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Tailoring mechanical properties and wettability of nanocrystalline diamond films
by control of sp*/sp® bonding ratio
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The ratio of sp?sp® bonded carbon in nanocrystalline diamond (NCD) films was controlled by Ar addition to the CH,/H,
mixtures and the effect of the sp’/sp® ratio on the mechanical/tribological properties and wettability was examined. Raman
spectroscopy and XPS measurements revealed that Ar addition up to 45 scem increases the sp?/sp’ ratio and induces transition
to NCD. Tribological properties such as friction coefficient and wear rate of the NCD film showed a strong dependence on the
sp*/sp® bonded carbon ratio while hardness of the NCD films found to be closely related to the sp*® bond fraction rather than
the sp’/sp® ratio. Wettability of the NCD films grown in the CH/H,/Ar microwave plasmas found to be insensitive to the sp*/
sp’ ratio due to the non-negligible amount of hydrogen on the surfaces.
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Introduction and UNCD films are generally grown by microwave

plasma enhanced chemical vapor deposition (MPECVD)

Nanocrystalline and ultrananocrystalline diamond technique and properties of the grown NCD and
(NCD/UNCD) films, nanostructured diamond layers UNCD films are dependent on deposition variables
with smooth surfaces grown with a very high such as reactant gas composition, temperature, pres-
nucleation density and a significantly enhanced re- sure, pretreatment and seeding process [14-16]. Among
nucleation rate, have attracted much attention due to these variables, the reactant gas composition plays a
their exceptional mechanical, physical and chemical significant role in determining the sp%sp’® bonded

properties compared to bulk diamond [1-4]. NCD and carbon ratio in the grown NCD and UNCD film. K.
UNCD films consist of nanometer-sized sp® bonded Panda et al. [17] showed that the sp?/sp® bonded carbon

diamond grains separated by narrow grain boundaries ratio in UNCD film grown in CH4/Ar mixtures could be
which are the mixture of sp® and sp* bonded carbon increased by N' ion implantation and this modification
[5]. Their extremely high surface-to-volume ratio process led to decreased hardness and elastic modulus.
provides enhanced multifunctional properties such as They also conducted a comparison study of tribological
high hardness, high elastic modulus, high stiffness, high properties of UNCD and diamond nanorod (DNR)
fracture toughness, high thermal conductivity, chemical films grown in CH4/N, mixtures and reported that
inertness, low friction coefficient and high wear UNCD film showed higher friction coefficient in
resistance. These attributes make them very attractive ambient test atmosphere than nitrogen test atmosphere
candidates for a variety of applications including cutting while DNR film showed opposite tendency [18].
tools, very low friction protective coating, nano/micro- Formation of thin Fe layer on the UNCD film grown
electromechanical systems (NEMS/MEMS) and surface in a CH4H,/Ar and subsequent annealing in H,
acoustic wave (SAW) devices [6-11]. atmosphere was found to lead to enhanced sp*/sp’
Tribological properties of diamond films are closely bonded carbon ratio [19].
related to sp*/sp’ bonded carbon ratio[12]. In general, In this work, we report on the modification of
the increased ratio of sp?/sp’ bonded carbon, which mechanical properties and wettability of NCD films by
indicates increase of lubricious sp hybridization fraction control of sp*/sp? bonded carbon ratio. NCD films with
in the film, leads to lower friction coefficient, better different sp*/sp” ratios were grown by a cyclic addition
wear resistance and reduced internal stresses [13]. NCD of Ar to CHy/H, mixtures during MPECVD, and the
effect of sp’/sp’> bonded carbon ratio on hardness,
*%ffefggnsdsin% %ugg%% friction coefficient and contact angle was examined by
Fax. +82-55-350-5289 X-ray photoelectron spectroscopy (XPS), nanoindenter,
E-mail: hyuncho@pusan.ac.kr scratch tester, and sessile drop method.
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Experimental

NCD films were grown on p-type (100) Si substrates
of 2.5 x2.5cm? Surfaces of the Si substrates were
chemically cleaned in a diluted BOE solution for 1-
2 minutes and then washed with acetone and with DI
water in ultrasonic bath for 5 minutes, respectively. Surface
texturing of Si substrates was performed in SF¢/O,
inductively coupled plasmas. Subsequently, the substrates
were ultrasonically seeded in ethanol suspension of 3-
5 nm nanodiamond powders for 30 minutes, followed
by ultrasonic cleaning in DI water three consecutive
times for 1 minute. Nanocrystalline diamond films were
grown in a MPECVD reactor and methane (CH,)
diluted hydrogen was used as the primary reactant gas.
The flow rate of CH4 and H, was kept constant at 4
and 200 sccm, respectively, while Ar gas was added
cyclically at an interval of 2 sec. The flow rate of Ar
was varied from 0 to 60 sccm to examine the effect of
Ar concentration on the sp*/sp’ bonded carbon ratio.
During the deposition, process pressure and microwave
power was maintained at 30 Torr and 1000 W, re-
spectively. The substrate temperature controlled by a
separate heater was fixed at 700 °C Surface morphology
of as-grown NCD films was examined by AFM (PSIA
SE100) and FE-SEM (Hitachi S4700). The structural
properties of the grown films were characterized by
Raman spectroscopy (Thermo Scientific DXR Raman
Microscope) and the chemical bonding structure were
investigated by X-ray photoelectron spectroscopy (XPS,
PHI 5000 VersaProbe) using monochromatic Al-Ka
radiation at 1486.74 eV as a probe. Nanoindentation
measurements (CSM Instruments, Switzerland) were
performed to examine the hardness of as-grown films

15,00V 12 2 w500k SE(U)

and the rotational mode of a ball on disk tribometer
(CSM Instruments, Switzerland) was used to verify the
tribological properties under the condition of test load
3N, sliding distance 200 m.

