Diamond & Related Materials 108 (2020) 107923

Contents lists available at ScienceDirect

Diamond & Related Materials

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

Structural and mechanism study on enhanced thermal stability of
hydrogenated diamond-like carbon films doped with Si/O

Check for
updates

a, b, * a,b,:;:

Dong Zhang™"", Shuyu Li*"™', Xiao Zuo®, Peng Guo”, Peiling Ke™"*, Aiying Wang

@ Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective Technologies, Ningbo Institute of Materials
Technology and Engineering, Chinese Acadeny of Sciences, Ningbo 315201, China
" Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Keywords: a-C:H and a-C:H:Si:O films with two different Si/O co-doping contents had been deposited using a PECVD system
a-CH by the mixture of C;H, and HMDSO gas. The structure evolution of as-deposited and annealed films had been
a-C:H:Si:0

characterized by the Raman spectroscopy, XPS and FTIR. A progressive increase of sp> carbon sites and a re-
duction of sp® with the increase of the annealing temperature were expected. However, the Si/O co-doping was
found to be able to reduce the graphitization degree of the annealed films. After annealing at 400 °C, the
decrease rate of sp® fraction of a-C:H film was 14.2%, while the a-C:H:Si:O (0.93 at.% Si) film was 8.16% and the
a-C:H:Si:0 (3.62 at.% Si) film was 6.8%. To understand the mechanism on the improved thermal stability by Si/
O co-doping, the structure and residual stress of the a-C:H and a-C:H:Si:O films were analyzed. The results
revealed that silicon atoms were incorporated into the carbon network by substituting carbon atoms of the films,
which had also been characterized contributed to produce the C—Si sp® bonds stabilized by the oxygen. Residual
stress characterization also demonstrated that, the residual stress of the a-C:H:Si:O films was greatly reduced
compared with that of the a-C:H films. Therefore, the fraction of the highly strained C—C sp® bonds, which were
more likely to break at elevated temperature, was reduced in the a-C:H:Si:O films. This kind of structure evo-
lution endowed the a-C:H:Si:O films higher hardness and adhesion at high temperature.

Thermal stability
Structure evolution
Residual stress

1. Introduction example, in the case of temperatures relevant technology like hot

working die, high-speed cutting toll and protective coatings on com-

Over the last few decades, diamond-like carbon (DLC) films have
been successfully used in a wide range of technological applications,
including as protective coatings for machining tools, moulds and
moving components [1-3]. In spite of DLC films owning a series of
excellent properties such as high hardness, wear resistance and self-
lubrication, the limited thermal stability is still a barrier for the wider
use of DLC films [4-6]. Different with hydrogen free amorphous carbon
films, hydrogenated DLC (a-C:H) presents a poor thermal stability
which is less than 300 °C [7,8]. In general, a-C:H is composed of an
amorphous matrix of C—C bonding hybridized in the sp® and sp> con-
figuration, together with a fraction of C—H sp® bonding. Hydrogen
provides a means to terminate dangling carbon bonds and stabilize sp>
bonding [9]. However, at elevated temperatures, degradation occurs
more likely through the scission of C—H sp® bonds resulting in a pro-
gressive increase in the fraction of sp®>-bonded carbon in the films. For

ponents in car engines, a-C:H rapidly degrades [10,11].

Introducing various metal or nonmetal elements has been con-
sidered as promising strategy to modify the compressive stress and
tribological characteristics of a-C:H [12-17]. Especially, two or more
elements co-doping has been taken into account to reduce the residual
compressive stress while not significantly affecting the mechanical
properties and provide the desirable tribological properties [18,19].
Our previous research showed that the Ti/Al or Cu/Cr co-doped a-C:H
films exhibited low residual stress, high hardness, good toughness, as
well as low coefficient of friction and wear rate, which was attributed to
the combination of weak bonding and antibonding interactions
[20-22]. It has been demonstrated that the co-doping with silicon and
oxygen elements into a-C:H presents other interesting properties, such
as enhanced thermal stability, improved optical characteristics and
good tribological behavior (i.e., low friction and wear) across a broader
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Fig. 1. Schematic diagram of PECVD system.

