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Abstract. Diamond-like carbon (DLC) coating can improve the material sur-
face’s friction performance and interfacial compatibility. The current process for
DLC deposition on alumina is inadequate, and the effect of deposition power
on DLC structure is still unclear. In this paper, the RF-biased inductively coupled
plasma (ICP) was introduced to enhance DLC deposition on alumina. By studying
the morphology and bonding structure of films under different power conditions,
the effects of total power and bias power fraction on DLC structure were decou-
pled, and the dominant mechanism determining the behavior of the sp2 phase in
the films was investigated. The results show that the increase of total power and
bias power fraction led to a decrease in the fraction of sp3 hybridized carbon in
films, and partition phenomena with increasing internal stress. As the total power
increased from 90 W to 180 W, the variation trend of sp2 clusters and CH groups
with the bias power fraction reversed, which reflected that the dominant effect
factor for deposition changed from implanted ion energy to thermal spike accu-
mulation. The study deepened the understanding of the DLC formation process
under plasma action.
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1 Introduction

Improving the surface properties of alumina by depositing coating is a widely concerned
research. Diamond-like carbon (DLC) is an attractive amorphous carbon coating because
of its unique surface modification ability in friction, electricity, and biocompatibility [1,
2]. The modification effect is closely linked with the coating structure. For example,
the friction properties of the material are related to the DLC morphology and sp3 sites,
and the electrical properties and biocompatibility are determined by the sp2 sites and
CH groups, respectively [3, 4]. Plasma-enhanced chemical vapor deposition (PECVD)
provides a wide range of process parameters for DLC deposition, which leads to dif-
ficulties in the selection of process parameters for target properties [5]. In RF-biased
inductively coupled plasma (ICP), the inductively coupled power and bias power are the
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key parameters affecting DLC deposition [6]. This paper aims to clarify the effect of
deposition power on DLC structure in RF-biased ICP.

The effect of a single power condition on DLC structure has been extensively stud-
ied with silicon as the substrate. Phillips and Thorpe proposed that DLC was a fully
constrained random network formed by sp3 and sp2 hybridized carbon [7]. The sub-
plantation model by Robertson has explained the phenomenon that the sp3 fraction first
increased and then decreased with increasing bias [3]. The ion energy was considered
the key factor for DLC structure in the model and was usually adjusted by a DC bias
below substrates. The DC bias caused positive charge accumulation and inhibited film
growth, a characteristic that distinguished insulating substrates from doped silicon [8].
To deposit DLC on insulating substrates such as alumina, RF bias was used to neutralize
the charge [9]. The bimodal ion energy distribution at RF bias increased the difficulty to
adjust film structure, especially when the characteristic time for the ion crossing sheath
was much less than the RF period [10].

The ion flux is determined by both inductively coupled power and bias power, while
the ion energy is only controlled by the bias condition [11]. To decouple the role of
ion flux and energy, we investigated the effect of power conditions with total power
and the fraction of bias power as variables. The effects of individual variables on DLC
morphology and sp3 fraction were examined, and the coupling effect of both variables
on the behavior of the sp2 phase and CH groups was further found.

The purpose of this paper is to elucidate the effect of deposition power on DLC
structure in RF-biased ICP. The RF-biased ICP enhanced DLC deposition method and
the characterization method of DLC structure were described in Sect. 2. The individual
effects of total power and bias power fraction on DLCmorphology and sp3 fraction were
analyzed in Sect. 3. The coupling effect of power variables on the sp2 phase and CH
groups was found, and the dominant effect mechanism was discussed in Sect. 4. The
study deepened the understanding of the DLC formation process under plasma action.