Results and Discussion

Fig. 1 shows SEM cross-sectional views of NCD
films grown for 2 h with variation of Ar content in the
reactant gas mixtures from 0 to 60 sccm. The grown
films show a granular structure with abrupt grain
boundaries, a typical feature of NCD/UNCD films.
Columnar growth pattern that is typically observed in
the microcrystalline diamond films was not observed.
Thickness of the NCD films is in the range of 470-
600 nm and deposition rate of NCD film was found to
increase as Ar concentration increases up to 45 sccm
and then decrease at 60 sccm condition.

Fig. 2 presents Raman spectra of the grown films with
different Ar concentrations in the CH,/H,/Ar microwave
plasmas. The film grown without Ar addition shows
distinctive Raman peaks at ~ 1140 cm™, and ~ 1330 cm ™,
suggesting the grown film contains microcrystalline
and UNCD diamond phases. The peak at ~ 1330 cm™'
is a typical signal of microcrystalline diamond and
the peak at ~ 1140 cm™ is attributed to trans-poly-
acetylene (TPA) present in abundant grain boundaries
between nanoscale diamond grains with general grain
size below 10 nm [20,21]. As Ar concentration in the
gas mixtures increases up to 45 sccm, the intensity of the
peak at ~ 1140 cm™" increases while the microcrystalline
diamond peak at ~ 1330 cm™' decreases, indicating the
transition from the mixed phase of microcrystalline and
UNCD to UNCD. The film grown with 45 sccm Ar
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Fig. 1. SEM micrographs of cross-sectional views of the grown NCD films with variation of Ar flow rate in the gas mixtures (a) 15 sccm, (b)

30 scem, (c) 45 sccm and (d) 60 scem.
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Fig. 2. Raman spectra of as-grown NCD films with variation of Ar
flow rate in the gas mixtures; 0, 15, 30, 45 and 60 sccm,
respectively.

addition shows the strongest intensity of ~ 1140 cm™
peak while a significant broadening of the peak at
~1330 cm™" and evident Raman scattering intensity in
the region of 1400-1600 cm™' are observed. It has been
reported that broadening of the diamond peak is caused
by decreasing the grain size to the nanometer scale, and
the development of the graphite band is due to
increasing sp? bonded carbon at the grain boundaries in
the UNCD films [22]. Further increasing the Ar
concentration in the gas mixture results in a significant
decrease in the intensity for both peaks at ~ 1140 cm™
and ~ 1330 cm™!, most likely due to drastic change in
the chemical bonding characteristics.

XPS measurement was performed to examine the
effect of Ar addition on the sp?/sp® bonded carbon ratio
in the grown NCD films and the XPS Cls spectra of
as-grown NCD films are shown in Fig. 3 The data
were fitted with Gaussian-Lorentzian peaks with
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Fig. 3. XPS Cls spectra of the grown NCD films with variation of Ar concentration in the reactant gas mixtures.
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Table 1. XPS Cls peaks of NCD films grown with variation of Ar concentration in the gas mixture.

Peak position Chemical Peak intensity (%)
(V) bonding Ar 0 sccm Ar 15 sccm Ar 30 sccm Ar 45 sccm Ar 60 sccm
284.4 sz Cc=C 37.59 49.48 55.67 56.33 33.04
285.0 Sp3 C-C 59.06 31.48 324 33.21 21.09
286.0 C-O0 3.35 19.04 11.93 10.46 -
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Fig. 4. Hardness of NCD films grown with variation of Ar
concentration in the reactant gas mixtures.

binding energies at 284.4, 285, and 286 corresponding
to sp? C=C, sp’ C-C, and C-O bonding of the Cls
spectra, respectively [17, 18]. The background was
subtracted using Shirley’s method [23]. Relative
intensities of these peaks from the Cls spectra are
summarized in Table 1. In the film grown without Ar
addition, sp’ C-C bonding is predominant at 285 eV
with a peak intensity of 59.06% and sp* C = C bonding
present at 284.4 eV with a peak intensity of 37.59%. As
Ar is added up to 45 sccm to the reactant gas mixtures,
sp> C = C peak intensity increases continuously while a
significant decrease is observed in sp’ C-C intensity,
indicating the Ar addition induced conversion of sp’ to
sp> bonding. This is consistent with the Raman
spectroscopy results presented in Fig. 2. The NCD film
grown with 45 sccm Ar addition shows the highest sp?
C=C peak intensity of 56.33 with a sp%sp’ ratio of
1.7. For the film grown with 60 sccm Ar addition, a
distinctive peak at 284.7 eV corresponding to C-H
bonding appears on the surface. When the Ar
concentration in the CH4/H,/Ar mixtures exceeds a
critical level, surface defects might be formed by
enhanced Ar ion bombardment to the surface and this
promotes C, dimer formation, as reported earlier by
Zhou at al. [24]. Then, C-H bond is formed by the
reaction between carbon atoms at the defect sites and
atomic hydrogen abundantly present in the plasma.
Fig. 4 presents hardness values of NCD films grown
with different Ar concentration in the reactant gas
mixtures measured by nanoindentation. The film grown
without Ar addition produced higher hardness, 65 GPa,
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Fig. 5. Friction coefficient of NCD films grown with variation of