range of conditions and environments [23-25]. S.M. Baek [26] showed
SiOx-DLC films favorable feature of high deposition rate and large op-
tical band gap although higher O/C ratio brought about poor adhesion
strength of the films. S. Bhowmick and A.T. Alpas [27] examined the a-
C:H/a-Si:O films maintained the low room temperature(25 °C) steady
state COF (us of 0.17) up to 400 °C while a-C:H films typically showed
high COF. F. Mangolini [28] demonstrated that the a-C:H:Si:O films
grown by plasma-enhanced chemical vapor deposition (PECVD) with
silicon and oxygen levels of, respectively, 6 + 1at%and3 = 1 at.%
exhibited a slightly-enhanced thermal stability under high vacuum
conditions compared to a-C:H. In the literature it is proposed that a-
C:H:Si:O consists of two amorphous interpenetrating networks, a dia-
mond-like network of amorphous carbon and hydrogen (a-C:H) and a
second amorphous silica network (a-Si:0) [29,30]. Yet the influence of
silicon and oxygen on the thermally induced structural evolution of a-
C:H:Si:O films in atmosphere still needs further systematic study. Pre-
vious studies have shown that Si/O co-doping hydrogenated DLC (a-
C:H:Si:O) has significantly higher thermal stability than a-C:H, how-
ever, why the inclusion of silicon and oxygen results in such increases in
thermal stability has not yet been explored.

In this paper, a-C:H film and a-C:H:Si:O films with different Si/O co-
doping contents were synthesized by PECVD. The structure evolution of
these films annealing in various temperatures was evaluated. Effect of
Si/O co-doping on the structure and residual stress of different films
were investigated, in order to understand the mechanisms by which
inclusion of silicon and oxygen achieved higher thermal stability.

2. The Experimental details
2.1. The coating deposition processes

The films were deposited by PECVD system. It consisted of a cy-
lindrical chamber of 350 mm in diameter and 300 mm in length. There
were a RF power electrode on top used as substrate holder and a ground
electrode underneath of 50 mm and 170 mm in diameter respectively,
the distance between them was 200 mm (Fig. 1). RF power was coupled
to the electrode by a 13.56 MHz RF generator through an impedance
matching unit. Acetylene (CoH,) and hexamethyl disiloxane (HMDSO)
were used as the precursor gas. A steel container containing liquid
HMDSO was heated to 50-70 °C in a water bath and a constant vapor
supply of HMDSO was delivered during deposition. The stainless steel
tubing connecting the vessel containing the liquid precursor to the

Table 1
Deposition parameters and composition of the films.
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chamber was heated to 70-90 °C to prevent condensation. The gas flow
rates were controlled by respective mass flow controllers and mixed
before they entered the deposition chamber with different mixture
ratio. Mirror polished Si (100) and cemented carbide substrates were
used for deposition. They were ultrasound cleaned with alcohol and
dried with nitrogen. Cleaned substrates were fixed on the substrate
holder. Deposition system were evacuated to a base pressure of
2.0 X 1073 Pa. Initially, the substrates were cleaned in Ar plasma for
30 min. Then the a-C:H and a-C:H:Si:O films were deposited with dif-
ferent gas mixture ratio as shown in Table 1. During the deposition of
the three films, the RF power was set at 100 W, pressure was 2 Pa, and
deposition time was for 30 min. After deposition, the deposited films
were heated in air condition to the annealing temperature at 100, 200,
300, 400 and 500 °C respectively, with a heating rate of 10 °C/min. The
samples were kept at the certain temperature for 2 h and then cooled
inside the furnace to room temperature.

