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Abstract 
 

 In this thesis, structural characterization of ion-vapor deposited hydrogenated 

amorphous carbon (a-C:H) coating has been studied by applying solid state 13C NMR. 

Primarily, the sp3/(sp3+sp2) ratio of a-C:H coatings deposited under various substrate 

bias voltages within 0.5~3.5 kV was obtained by using 13C MAS technique. As the 

bias voltage grew from 0.5 kV to 2 kV, both the hardness and residual stress of 

studied coatings reached its maximum value and then gradually reduced with further 

increase of bias voltage up to 3.5 kV, while the sp3/(sp3+sp2) ratio reduced 

continuously within the whole range of 0.5~3.5 kV. Also, higher sp3/(sp3+sp2) ratio 

was obtained by 13C CPMAS spectra than that of 13C MAS, which implies that in 

studied a-C:H coatings, there is a preferential coordination of hydrogen atoms to sp3 C. 

Thus, the coating mechanical property is specifically proportional to the fraction of 

diamond-like cross-linked sp3 C, rather than the total population of sp3 C. 

 By employing 13C MAS and 13C CPMAS techniques, heterogeneous nanoclustering 

structure has been observed in studied a-C:H coatings. Two distinct types of sp2 C 

clusters were discovered: one of them denoted as sp2 C′ in content of 3~12 at.% is 

specifically localized in hydrogen-free regions, and the other in majority denoted as 

sp2 C′′ is hydrogenated or at least proximate to hydrogen atoms. As maximizing π 

bond energy tends to cause a segregation between sp2 and sp3 C and form localized sp2 

C clusters within sp3 bonded matrix, the size of sp2 C clusters is strongly dependent 

on ion energy in deposition process and thus affects the disordering of carbon network 

in medium range order. On basis of the notably consistent dependence of sp2 C′ 

fraction and Raman G peak width on bias voltage within 0.5~3.5 kV, a heterogeneous 

nanoclustering model of sp2 sites has been proposed in this thesis that the sp2 C′ sites 

are embedded between dominant sp2 C′′ clusters and sp3 C matrix as grain boundaries 

or trapped interfaces where sp2 hybridized bonding are highly distorted. According to 

the Raman and optical band gap characterizations, it was learnt that the continuous 

grow of bias voltage can promote the nanoclustering of dominant sp2 C′′ clusters and 
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thus determine the fraction of boundary sp2 C′ sites. When bias voltage is below 1 kV, 

there is a low localization of sp2 C'' sites with small cluster size so that the fraction of 

boundary sp2 C' sites is also few; as it grows to 1.0~2.5 kV, higher ion energy 

enhances the clustering of sp2 C into six-fold aromatic rings so that both the size and 

population of sp2 C'' clusters increases largely, and accordingly the fraction of 

boundary sp2 C' sites increases obviously; however, further increase of bias voltage 

may promote a large expansion of sp2 C'' clusters through inter-connecting and 

re-ordering of individual sp2 C'' clusters into larger ones, so that the fraction of 

boundary sp2 C′ sites will decrease significantly in turn. Consistently, as an effective 

indicator of carbon network disordering, the Raman G peak width increased to its 

maximum value at 2.0 kV and then gradually reduced with a gradual increase of bias 

voltage within 0.5~3.5 kV. 

To confirm the validity of presented heterogeneous clustering model, an 

exponential fitting analysis on magnetization relaxation curve of sp2 C′′, sp2 C′ and sp3 

C spins has been attempted by using saturation recovery technique. Results revealed 

that the spin-lattice relaxing of sp2 C′′ spins exhibited a typical stretched-exponential 

approximation with stretched index α equal 0.8 and T1 equal 2.8 s, while the sp2 C′ 

spins showed a typical single-exponential approximation with T1 equal 5 s due to its 

hydrogen-free feature, and the sp3 C spins showed single-exponential approximation 

with T1 equal 3.7 s. Such differences of T1 among sp2 C′′, sp2 C′ and sp3 C spins verify 

the heterogeneous structure of studied a-C:H coatings, and the stretched-exponential 

approximation of sp2 C′′ spins obviously suggests a partial distribution of 

paramagnetic centers near sp2 C′′ clusters. For 1H spins, the magnetization recovery 

curves showed fine stretched-exponential approximation with stretched index α about 

0.5 and T1 within 20~40 ms and better bi-exponential approximation with two T1 

components fluctuating within 25~55 ms and 0.1~0.3 ms in fraction of 70~80% and 

30%~20%, respectively, while both the ultra short component of T1(H) and the 

stretched index α approaching 0.5 certainly suggest considerable presence of 

paramagnetic centers in studied coatings. An interrupted 13C CPMAS saturation 
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recovery spectra with relaxing interval as the short component of T1(H) showed that 

most of quick-relaxing protons localize in sp2 C′′ clusters but nearly absent in sp3 

matrix and boundary sp2 C' sites. The Raman and optical band gap characterization 

revealed that the size of sp2 C cluster grew continuously with an increase of bias 

voltage, yet below the threshold value of 2 nm. 

