onto the copper substrate
consisted of an almost completely amorphous phase. Thus,
the theoretical density of amorphous silicon (~2.2 g cm−3)
was applied to our experiment, and the loading mass of
silicon on the copper substrate was calculated to be
0.055 mg cm−2. Initially, the discharge capacity of the S0
electrode was about 3,122 mA h g−1, which is the highest
capacity among the tested electrodes. However, it shows
severe capacity fading in the subsequent cycles due to the
large volume change during the charge–discharge reactions.
In the case of the S1 electrode, no electrochemical reaction
was observed, and the discharge capacity was zero during
cycling. This may be due to the passivation effect of the
DLC film, which hinders the lithium ion transfer through
the DLC film [19–21]. The S2 electrode shows a relatively
low capacity of 2,000 mA h g−1 at the first discharge

Fig. 7 Comparison of irreversible capacity and coulombic efficiency
for different coating morphologies after the initial cycle. The
electrochemical conditions and legends are as for Fig. 6

Fig. 8 Change in surface
morphology between S0
and S4 before and after the
electrochemical test. S0: before
(a) and after 40 cycles (b), S4:
before (c) and after 40 cycles (d)
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reaction and then exhibits rather slow capacity fading
during cycling, compared to the S0 electrode. On the other
hand, the S3 and S4 electrodes display better discharge
capacities and cycle performances than the other electrodes.
The discharge capacity of the S3 electrode increases from
~850 mA h g−1 to ~2,600 mA h g−1 in the first ten cycles
and remains above 2,200 mA h g−1 until the 40th cycle. In
the case of the S4 electrode, the discharge capacity also
increases up to ~3,700 mA h g−1 in the first few cycles and
shows stable cycle performance until the 40th cycle
(~2,900 mA h g−1). The capacity increase in the first ten
cycles for the S3 and S4 electrodes is thought to be closely
related to the lithium ion diffusion distance. Because the
permeation of lithium ions through the DLC films is
blocked, the active silicon coated by the DLC film cannot
react with the lithium ions at the early stage. However, as
the cycling proceeds, the DLC coated silicon is gradually
exposed to the electrolyte, due to the volume change of the
uncoated silicon, thus allowing the lithium ions to readily
diffuse into the DLC-coated silicon region and enabling
more silicon to participate in the lithium–silicon alloying/
dealloying reactions. Hence, the discharge capacities of the
S3 and S4 electrodes are increased in the first ten cycles.
These results indicate that the well-dispersed DLC-coating
sectors on the silicon electrode alleviate the mechanical
stress on the active material during the repeated charge and
discharge cycles and consequently enhance the cycle
performance.

Figure 7 compares the irreversible capacity and coulom-
bic efficiency of the four different surface morphologies
after the initial cycle. According to Fig. 7, the surface
coating morphology afforded by the DLC film strongly
affects the electrochemical performance factors, such as the
irreversible capacity and coulombic efficiency. The irre-
versible capacity of the S0 electrode after the first cycle is
about 600 mA h g−1, which is much higher than that of the
S4 electrode (approximately 200 mA h g−1). Also, the
coulombic efficiency of the S4 electrode is over 90% in the
first cycle. It is possible that the DLC films suppress the
lithium ion diffusion, thereby causing the relatively low
initial charge capacity of the S4 electrode. These results
indicate that a smaller DLC coating sector on the silicon
electrode can provide a lower irreversible capacity and
higher efficiency.

Figure 8 compares the changes in the surface morphol-
ogies between the bare silicon electrode (S0) and the silicon
electrode partially coated with DLC film (S4) before and
after the electrochemical test. In the case of the bare silicon
electrode, many cracks appeared on the electrode surface
after the 40th cycle due to the severe volume change.
However, the DLC-coated silicon electrode shows relative-
ly small cracks, and a significant amount of active silicon
remained on the electrode even after the 40th cycle. This is

because the large volume change of the silicon film and the
instability of the interface between the silicon and electro-
lyte can be relieved by the DLC film [19–21]. These results
suggest that the presence of the DLC film plays an
important role in protecting the electrode against the
destruction of the silicon thin film.

Conclusions

In the present work, the deposition of a DLC film on a
silicon thin film anode was carried out using the RF-
PECVD technique. The electrochemical characteristics of
the silicon based electrodes were investigated as a function
of their surface-coating morphology. The partially coated
silicon electrodes showed improved cycleability as well as
a high reversible capacity of ~3,700 mA h g−1 with an
initial coulombic efficiency of ~90%. This enhanced cycle
performance and high specific capacity are attributed to the
presence of the DLC films on the silicon electrode. The
DLC layer not only imparted electrochemical stability to
the silicon electrode, but also acted as a protective layer
against the liquid electrolyte. These well-dispersed DLC-
coating regions are expected to provide a promising
surface-coating morphology for silicon electrodes, thereby
enabling them to exhibit improved electrochemical perfor-
mance factors such as a low irreversible capacity and good
cycling performance.
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