2.2. Characterization details

A surface profilometer (Alpha-step IQ, USA) was used to measure
the thickness of the deposited films with employing a step formed by a
shadow mask. Raman spectroscopy (inVia-reflex, Renishaw) with
532 nm excitation was employed to evaluate the carbon atomic bonds
of the films. The chemical composition and bonds of the films were
characterized by X-ray photoelectron spectroscopy (XPS, Axis
UltraDLD, Japan) with Al (mono) Ka radiation. The chemical structure
of the films was characterized with FTIR spectroscopy (Thermo, Nicolet
6700). To exclude IR absorption from substrates, a piece of Si (100)
wafer was used as the substrate for investigating FTIR spectroscopy.
The residual stress was calculated according to the Stoney equation and
the film/substrate curvature determined by a laser tester (JLCST022, J&
L Tech). The hardness (H) was evaluated using a load-controlled (MTS
NANO G200) nanoindentation equipped with a Berkovich diamond
indenter with a tip radius of approximately 150 nm. The characteristic
H was chosen in a depth of around 1/10 of the film thickness, where the
measured value was not affected greatly by the substrate. Five indents
were made on each film samples to evaluate the average H from
load-displacement curves using the Oliver-Pharr method. The adhesion
of the films on cemented carbide substrates was evaluated with scratch
tester (CSM, Revetes) with diamond tip (radius 10 pm). The sliding load
increased from 1 N to 100 N, and the sliding speed was fixed at 0.1 mm/
s. The critical load (Lc;) was defined as the lowest load at which the
films started to delaminate from substrates.

3. Results and discussion
3.1. Thermally induced structural evolution

The thickness and deposition rate of the a-C:H and a-C:H:Si:O films
are shown in Fig. 2. When only pure C,H, is used as the precursor gas,
the thickness of the film is about 725 nm, and the deposition rate is
24.2 nmmin~'. The ratio of CoH, to HMDSO is 3:1 at the case of
mixture, meanwhile the film thickness increases to about 1072 nm, and
the deposition rate increases to 35.7 nm'min ~'. When the ratio of C,H,
to HMDSO is 2:1, the thickness of the film increases to about 1153 nm,
and the deposition rate increases to 38.4 nm'min . It is obvious that

Film number Gas flow rate/sccm C concentration (at.%)

Si concentration (at.%) O concentration (at.%)

CoH, HMDSO As-deposited Annealed (400 °C) As-deposited Annealed (400 °C) As-deposited Annealed (400 °C)
DLC 30 0 97.69 97.45 0 0 2.31 2.55
SiOx-DLC-1 30 10 96.69 96.32 0.93 0.94 2.38 2.74
SiOx-DLC-2 30 15 92.63 92.09 3.62 3.57 3.75 4.34
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Fig. 3. Raman spectra fitting analysis of different films annealed at various temperatures (a) DLC (b) SiOx-DLC-1 (c¢) SiOx-DLC-2 (d) comprehensive analysis.

the introduction of HMDSO can improve the deposition rate of the
films. Due to the ionization energy of HMDSO is lower than C,H,, the
increase of dissociation rate of reaction gas with more HMDSO is ex-
pected. With the increase of HMDSO content in the reaction gas, the
self-bias voltage of the substrate decreases from about 750 V to 680 V
under the same RF power supply of 100 W, indicating the increase of
ion current for film-forming, consequently the increase of deposition

rate is produced.

The chemical composition of the as-deposited and annealed films at
400 °C is measured by XPS and given in Table 1. The DLC film is mainly
composed of carbon and contains a small amount of oxygen of about
2.31 at.%. The oxygen in the film either comes from the film oxidation
due to air exposure after deposition, or is incorporated during the film
growth owing to water and gas released from the reactor walls. In the
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Fig. 4. XPS spectra for C 1s core electrons of different films as-deposited and annealed at 400 °C.

case of SiOx-DLC-1 and SiOx-DLC-2, these two films are mainly com-
posed of carbon element, and a small amount of silicon and oxygen are
incorporated in the films. The atomic percentage of silicon and oxygen
in the SiOx-DLC-1 film is 0.93% and 2.38% respectively, and increases
to 3.62% and 3.75% in the SiOx-DLC-2 film. After annealed at 400 °C,
the composition of the carbon and silicon in the three films does not
change significantly, except that the composition of the oxygen in-
creases slightly indicating the slight oxidation of the films.