In light of the specific heterogeneous structure of studied a-C:H coatings, their 

tribological property and wear mechanism in N2 atmosphere and ambient air has been 

investigated by using a standard ball-on-plate tribometer. Obvious correlations 

between nanoclustering structure and friction performance of a-C:H coatings has been 

observed, especially as the tribotests conducted in N2 atmosphere. Comparatively 

higher friction coefficient generally occurred in tribotests of diamond-like coatings, 

namely as bias voltage was 1.0~2.0 kV, while lower friction coefficient usually 

occurred in polymer-like and graphite-like coatings (still with hydrogen content about 

18 at.%). A characterization of wear marks by Raman spectroscopy demonstrated that 

compared with as-deposited coating, the ball scar derived from B2.0 coating showed 

largest growth of I(D)/I(G) and reduce of G peak width with moderate upward shift of 

G peak position which implied a great transformation of sp3 C to amorphous sp2 C in 

aromatic rings, while the ball scar derived from B0.5 coating showed a reduce of 

I(D)/I(G) and G peak width with moderated upward shift of G peak position which 

implied a transformation of sp2 C from aromatic rings to chains, in coordination with 

hydrogens and showing good solid lubricity. It seems that the boundary sp2 C' sites 

trapping around sp2 C'' clusters may inhibit the formation of lubricant transfer layers 

enriched of sp2 C-H bonds in chains under dry sliding conditions and lead to high 

friction coefficient.  

Meanwhile, by performing overlapping tribotests of a-C:H coating/steel ball 

tribopairs in ambient air, both the morphological and chemical characteristic evolution 

of transfer layers during dry sliding were tracked by ex situ optical microscopy, XPS 

and SEM/EDX. Experimental results show that carbon-based transfer layer can be 

quickly built up in the first sliding cycle and covered by an oxygen-rich 
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chemisorption layer on the top surface. At the beginning of running-in period, steel 

balls are consumed more rapidly than a-C:H coatings so that transfer layer was mainly 

composed of loosely compacted debris with relatively higher content of iron oxides, 

and consequently brought out severe third-body abrasion of counterface. As sliding go 

by, size of wear debris decreases a lot while their compactness and adherence to steel 

surface improves markedly, finally leading to a gradual reduce of wear rate and 

friction coefficient. This ever-evolving wear process of studied a-C:H coating/steel 

ball tribopairs sliding in ambient air can be summarized by a three-stage model as 

presented in this thesis, taking the close correlations between average contact pressure 

and wear rate of sliders into consideration. The XPS detection of transfer layers 

showed that except for the widely-reported graphitization of carbons, a noticeable 

tribochemical oxidation on the top surface of transfer layers was also observed and 

strongly affected friction coefficient.  
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1 General introduction 

Since the first deposition of amorphous carbon coating by Aisenberg and Chabot 

[1], hydrogenated amorphous carbon (a-C:H) coating has attracted great interesting 

for their outstanding performance such as high hardness and wear resistance, low 

friction in various conditions, wide band gap, good chemical inertness and promising 

potential as solid lubricants [2, 3]. Compared with naturally sp3 or sp2 hybridized 

carbon materials like diamond and graphite, a-C:H coating is composed by a 

combination of these two phases in an amorphous manner, with a coordination with 

hydrogen atoms. Reviewing the booming development of amorphous carbon coatings 

in past three decades, various types of carbon coatings have been investigated with a 

wide range of sp3 hybridization and hydrogen contents [3-5], typically as described in 

Fig. 1.1 [6]. Correspondingly, the various types of carbon coatings exhibit a wide 

range of properties, particularly as the nanoindented hardness within 5~80 GPa and 

friction coefficient within the level of super-lubricity to 0.6. In total sp3-hybridized 

phase like diamond, four valence electrons of carbon atom are coordinated to a 

tetrahedrally sp3 orbital and make strong σ bonds to adjacent atom. In total 

sp2-hybridized phase like graphite, three of the four valence electrons are coordinated 

to a trigonally sp2 orbital forming σ bonds in a plane, and the forth electron lies in a pπ 

orbital normal to the σ plane forming a π bond. Specifically, the tetrahedrally coating 

(ta-C) usually prepared by filtered cathodic vacuum arc (FCVA) contain more than 80 

at.% of sp3 C and has high hardness around 80 GPa, while the magnetron sputtered 

a-C coating usually contain 20~30 at.% of sp3 C and has hardness around 8~16 GPa 

[3~5]. By applying ion vapor or plasma deposition methods which use hydrocarbon 

gases as the carbon source, hydrogen atoms are doped into amorphous carbon coating 

and play an important role in its tribological performance [7-10]. In terms of the 

hydrogen content and carbon network features, a-C:H coatings are widely classified 

as polymer-like, diamond-like, and graphite-like coatings [8-11]. Tailoring the 
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sp3/(sp3+sp2) ratio and hydrogen content by controlling deposition methods and some 

critical parameters such as carbonaceous precursor, substrate material and temperature, 

depositing pressure and bias voltage, etc., the lubricant property of a-C:H coatings can 

be designed to meet diverse requirements for industrial applications. 