2 Experiments and Methods

2.1 RF-Biased ICP-Enhanced DLC Deposition

AnRF-biased ICP-enhanced DLC deposition device was established, as shown in Fig. 1.
To increase the nucleation density and deposition rate, high-density ICP was used as the
particle source for deposition. RF bias was employed to avoid the inhibition of DLC
growth caused by charge accumulation on the highly insulating alumina. The ICP was
generated by 40.68MHzpower and the bias conditionwas adjusted by 13.56MHzpower.
Matching networks were connected between power sources and loads for reducing the
power reflection. Thanks to the plasma driven by RF power, the electrodes were set
outside the reaction chamber to avoidmetal contamination.CH4 passed continuously into
the reaction chamber and provided carbon atoms for DLC deposition. The air pressure
in the reaction chamber was maintained at 20 Pa by a vacuum pump and measured by a
pressure transducer.

It is of primary importance to select the variables of deposition power. The sum of
inductively coupled power and bias power (PI + PB) was used as a variable to describe
the ion flux. The fraction of bias power (PB/PI + PB) was used as the other variable to
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Fig.1. Schematic diagram of RF-biased ICP enhanced DLC deposition device

describe the ion energy. The lower limit of total power is constrained by the deposition
threshold, and the upper limit is constrained by the etching effect. The range of total
power in experiments was from 90 to 180 W, specifically 90, 120, 150, and 180 W. The
bias power fraction included 1/6, 2/6, 3/6, 4/6, and 5/6.

The samples were 2 mm thick alumina discs, which were cleaned with anhydrous
ethanol before experiments. In addition, the sample was etched by Ar plasma for 5 min
to avoid interference from residual impurities. The deposition process in RF-biased ICP
took 10 min.

2.2 DLC Structure Characterization

Themorphology and sp3 fraction were critical to the mechanical properties of films [12].
The microscopic morphology of DLC was observed by field emission scanning electron
microscopy (Sigma 300, Carl Zeiss AG, Oberkochen, Germany)). Considering the insu-
lating nature of the samples, the platinum was sputtered on samples before observation.
The acceleration voltage was chosen to be 10 kV to avoid excessive charge accumula-
tion. The atomic structure of C was characterized by X-ray photoelectron spectroscopy
(ESCALABXi+, Thermo Fisher Scientific, Waltham, USA)) and the fraction of sp3 was
obtained by fitting the C1s peak.

The hundreds-fold sensitivity of Raman spectroscopy to sp2 sites compared to sp3

sites provides the basis for a more detailed study of sp2 phase behavior [13]. The Raman
spectra were tested by confocal Raman microscopy (LabRAM HR Evolution, Horiba
Ltd., Kyoto, Japan) in the range of 800–2000 cm−1, which covered the Raman charac-
teristic of DLC. The laser power was kept below 1.5 mW during tests to avoid sample
ablation.
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TheHbound toCprovided the breakpoint for the amorphous carbon network, and the
formed CH groups could be characterized by infrared absorption spectroscopy [14]. The
infrared absorption spectra of films were tested using an infrared spectrometer (Vertex
70, Bruker Corporation, Billerica, USA). The tests were performed in diffuse reflection
mode due to the uneven surface of sintered alumina. The test range was from 2700 to
3200 cm−1, which was the typical absorption band of the CH group.

3 Individual Effects of Power Conditions

3.1 Effect of Total Power

The individual effect of total power on DLC structure was first examined, here focusing
on the morphology and sp3 fraction. The microscopic images of DLC on alumina at
different total power are shown in Fig. 2. A large number of submicron particles were
observed on the samplewithout DLC and distributed on the surface or in the interstices of
micron particles. The submicron particles were covered by films after DLC deposition
and became difficult to be observed with increasing total power. As the total power
increased, some wrinkles started to appear in DLC, and divided the film into partitions.
The wrinkles were an indication of internal stress release at weak points in films. At
180 W total power, the situation was even more severe, with localized fragmentation in
films.

Fig. 2. The microscopic images of DLC on alumina at different total power PI + PB, bias power
fraction PB/(PI + PB) = 1/6.