Raman spectra of all samples present a broad asymmetric Raman
scattering band in the range of 1000-1700 cm ™!, which are essentially
as same as the typical carbon bond structure in a-C:H films [9]. The
spectra curves of the films are fitted with two Gaussian peaks simu-
lating D (in the vicinity of 1350 + 30 em™ Y and G (in the vicinity of
1550 + 30 cm™Y) peaks [31-33]. According to the fitted G-peak po-
sition, the intensity ratio of D peak to G peak (Ip/Ig) and the full width

at half maximum (FWHM) of G-peak, the bonding structure of DLC
films such as bond disorder, sp®/sp? ratio, sp? site clustering can be
derived qualitatively. Fig. 3a—c presents the Raman spectra fitting
analysis of the three films annealed at various temperatures. When the
temperature is lower than 200 °C, the Ip/Ig, position and FWHM of G
peak of the three films have no obvious change, indicating that the
structure is relatively stable. When the temperature arising from 200 °C
to 500 °C, the I/Ig increases, G-peak shifts upwards and the FWHM of
G peak decreases upon annealing for all films. The a-C:H film com-
pletely peels off from the substrate after 500 °C annealing, due to the
hydrogen desorption from the edges of the sp?> dominated clusters.
Generally, the decrease of the sp® bonding fraction will cause the G-
peak position to shift upwards and the Ip/Ig ratio will increase in hy-
drogenated DLC films. The decrease of FWHM (G) which describes
structural disorder of the films is related to the decrease of sp® content.
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Fig. 6. XPS spectra for Si 2p core electrons of SiOx-DLC-2 film as-deposited and
annealed at 400 °C.

Raman analysis curves of the three films implying a progressive clus-
tering and increasing of the sp? carbon sites together with a reduction of
sp3 with annealing temperature rising [34]. This indicates that an-
nealing leads to graphitization of the a-C:H and a-C:H:Si:O films. The
change of Ip/Ig with the increase of annealing temperature of the three
films is plotted in Fig. 3d. It shows that the order of growth rate of Ip/Ig

Diamond & Related Materials 108 (2020) 107923

is DLC, SiOx-DLC-1 and SiOx-DLC-2, which indicates that Si/O co-
doping is beneficial to reduce graphitization of a-C:H films caused by
thermal treatment.

XPS spectra for C 1s core electrons of the three films as-deposited
and annealed at 400 °C are illustrated in Fig. 4. In each C 1s spectrum,
the peak shape is similar and there is a major peak presented at
284.6 eV, attributing to the amorphous carbon structure. For DLC film,
the C 1s spectrum can be divided into three peaks, which correspond to
the sp>-C bond near 285.2 eV, sp>C bond near 284.4 eV, C—O bond
near 286.5 eV. Due to the low silicon content in SiOx-DLC-1 film, it is
difficult to distinguish the C—Si bond, and its peak separation is similar
to that of DLC film. SiOx-DLC-2 film has one more dividing peak near
283.4 eV represents the C—Si bond compared with the other two films.
The fitting results about sp> fraction as shown in Fig. 5 also shows that
after annealing at 400 °C, the decrease rate of sp> fraction of DLC film is
14.2%, while the SiOx-DLC-1 film is 8.16% and the SiOx-DLC-2 film is
6.8%. This indicates that the increase of Si/O co-doping content is
correlated with the increase of thermal stability of the a-C:H:Si:O films.
These results are in good agreement with Raman spectroscopy fitting
analysis discussed above.