To understand the complex correlations between structural characteristics and 

excellent performance of a-C:H coatings, there are some inevitable items especially as 

grasping the sp3/(sp3+sp2) ratio and clustering structure of a-C:H coatings. Besides, a 

deep understanding of fabricated defects would also be an indispensable item in 

recent study of a-C:H coatings. This doctoral thesis is aiming at the structural 

characterization of ion-vapor deposited a-C:H coating by using solid state 13C NMR, 

and investigating the effects of clustering structure on tribological performance of 

a-C:H coatings. Except for a briefly introduction on the basic principles of solid 

state 13C NMR characterization and relative experiments in Chapter 2, the original 

work of this thesis are reported in the following chapters as illustrated in Fig. 1.2. 

Specifically, Chapter 3 describes the fragment sample preparation for solid state NMR, 

particularly as regard to the chemical inertness of a-C:H fragment in acidic solutions; 

Chapter 4 reports the sp3/(sp2+sp3) ratio determined by different NMR techniques and 

compares the results with other characterization techniques; Chapter 5 presents the 

heterogeneous clustering structure of sp2 sites and its growth mechanism; Chapter 6 

reports the friction behavior and wear mechanism of a-C:H coating sliding against 

steel ball in N2 atmosphere and ambient air, and discusses the correlations between 

clustering structure and tribological performance. 

 
Fig. 1.1 Ternary phase diagram of bonding in amorphous carbon coatings. 
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Chapter 3: Fragment sample preparation 
for solid state 13C NMR experiments

Chapter 4: sp3/(sp3+sp2) ratio of a-C:H coating determined by 
solid state 13C NMR

Chapter 5: The heterogenerous structure of a-C:H coatings 
on nanoscale

Chapter 6: Tribological property and wear mechanism of a-C:H coatings

II. its effect on mechanical 
property of a-C:H coating

I. confirm chemical inertness in acidic 
solution

I. distinct sp2 clusters in 
amorphous matrix 

I. quantify sp3/(sp2+sp3) 
ratio by distinct NMR 

techniques

II. spin-lattice relaxation of 
distinct carbon clusters 

III. distribution of 
fabrication defects

IV. growth mechanism of 
heterogeneous structure 

III. heterogeneous hydrogen 
bonding with sp3 C

I. friction behavior in 
artificial gas and humid 

air 

II. correlation between clustering structure 
and friction coefficient in artificial gas

III. chemical evolution of transfer layer in 
humid air 

 

Figure 1.2 The outline of original work in this doctoral thesis and the emphases in 

each chapter. 

1.1 Methods of chemical characterization for a-C:H coating 

Generally, in order to characterize the chemical bonding of a-C:H coating, various 

techniques are employed which can be divided into three categories, that is optical 

spectroscopy, the electron spectroscopy and magnetic resonance [12]. 

1.1.1 Optical spectroscopic methods 

Optical spectroscopic characterization such as Raman and infrared spectroscopy are 

the most convenient and frequently employed nondestructive techniques for 

qualitative study of bonding type and clustering structure of carbon coatings [13~20]. 

For example, the feature of visible Raman spectroscopy is its large sensitivity to sp2 C 
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which can effectively follow the structural transformation of sp2 sites. For all kinds of 

carbon coatings, their Raman spectra can be deconvoluted into two characteristic 

peaks: a graphite peak (G peak) center around 1580 cm-1 attributed to the stretching 

vibration of the sp2 sites both in olefinic and aromatic structure, and a disorder peak 

(D peak) center around 1350 cm-1 merely attributed to the breathing mode of sp2 sites 

in aromatic rings in an amorphous manner [13~16]. Generally, in analysis of visible 

Raman spectra, the peak intensity (or area intensity) ratio of D and G peaks, i.e. 

I(D)/I(G), indicates the in-plane crystallite size and fractions of sp2 C in aromatic 

rings [13], and the half-maximum (FWHM) of G peak represents the degree of 

network disordering [13, 21, 22]. Also, the center position of G peak is an sensitive 

indicator of graphite-like sp2 clustering and generally shifts to higher wavelength as a 

function of substrate bias voltage [13-16, 21, 22]. However, the Raman excited by 

visible photons is merely sensitive to sp2 sites but blind to sp3 sites due to their higher 

lying σ states. Instead, the Ultra-Violet (UV) Raman at 244 nm (>5 eV) can provide 

higher energy for σ states excitation of both sp2 and sp3 sites, thus allows a direct 

observation of sp3 sites. In UV Raman spectra of a-C:H coatings, except for the 

dominant G peak center around 1580~1620 cm-1 and a weak D peak around 1450 cm-1, 

a new peak denoted as T peak appears around 1060~1100 cm-1 arising from sp3 sites 

[13, 16, 17]. By deconvolution fitting, semi-quantitative information on sp3/(sp3+sp2) 

ratio can be investigated in terms of the shift of T and G peak and peak intensity ratio. 