Ar concentration in the reactant gas mixtures.

than the films grown with Ar addition. As Ar
concentration increases to 15, 30, 45 sccm, the average
hardness values changes to 45.4, 50, 60.4 GPa,
respectively. As described earlier, the sp*/sp® bonded
carbon ratio is the key parameter for determining the
chemical bond on the NCD surface. However, the
hardness of NCD films is known to be closely related
to the sp’ bond fraction rather than the ratio of sp*/sp’
bonded carbon [17, 25].

Fig. 5 shows friction coefficients of the NCD films
grown with variation of Ar concentration and
corresponding wear tract morphologies are shown in
Fig. 6. The NCD film grown without Ar addition, with
the sp*/sp®> bonded carbon ratio of ~0.64, shows the
friction coefficient of ~ 0.5 and severely deformed film
surface with wide wear tracks. This sample showed the
highest hardness from nanoindetation measurements as
shown in Fig. 4 and is expected to contain high
compressive stress, which leads to severe deformation
as external stress is applied during the tribology test.
Similar behavior is observed for 15 sccm Ar-added
NCD film. By sharp contrast, the NCD films grown
with 30 and 45sccm Ar addition, with the sp*/sp’
bonded carbon ratio of ~ 1.7, present much lower
friction coefficient of ~ 0.024 and ~ 0.016, respectively
and much less deformation of the wear track. This
result clearly shows that the friction coefficient and
wear rate of NCD film is strongly dependent on the
sp*/sp’ bonded carbon ratio. High sp*/sp® ratio in NCD
film provides reduced internal stress which leads to
the less deformed surface morphology, resulting in



Tailoring mechanical properties and wettability of nanocrystalline diamond films by control of sp’/sp® bonding ratio 553

Fig. 6. Optical microscopic images of wear track formed on the NCD films grown with variation of Ar flow rate in the gas mixtures (a)

15 scem, (b) 30 scem, (¢) 45 scem and (d) 60 scem.
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Fig. 7. Contact angle measurements of the NCD films grown with variation of Ar flow rate in the gas mixtures (a) 0 sccm, (b) 15 scem, (b)

30 scem, (c) 45 sccm and (d) 60 scem.

enhanced slip behavior.

Contact angles of the grown NCD films with and
without Ar addition to the reactant gas mixtures are
shown in Fig. 7. Contact angles around 80° were
obtained for all surfaces, which is consistent with
previous results reported by other researchers [17, 18],
and no noticeable dependence of contact angle on the
Ar concentration is observed. In general, wettability of
carbon materials is sensitive to the sp*/sp’ ratio and
hydrogen content on the film surface [26, 27]. In this
work, since the NCD films were grown in the CH,/H,/
Ar microwave plasmas, the grown films are expected
to contain non-negligible amount of hydrogen on the
surfaces which makes the contact angle insensitive to
the sp?/sp’ ratio.

Conclusions
Ar was added to the CH,/H, mixtures during the

microwave plasma enhanced chemical vapor deposition
of NCD films in order to control the sp*/sp’ bonded

carbon ratio. A significant increase the sp*/sp’ bonded
carbon ratio, from ~ 0.64 to 1.72, was observed for the
NCD films grown with Ar addition. Raman spectroscopy
study showed that the intensity of the peak at ~ 1140 cm™
increases while the microcrystalline diamond peak at
~1330cm™ decreases as Ar concentration increases.
This result confirms Ar addition induced the transition
from the mixed phase of microcrystalline and UNCD
to UNCD. XPS measurements also showed that sp*
C=C peak intensity increases continuously while a
significant decrease is observed in sp® C-C intensity as
Ar is added up to 45 sccm. Hardness of NCD films was
found to have a close relationship with the sp® bond
fraction rather than the sp?sp’ bonded carbon ratio.
The friction coefficient and wear rate of NCD film was
strongly dependent on the sp*/sp® bonded carbon ratio and
the NCD films grown with 30 and 45 sccm Ar addition
showed much less deformed surface morphology due to
the enhanced slip behavior. The NCD films grown in the
CH4/H,/Ar microwave plasmas were found not to have
Ar concentration dependence of contact angle due to
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the non-negligible amount of hydrogen on the surfaces
which makes the contact angle insensitive to the sp*/sp’
ratio.
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