3.2. The mechanism of higher thermal stability of a-C:H:Si:O films

Due to the low silicon content in SiOx-DLC-1 film, it is difficult to
distinguish the Si peak in XPS spectra. Fig. 6 shows the XPS spectra for
Si 2p core electrons of SiOx-DLC-2 film as-deposited and annealed at
400 °C. The peaks for Si 2p can be resolved into two contributions, one
at 101.1 * 0.1 eV and another at 102.4 + 0.1 eV. The peak at lower
binding energy is consistent with silicon carbide bonds. The one with
higher binding energy most likely arises from the presence of silicon
bonded to oxygen [35,36]. This shows that silicon in carbon network
mainly exists in Si—C structure and forms a small amount of Si—O. No
obvious change of peak area ratio of Si—C to Si—O is observed between
films as-deposited and annealed at 400 °C. It shows that the structure of
Si—C and Si—O bond is stable after annealing.

The FTIR spectrums in the range of 400 to 4000 cm ™! of the as-
deposited and annealed films are shown in Fig. 7. The absorption peaks
centered near 850 cm ™! represent Si—C vibrations, the peaks centered
between 1080 and 1100 cm™! represent Si—O—Si asymmetric
stretching  vibrations, and the peaks centered between
2800-3050 cm ™' correspond to the stretching mode of C—H bonds
[37,38]. From the FTIR spectrums of the three as-deposited films as
shown in Fig. 7a, there is only weak C—H peak in DLC film and the
peaks corresponding to Si—C, Si—O and C—H are characteristic for
SiOx-DLC-1 and SiOx-DLC-2 films. The peaks intensity of SiOx-DLC-2
are stronger than SiOx-DLC-1 due to more silicon and oxygen doping in
the film. This indicates that silicon can be incorporated into carbon
network substituting carbon atoms and contributing to produce silicon
carbide, and the carbon is stabilized by hydrogen while silicon is sta-
bilized by oxygen. Fig. 7b and c show the spectrums of SiOx-DLC-1 and
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Fig. 7. FTIR spectra of (a) different films as-deposited (b) (c) SiOx-DLC-1 and SiOx-DLC-2 as-deposited and annealed at various temperatures.
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Fig. 9. (a) Residual stress and (b) hardness of different films as-deposited and annealed at 400 °C.

Fig. 10. Scratch morphology on cemented carbide substrates of (a) DLC (b) SiOx-DLC-1 (c) SiOx-DLC-2 films as-deposited and (d) DLC (e) SiOx-DLC-1 (f) SiOx-DLC-2
films annealed at 400 °C.

SiOx-DLC-2 films annealed at different temperature respectively. The the a-C:H:Si:O films remains stable except that the slight oxidation of
intensity of Si—O peaks increases slightly with the increase of annealing silicon after annealing.

temperature, while no significant changes about the Si—C and C—H Fig. 8a displays the Raman spectra of the as-deposited DLC, SiOx-
peaks is observed. This indicates that the structure of silicon carbide in DLC-1 and SiOx-DLC-2 films. The spectra curves are first treated with a
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linear background and then fitted with two Gaussian peaks simulating
D (in the vicinity of 1350 * 30 cm™ ") and G (in the vicinity of
1550 + 30 cm™!) peaks. The G peak is due to the bond stretching of
all pairs of sp? atoms in both rings and chains. The D peak is due to the
breathing modes of sp* atoms in rings [31-33]. For the a-C:H films, it is
empirically known that the G-peak position will shift upwards and the
intensity ratio of the D and G peak (Ip/Ig) will rise as the graphitic
fraction in the film increases [39-41]. Fig. 8b shows the variation of I/
I and G peak position of the three films. It should be noted that the I/
Ig decreases and the G peak shift downwards with the increase of
HMDSO in gas mixture. We can conclude that Si/O co-doping reduces
the bonding fraction of sp® and promotes the formation of sp® bonding
in the a-C:H:Si:O films. This proves that Si stabilizes the carbon atoms in
the sp® hybridization state. The superior thermal stability of a-C:H:Si:O
compared to a-C:H is suggested to arise from the 4-fold coordination of
silicon [42], which stabilizes the carbon atoms in the C—Si sp3 hy-
bridization state while silicon is stabilized by oxygen (thus inhibiting
their conversion into sp? -bonded carbon at elevated temperatures).