With an increase of sp3/(sp3+sp2) ratio, both the ratio of I(T)/(I(T)+I(G)) and G peak 

position will grow up to 0.3 and 1660 cm-1, respectively, whereas the T peak position 

will shift down to 1050 cm-1 [23, 24]. However, it should be noticed that in UV 

Raman, the sensitivity to sp2 Raman vibrations is still stronger than that to sp3 by a 

factor of 5–10, hence can hardly be applied for quantitative analysis of sp3 C fractions 

[12].  

Another frequently applied optical spectroscopy is Infra-Red (IR) spectra which 

shows a wide region of vibrational transitions within 4000~10 cm−1 and preferable for 

the characterization of hydrogenated carbon coatings. Some researchers analyzed IR 
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spectra for semi-quantitative distinguishing of hydrogenated and non-hydrogenated 

sp3 carbons [18, 19, 25] on basis of vibrational frequency attributions to various types 

of C-H bonds [3, 26, 27].  

1.1.2 Electron spectroscopic methods 

More accurate techniques for chemical composition and structure characterization 

of a-C:H coatings are electron spectroscopy, which typically includes scanning 

electron spectroscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-ray near 

edge absorption spectroscopy (XANES), Auger electron spectroscopy(AES), 

transmission electron spectroscopy (TEM) and electron energy loss spectroscopy 

(EELS), etc. [28-33]. In case of XPS characterization, when the surface is irradiated 

by X-ray, an electron emission is resulted within the escape depth of photoelectrons 

near surface region, and the kinetic energy of emitted photoelectrons can be described 

by Eq. (1.1) [12] 

sbk WEhE −−= ν                (1.1) 

where hν is the energy of incident photon, Eb the binding energy of atomic orbital 

from which the electron originates, and Ws the spectrometer work function. As each 

type of chemical bond has a unique set of binding energies, their differences in 

chemical state can be revealed through the variations of binding energy, and the 

fraction of each type of chemical bond is linearly to the peak intensity of XPS spectra 

[28]. For example, in XPS spectra of C1s peak, the binding energy of sp2 C=C is 

284.5 eV, 0.8 eV lower than that of sp3 C-C (284.5 eV) [28, 29, 30]. Well-accepted 

attributions of binding energy to diverse C- bonds have been listed in the handbook of 

X-ray photoelectron spectroscopy [30], except for the C-H bond which limits the 

application of XPS for hydrogenated carbon materials to some extent. However, it 

should be realized that the fractions of each type of bonds obtained through 

deconvolution fitting of XPS spectra is strongly affected by peak fitting formulas and 

constraint parameters, especially as the combined ratio of Gaussian and Lorentzian 

formulas, the width limit of each sub-peak and the shape of baseline [22, 28].   
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Similarly, the Auger electron emission arising from the creation of ions with an 

inner shell vacancy has also been investigated by using higher energy irradiation for 

chemical characterization of a-C:H coatings [31]. However, it is argued that the 

high-energy electron irradiation for long time in AES experiments can cause a local 

structural destruction of coating surface, thus make misunderstanding on chemical 

structure of bulk material [32].  

Moreover, a spectroscopic analysis on the inelastic scattering energy loss of 

incident electrons after the interaction of electrons with coating surface generates 

EELS spectra [33, 34]. It typically includes a low loss region within 0~40 eV and a 

high loss region at C 1s (K edge) above 285 eV which is specifically named by 

XANES [35, 36]. A well-accepted quantification method of sp2 fraction by EELS 

spectra was proposed by Berger et al. [34], who calculated the area intensity of 1s-π* 

carbon pre-K edge of tested sample and compared it with the EELS spectra of 

standard sample graphite within an appropriate energy window. Besides, Alexandrou 

et al. [37] proposed to use C60 as the standard sample to eliminate the orientation 

dependence side effect of graphite crystalline. However, the disadvantages of EELS 

are that the C 1s K edge only represents sp2 sites, and the tested coatings must be 

detached from substrate materials and irradiated by high energy electron beam which 

may cause destructive damage of as-deposited coating. 