Further attentionwas paid to the sp3 fraction, which is directly related to the hardness
and density of DLC. The split peak fitting of the C1s peak in X-ray photoelectron
spectroscopy (XPS) is shown in Fig. 3a. The peak shapes were assumed to be 80%
Gaussian and 20% Lorentzian. The separation of the electron binding energy between
the sp2 peak and sp3 peak was fixed at 0.5 eV, based on the comparison of C1s and O1s in
diamond and graphite [15]. The C1s peak is broadened by the separated peaks, sp3 and
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sp2, and the full width at half maximum (FWHM) reached 3.0 eV (Fig. 3b). In addition,
there is a peak near 286.5 eV corresponding to C-O bonds formed by oxidation of the
carbon on the surface. As the total power increased, the FWHM of C1s peak gradually
decreased, which implied a possible change in sp2/sp3. To quantitatively examine the
changing of the sp3 fraction, we calculated the sp3 fraction based on the peak area in
C1s (Fig. 3b). The results show that the sp3 fraction decreased from 63.4% to 25.9% as
the power increased from 90 W to 180 W.

Fig.3. (a)The split peak fitting, (b) FWHM and sp3 fractions of C1s peaks in XPS at different
total power PI + PB, bias power fraction PB/(PI + PB) = 1/6.

3.2 Effect of Bias Power Fraction

The effect of bias power fraction on DLC structure could not be neglected after grasping
the effect of total power. The microscopic images of DLC on alumina at different bias
power fractions are shown in Fig. 4. At low bias power fraction, the films on different
alumina particles were relatively continuous and the film layer could be considered as
a single unit. As the bias power fraction increased, the films at gaps were disrupted by
high-energy ion bombardment, and the film layer separated. In addition, the partition
phenomenon was also observed and intensified with increasing bias power fraction.

To grasp the effect of the bias condition on the sp3 fraction, theXPSofDLCdeposited
with different bias power fractions were investigated. The FWHMand sp3 fractions were
obtained by the fitting of C1s peaks in XPS (Fig. 5). The results show that the FWHM
decreased with increasing bias power fraction, and the decreasing trend leveled off. At
the same time, the sp3 fraction of DLC decreased from 56.1% to 18.5%, which is similar
to that when the total power increased.

3.3 Discussion and Analysis

The increase in total power resulted in more frequent ion bombardment, which can
lead to an increase in internal stress in films [16]. The increase of single bombardment
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Fig. 4. The microscopic images of DLC on alumina at different bias power fractions PB/(PI +
PB), total power PI + PB = 120 W.

Fig. 5. (a)The split peak fitting, (b) FWHM and sp3 fractions of C1s peaks in XPS at different
bias power fraction PB/(PI + PB), total power PI + PB = 120 W.

energy with bias condition also contributed to the internal stress [17]. The stress release
phenomenon occurred if the internal stress reached a threshold, such as the partitioning
of films. The internal stress would be effectively released once the partition occurred.

The formation of the sp3 site in DLC required a high-pressure environment, which
can be provided by internal stresses [18]. The filmhad a high sp3 fraction before the stress
was released. However, as the internal stress exceeded the threshold and was released,
the pressure became unfavorable for the stable presence of the sp3 site. Therefore, the
sp3 fraction decreased as the total power and bias power fraction increased.
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4 Coupling Effect of Power Conditions

4.1 Sp2 Phase Behavior

Themorphology and sp3 fractionwere overall properties of the fully constrained random
network and were not sensitive to the differences in effects of total power and bias power
fraction [19]. The behavior of the sp2 phase was studied using Raman spectroscopy to
explore the coupling effect between power variables inmore detail. TheRaman spectrum
of DLC has a broad asymmetric peak in the range of 1000 to 1800 cm−1 (Fig. 6). The
broad peakwas composed of D andG peaks, which correspond to the breathing vibration
of sp2 rings and the bond-stretchingmotion of sp2 pairs, respectively [20].A combination
of BWF (Gpeak) andLorentzian (D peak) line shapeswere used to improve the fitting for
low-frequency tails. The key characteristic parameters, D and G intensity ratio I(D)/I(G)
and G peak position G POS, were used to describe the size of sp2 clusters and the bond
angle disorder of the sp2 phase, respectively [13].