Fig. 9 shows the residual stress and Hardness of the three films as-
deposited and annealed at 400 °C. It can be seen that the residual
compressive stress of as-deposited DLC film is as high as 3.52 GPa. With
the increase of Si/O co-doping content, the residual stress of SiOx-DLC-
1 decreases dramatically to 1.13 GPa, and the residual stress of the
SiOx-DLC-2 film decreases to 0.95 GPa. After 400 °C annealing, the
stress of all the three films decreases due to the stress release. The
hardness of the as-deposited a-C:H film is 27.13 GPa, with the increase
of the content of Si/O co-doping, the hardness of the a-C:H:Si:O films
decreases due to the decrease of residual stress. After 400 °C annealing,
the hardness of the three films all decreases resulting from graphitiza-
tion at high temperature. Because of the improving thermal stability of
the a-C:H film by Si/O co-doping, the hardness of the a-C:H:Si:O films
decrease less with the increase of Si/O co-doping contents.

The stress of a-C:H:Si:O films are significantly decreased resulting in
the increase of films adhesion on cemented carbide substrates as shown
in Fig. 10. For both the as-deposited and 400 °C annealed films, the
critical load (Lc;) of DLC is the lowest, and the films on the scratch edge
show brittle flaking due to the large residual stress. The critical load
(Lcy) improves and the brittle edge peeling of the films gradually dis-
appears with the increase of Si/O co-doping content. The critical load
(Lcy) of SiOx-DLC-2 film increases more than twice as much as that of
DLC film. It can also be seen from the figure that after annealing at
400 °C, although the internal stress of the films is released, the critical
load (Lc;) decreases, which is due to the graphitization and decrease of
hardness caused by elevated temperature. Due to the excellent thermal
stability of SiOx-DLC-2 film, the critical load (Lc;) decreases most
weakly. The above analysis of the residual stress and adhesion of the
films show that Si/O co-doping reduces the fraction of highly strained
C—C bonds in a-C:H:Si:O films. The disorder of the a-C:H films present
in the amorphous structure gives rise to a large faction of tensile
strained C—C sp® bonds. Strained C—C sp® bonds have the lower
strength and are more likely to break upon providing thermal energy
and lead to an increase in the fraction of sp? C. The presence of C—Si
bonds with longer equilibrium bond length (185 p.m. for C—Si and
154 p.m. for C—C) allows a-C:H:Si:O films to accommodate more
structural disorder without the inclusion of many strained C—C sp®
bonds (C—C bond with a length greater than 1.6 A) [43,44].

4. Conclusion

a-C:H and a-C:H:Si:O films are prepared by PECVD with C,H, and
HMDSO. The Si/O co-doping reduces the degree of graphitization of a-
C:H films after thermal annealing. After annealing at 400 °C, the de-
crease rate of sp® fraction of a-C:H film is 14.2%, while the a-C:H:Si:O
(0.93 at.% Si) film is 8.16% and the a-C:H:Si:O (3.62 at.% Si) film is
6.8%. After annealing at 500 °C, The a-C:H:Si:O films are complete and
the a-C:H film completely peels off from the substrate. A comparative
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analysis of the structure and residual stress of the two kinds of films is
conducted. The higher thermal stability of a-C:H:Si:O compared to a-
C:H derives from the reason: Silicon can be incorporated into carbon
network contributing to produce C—Si sp> bonds which remains stable
at high temperature, and reducing the fraction of highly strained C—C
sp° bonds which are more likely to break upon providing thermal en-
ergy. Through the co-doping of Si/O elements, the hardness and critical
load of a-C:H films at high temperature are greatly improved, which is
expected to expand the application of DLC films.
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