1.1.3 Magnetic resonance methods 

The third alternative method of chemical characterization for a-C:H coatings is 

magnetic resonance, typically as solid state NMR and EPR. The former one can be 

employed for the accurate quantification of sp3 fractions [38-41], while the latter one 

is primarily used for the detection of fabricated defects in amorphous materials [42, 

43]. Briefly, the mechanism of NMR experiment is that in static magnetic field M0, 

the nuclei with magnetic moment μ may interact with the radio frequency (r.f.) 

irradiation, thus elucidates rich information on the local chemical environment of 

nuclear spins and the chemical structure of bulk material. NMR can inherently 

achieve a quantitative analysis on sp3/(sp3+sp2) ratio at molecular level, since the 
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intensity of macroscopic magnetization is well-linear to the concentration of 

NMR-active nuclear spins. More importantly, in NMR spectra each type of 

hybridization phase can give rise to a separate chemical shift with the same weighting 

factor [3]. Thus, NMR has been popularly applied as the most direct measurement of 

sp3 fractions for carbon compounds such as coals and polymers [44-48]. Meanwhile, 

in NMR experiments we can use 1H-13C cross-polarization technique to evaluate the 

distance between 13C and 1H spins [39-41], and use magnetization recovery 

techniques to understand the clustering structure and fabrication defects of a-C:H 

coatings [41-43].  

1.2 Friction behavior and wear mechanism of a-C:H coating in various 

atmospheres 

While the mechanical property of a-C:H coatings is primarily determined by 

deposition methods, carbon sources, working pressure, substrate temperature, 

post-treatments of coating, etc., their tribological performance is additionally affected 

by sliding conditions, especially as friction atmosphere, relative humidity, loading 

conditions, sliding velocity, type of sliding motion, counterpart materials, etc. The 

contribution from each factor to the overall friction behavior varies from one type of 

a-C:H coating to another due to different tribochemical reactions [3, 4, 49-52]. 

Generally, the friction coefficient (CoF) of a-C:H coating ranges between 0.05 and 0.3 

in ambient atmosphere [3, 4, 49, 50], and falls down to 0.01 in inert atmospheres (e.g. 

ultra-high vacuum (UHV) [7-9, 53], dry N2 [4, 5, 54, 55]) and dry H2 atmosphere [7, 

8, 10, 53].  

1.2.1 Lubricant mechanism of a-C:H coating 

According to present reports, the solid lubricant mechanisms of a-C:H coating have 

generally been ascribed to two hypotheses, i.e. the friction-induced graphitization of 

carbon material and the passivation role of hydrogen atoms on contact surface [11]. 

The determinant lubricant mechanism varies from the types of a-C:H coatings and 

sliding conditions [3, 56]. Generally, the reports discussing about the effects of normal 
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load and sliding speed tend to support the friction-induced "graphitization" hypothesis 

[57-60], while the reports of sliding experiments in inert atmosphere and H2 

atmosphere, and the molecular dynamic (MD) simulations favor the "hydrogen 

passivation" mechanism [8, 11, 61, 62]. 

Earlier research of Racine et al. [56] and Erdemir et al. [57, 58] reported a typical 

decrease of CoF during running-in period which was accompanied by an 

establishment of friction-induced transfer layer between sliding counterparts. The 

Raman characterizations of carbon-based transfer layer had obviously suggested an 

increase of sp2 C=C bonds in aromatic rings, which was clearly different from 

as-deposited coatings [57, 59]. They attributed the low CoF in steady state sliding to 

the weak shearing force between friction-induced graphite-like interlayer. However, 

other characterizations by TEM and EELS had generally revealed an amorphous 

structure of transfer layer [58, 63], and so far, no evidence has been proposed to 

correlate the reduce of CoF clearly to the degree of graphitization on contact surfaces.  

By comparison, the "hydrogen passivation" mechanism can well explain the low 

friction behavior of a-C:H coating with a hydrogen content above 30 at.% [7, 9, 10] 

sliding in N2 atmospheres, and is consistent with the loss of hydrogen content (or 

hydrogen diffusion [7, 10, 53-55] from inner of coating) on sliding surfaces. The 

polymer-like transfer layer in rich of sp2 CH2 chains can protect the tribopairs from 

direct rubbing and release the shearing force easily on hydrogen-saturated surfaces [4, 

5]. The free electrons of hydrogen atoms may bond with dangling σ-bonds of carbon 

atoms on top surfaces, and the electrical charge density is permanently shifted to the 

other side of hydrogen atoms and away from contact surfaces [4]. 

1.2.2 Effects of humidity and oxygen in sliding atmosphere 

The presence of H2O and O2 molecules in sliding atmospheres may affect the 

tribological property of amorphous carbon coatings strongly, and generally it causes 

an increase of CoF for a-C:H coatings. Typically, Erdemir [4] reported a great 

increase of CoF from 0.001 in dry N2 to 0.04 in humid N2 with additional presence of 

O2 and 0.06 in humid air. The reason put forward in Ref. [4] is that there were lots of 
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free σ-bonds created on sliding surfaces which can chemically bond to active species 

from surrounding atmospheres and form strong adhesion forces between counterface. 