Fig. 6. Typical fitting and characteristic parameters for Raman spectrum of DLC

The Raman characteristics as a function of the bias power fraction at different total
power are shown in Fig. 7. At 90 W total power, I(D)/I(G) decreased from 0.40 to



Effect of Deposition Power on DLC Structure 51

0.33, and G position shifted down from 1530.7 cm−1 to 1517.8 cm−1 as the bias power
fraction increased. The downward shift of the G position implies an increase in the bond
angle disorder of the sp2 phase, and the decrease in I(D)/I(G) implies a decrease in
the sp2 cluster size [21]. At total power above 150 W, the changing trend of Raman
characteristics reversed. The bond angle became ordered and the cluster size increased
as the bias power fraction increased.

Fig. 7. The Raman characteristics as a function of the bias power fraction PB/(PI + PB) at differ-
ent total power PI + PB. The red and blue regions represent the deposition dominant mechanisms
are thermal spike accumulation and ion injection, respectively.

The variation in sp2 phase behavior at different total power showed the coupling
effect of power variables. This phenomenon can be explained by the change in the
effect mechanism of ion energy on deposition. The ion energy in the deposition area
increased with the bias condition [22]. On one hand, the implanted high-energy ions
broke the disordered sp2 rings and reduced the size of sp2 clusters at low total power.
On the other hand, the ion bombardment produced localized thermal spikes, and the
relaxation process facilitated sp2 clustering. As the total power increased, frequent ion
bombardment caused severe thermal spike accumulation and the enhancement of sp2

clustering behavior was observed.
In conclusion, sp2 clustering was suppressed or enhanced with increasing bias con-

ditions at low and high total power, respectively. The phenomenon was explained by the
change of the dominantmechanism from ion implantation to thermal spike accumulation.

4.2 CH Group Behavior

After recognizing the change in the dominant mechanism for DLC deposition, we exam-
ined another structure that was sensitive to the action of the thermal spike, CH group.
The asymmetric C-H structure was detected by infrared absorption spectroscopy, and
typical C-H stretching vibrational modes were in the range of 2800–3100 cm−1 [23], as
shown in Fig. 8. The absorption peak was divided into two parts, sp3 CH and sp2 CH,
according to the distribution of vibrational modes. We evaluated the sum and ratio of
peak areas, corresponding to the total number of CH groups and the sp3 CH/sp2 CH.
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Fig. 8. Infrared absorption spectrum and C-H stretching vibration mode of DLC. (sym-
symmetrical, asym-asymmetrical, olef-olefin)

Figure 9 shows the number of CH groups and sp3 CH/sp2 CH as a function of
bias power fraction at different total power. As the total power increased, the variation

Fig. 9. The number of CH groups and sp3 CH/sp2 CH as a function of bias power fraction PB/(PI
+ PB) at different total power PI + PB.
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law of CH groups on the bias power fraction changed. At low total power, the num-
ber of CH groups increased and sp3 CH/sp2 CH decreased as the bias power fraction
increased. However, at high total power, the total number of CH groups decreased and
the sp3 CH/sp2 CH increased. This phenomenon was also attributed to the change in the
dominant mechanism of DLC deposition.

5 Conclusions

The paper investigates the effect of deposition power on DLC structure on alumina
in RF-biased ICP, with total power and bias power fraction as power variables. The
conclusions were:

a) At low total power and bias power fraction, alumina particles were covered with
continuous films and the sp3 fraction in DLC reached 63.4%. As the total power or
bias power fraction increased, the film wrinkled and partitioned and the sp3 fraction
decreased. The release of internal stresswas inferred to be the reason for the reduction
of sp3 phase.

b) The behavior of sp2 phase andCHgroups under different power conditions exhibited
the coupling effect of power variables. At 90 W total power, sp2 phase clustering
was suppressed and CH groups and the ratio of sp2CH increased with the bias power
fraction. However, the trends reversed at total power above 150 W. It was attributed
to the change in the dominant mechanism from ion implantation to thermal spike
accumulation.
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