A similar degradation of CoF due to the large adhesion force had been discussed by 

other reaearchers [8, 52, 64, 65]. For example, Kim [52] observed a different 

dependence of CoF on atmosphere humidity for a-C:H coatings sliding in Ar 

atmosphere and ambient air. In his experiment, when the relative humidity of Ar 

atmosphere increased from 0% to 50% and 100%, the steady CoF grew up from 0.06 

to 0.19 and 0.99, whereas in air with the same humidity, the CoF only fluctuated from 

0.16 to 0.08 and 0.19, respectively. Also, Yuichi [65] found that when the 

plasma-deposited a-C:H coatings were exposed in ambient air with relative humidity 

of 50% for hours, an oxidation layer as thick as 1 nm with high content of C=O and 

C–O–C groups could be formed on the top surface of coating and lead to a rise of CoF 

from 0.2 to 0.4 sliding in humid air. However, different results were reported by 

Donnet et al [66] who controlled the partial pressure of H2O and O2 in UHV. When 

the partial pressure of O2 in UHV increased from 0 to 60 hPa, the ultra-low friction 

behavior of a-C:H coating did not change markedly; in contrast, when the partial 

pressure of water vapor in UHV slightly increased from 0 to 0.5 hPa (relative 

humidity 2%), the CoF jumped from 0.01 to 0.1. They attributed the jump of CoF to 

the greatly reduced thickness of transfer layers [66]. Also, the weaker tribochemical 

effect of O2 molecular than H2O on high CoF of a-C:H coating were reported in Ref. 

[67]. 

1.2.3 Effects of friction-induced transfer layer 

To achieve a steady low CoF in various sliding atmospheres, the formation of 

durable transfer layer is a dominant factor, which can protect rubbing counterparts 

from direct contact and confine the shearing force occurring between interfacial layers. 

The shearing ability of transfer layer is strongly dependent on the nature of 

as-deposited coating, sliding atmosphere and tribochemical interactions [63]. 

Compared with the tribotests of a-C:H coatings sliding against steel balls, durable 
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transfer layer has hardly been observed on ceramic balls sliding against a-C:H 

coatings [68], generally resulting in a relatively higher wear rate of counterparts [69]. 

For example, Erdemir et al. [70] slid ion-beam deposited a-C coatings against 

sapphire balls and observe no transfer layer on sapphire balls, and the same results 

were reported by Ronkainen et al. [71] and Lempert et al. [72] using alumina balls. 

The high CoF caused by using ceramic sliders can be solved by introducing doped 

atoms such as nitrogen into amorphous carbon coatings, typically as reported by K. 

Kato and N. Umehara et al. [73-75]. 

In order to characterize the structure of friction-induced transfer layer, various 

characterization techniques have been applied and widely revealed a graphitic 

transformation of carbon bonds in an disorder manner that was obviously different 

from "parent" coatings [5, 54, 57, 58]. In this issue, visible Raman spectroscopy is 

particularly popular because of its simplicity, time efficiency and high sensitivity to 

sp2 hybridized carbons. Typically, Scharf and Singer et al [76-81] developed an in situ 

Raman spectroscopy to track the shift of Raman G and D peaks of transfer layers 

generated by various sliding distances without a counterpart separation after sliding 

tests. Unfortunately, to make a compromise of data acquisition and Raman spectra 

resolution, all the tribotests were performed at very low sliding velocity as 1 mm/s, 

and the acquired spectra could only elucidate comprehensive information of transfer 

layer and underneath coating. Besides, the carbon oxides [52, 65] and metal oxides 

[81] composed together in transfer layers can hardly be analyzed by Raman 

spectroscopy. Thus, in the study of wear mechanism in this thesis, we designed one 

set of overlapping sliding tribotests to track the evolution of transfer layers 

dynamically and characterized their chemical structures by using XPS. 

1.3 The research purposes of this thesis 

Based on the background reviewed above, the research purposes of this thesis are 

focused on study of the three inevitable issues, namely sp3/(sp3+sp2) ratio, sp2 site 

clustering structure and fabricated defects by NMR techniques, specifically including 
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their dependences on deposition bias voltage, classifying diverse carbon bonds by 

various NMR techniques, studying cluster size and its variation with a combined 

usage of Raman and optical gap characterization, and investigating the distribution of 

fabricated defects. Additionally in view of engineering application, the tribological 

performance of studied coating in N2 atmosphere and ambient air is investigated, and 

their correlations with the sp3/(sp3+sp2) ratio and sp2 site nanoclustering structure are 

also discussed. 

Furthermore, the originalities of this thesis mainly lie in the presented 

inhomogeneous structure model of ion-vapor deposited a-C:H coating, in terms of the 

preferential coordination of hydrogen atoms with sp3 C, two distinct types of sp2 

clusters and the partial distribution of fabricated defects in sp2 C'' clusters (see detail 

in chapter 3~5). Also, we challenged to find out correlations between clustering 

structure and tribological performance of studied a-C:H coatings, observing inhibitive 

effect of boundary sp2 C' sites on the formation of well-lubricant transfer layers in rich 

of sp2 C-H bonds in chains (see detail in chapter 6). 
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2 Basic principles of solid state 13C NMR characterization and its 

experiments 

2.1 Basics of solid state 13C NMR  

 For 1/2 nuclei such as 13C and 1H spinning in a uniform external magnetic field B0, 

two quantized spin states can be established, i.e. +1/2 and -1/2, which represents the 

low and high spin energy state, respectively. Accordingly, the magnetic moment μ of 

low energy state +1/2 is positively aligned with the external field B0, while μ of the 

high energy -1/2 spin state is opposed to the direction of B0. As the population of 

nuclei in these two energy states follows Boltzmann distribution with a Boltzmann 

factor as e(-Ei/KT) in which K is the Boltzmann constant and T is the abstract 

temperature, the number of nuclei at low energy state is higher than that of the high 

energy state. As a result, one net nuclear magnetization M0 will be established aligned 

with the positive direction of B0, as shown in Fig. 2.1a and Fig. 2.1b, and 

( )
KT

BIINM
i 3

1 0
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+
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(2.1) 

where μi is the magnetic moment of i th nucleus, N the number of nuclei, ћ the Planck 

constant, I the spin quantum number. Each μi is determined by the nuclear spin Ii as 

μi=γIi where γ is the magnetogyric ratio, a constant for a given type of nucleus.  

In static magnetic field, the nuclear moment precesses around B0 at Larmor 

frequency ω0, and 

00 Bγω =                       (2.2) 

In the acquisition of NMR spectra, by applying a radiofrequency (r.f.) wave B1 along 

x axis which fulfills the Bohr condition ∆E=hv=γhB0/2π, the transitions between spin 

quantized states can be affected and captured spectroscopically. From the perspective 

of electromagnetism, applying B1 along x axis excites the nuclei at low energy state to 

-1/2 state, so that the net nuclei magnetization M0 will deflect toward x-y plane (see in 
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Fig. 2.1c). After the irradiation by B1, the excited spins will relax to its equilibrium 

state +1/2, so that the deflected nuclei magnetization M0 will recovery to z direction, 

and during this relaxation process, the recovering magnetization M(t) may cut the 

magnetic inductive line of detective coils and generate inductive current. 

 

Fig. 2.1 The schematic illustration of the formation of net nuclear magnetization and 

the effect of r.f. waves B1 on nutation. 

The mechanism of NMR characterization is clearly demonstrated in the equation of 

total Hamiltonian (Eq.(2.3)) [1, 2] that for spin 1/2 nuclei, the measured resonance 

frequencies are not only dominated by Zeeman interaction (Hz) between observed 

nuclei and B0, but also the various types of local interactions which can reflect the 

local chemical environment of given nuclei and spectroscopically display it in the 

domain of frequency as separated peaks. Also, the peak intensity is linear to the 

populations of nuclei in the same bonding structure. 

)()(.hom. tRtHHHHHH rfcsheterdodztot +++++=   (2.3) 

where HZ is the Zeeman, Hd,homo the local interaction between observed nuclei and 

local magnetic field generated by neighboring homo-nuclei, Hd,heter the local 
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interaction between observed nuclei and local magnetic field generated by 

neighboring hetero-nuclei, HCS the local interaction between observed nuclei and 

local magnetic field generated by neighboring bonded electrons (i.e., chemical shift 

interaction), Hrf(t) the experimentally controlled Hamiltonian produced by r.f. 

irradiation, R(t) the coupling of studied nuclei to local fluctuating magnetic fields 

derived from paramagnetic impurity centers, primarily from unpaired electrons which 

shields a few fraction of neighboring nuclei from observation and also broadens the 

bandwidth of NMR spectra due to electron-nuclei interactions. 

NMR characterization is inherently quantitative since the intensity of net 

magnetization M0 is strongly related to the population of active spins. By using 

controllable radiofrequency waves, more sophisticated information on bonding 

structures of a-C:H coatings can be obtained. However, in practice anisotropic 

broadening usually occurs in solid state 13C NMR spectra due to the chemical 

shielding, dipolar interaction, spin-spin couplings and magnetic susceptibility, which 

greatly restrains the resolution of NMR spectrum. Only simplifying the Htot by using 

special geometrical sample manipulations or radiofrequency pulses can we focus 

attention on one specific type of interaction [1, 2]. For example, the Zeeman 

interaction can be eliminated from Eq.(2.3) by changing the reference frame to a 

rotating frame at the resonance frequency of observed nuclei. By comparison, other 

terms in Eq. (2.3) are in the order of perturbations of Zeeman term, and can be 

selectively suppressed by the controllable item Hrf(t). For a-C:H coatings with nature 

abundance of 13C nuclei (1.1 at.%), the homonuclear dipolar coupling between 13C 

nuclei is too weak because of its low population and large inter-nuclear distance, 

whereas the heteronuclear dipolar coupling between 13C and 1H nuclei is dominant 

and largely responsible for the line broadening of solid state NMR spectra due to the 

distinct hybridization phases sp1, sp2 and sp3 of carbon atoms and various CH(0≤n≤3) 

bonding configurations.  

To improve the resolution of NMR spectra, a significantly important technique 

known as magic-angle-spinning (MAS) [3] was proposed in 1953 to eliminate the 
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broadening effects of chemical shift anisotropy ∆CS which is larger than spinning 

frequency and thus narrow the peaks. This technique typically requires the sample 

spins rapidly in a cylindrical rotor around a spinning axis oriented at the magic angle 

54.74° with respect to the static magnetic field B0, as shown in Fig. 2.2. 

 

Figure 2.2 The schematic illustration of magic-angle spinning technique. The solid 

fragments spin rapidly in a cylindrical tube rotor about a spinning axis oriented at the 

magic angle (θR=54.74°) with respect to the applied magnetic field B0. Magic-angle 

spinning removes the effects of chemical shielding anisotropy and heteronuclear 

dipolar coupling. The chemical shielding tensor is represented here by an ellipsoid; it 

is fixed in the molecule to which it applies and so rotates with the sample. The angle θ 

is the angle between B0 and the principal z-axis of the shielding tensor; β is the angle 

between the z-axis of the shielding tensor principal axis frame and the spinning axis. 

2.2 High-power 1H decoupled single pulse 

When we observe a dilute nucleus like 13C with 1.1% abundance and 15N with 

0.365% abundance with 1H or other abundant nucleus nearby, high-power 1H 

decoupled single pulse is an important technique to remove the broadening effects 

of 1H-13C heteronuclear coupling and improve resolution of NMR spectra. As shown 

in Fig. 2.3 and Fig. 2.4, high-power 1H decoupled single pulse starts from a 90° single 

pulse at the frequency of 13C resonance which deflects the net magnetization of 13C to 

the axis of y around x axis, and at this moment t is defined as zero, at which the 

component magnitude of MC(t) along y axis is equal to its initial value established 

merely under the effect of static magnetic field B0. During the magnetization 
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relaxation process, the component magnitude of MC(t) along each axis is acquired 

with a continuous decoupling of 1H spins interactions, as described by Eq. (2.4) 

( )2000 /expsinsin TttMM x −= ωθ           (2.4a) 

     ( )2000 /expcossin TttMM y −= ωθ           (2.4b) 

( ) ( )[ ]100 /expcos11 TtMM z −−−= θ           (2.4c) 

where ω0 is the precession frequency of 13C along z axis from y → x→ -y → -x → y, 

θ0 the pulse angle initially as 90°, T2 the spin-spin relaxation time standing for the 

decaying time constant of transverse magnetization, and T1 the spin-lattice relaxation 

time standing for the establishing time constant of longitudinal magnetization.  

 

Fig. 2.3 The pulse sequence diagram of high-power 1H dipolar decoupled single pulse 

sequence. 

 
Fig. 2.4 The schematic illustration on magnetization transverse of high-power 1H 

dipolar decoupled single pulse sequence. 

Thus, precession is an inevitable free transverse of magnetization along z axis, 

while deflection (i.e. nutation) is a forced transverse of magnetization along x axis. 

The mechanism of 1H decoupling is applying a continuous high-power irradiation 
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(100~1000 watts) at the resonance frequency of 1H spins which make the 

magnetization of 1H spins fully excited and stay at its saturation state.  

The original signal acquired in detecting coils is a free induction decaying (FID) 

signal in domain of time, consisting of various 13C resonance frequencies which 

cannot be directly used for chemical structure analysis. In order to learn about 13C 

spins in different chemical environments, a Fourier transformation of FID signal is 

needed which transforms it into the domain of frequency as given in Eq. (2.5), 

containing the information on magnetization magnitude M0 and resonant frequency 

ω0 together. As FT transformation is a linear operation, the FT transformation of 

superposed signals in time domain is equal to the summation of each FT transformed 

signal, so that all the resonant frequency can be recognized at the same weight factor. 

( ) ( )
( ) ( )20

2
2

200
2000 /1

/sin/expcossin
ωω

θωθ
−+

→−
T

TMTttM
FFT

    
(2.5) 

However, as the spin resonant frequency is closely dependent on local chemical 

environment but varies slightly in magnitude order of 10-6 of ω0, a standard sample is 

required to define the zero position of chemical shift. Generally, we choose 

tetramethylsilane (TMS) because of its chemical equivalent structure of four carbon 

atoms, and thus the chemical structure of resonance spins can be characterized by the 

chemical shift from zero and the detected peaks as defined by Eq. (2.6) 

60 10×
−

=
TMS

TMS

ω
ωωδ

                 
(2.6) 

2.3 High-power decoupled 1H-13C cross polarization 

Cross polarization (CP) is a spectral editing technique mediated by the 

heteronuclear dipolar interactions between 1H and dilute spins like 13C and 15N. The 

use of 1H-13C CP-MAS can improve the signal/noise ratio of 13C spectra and greatly 

shorten the relaxation time of 13C nuclei between acquisition scans. The following is a 

schematic explanation on the main features of CPMAS sequence, as shown in Fig. 2.5 

and Fig. 2.6.  
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It is based on a doubly rotating frame: one of them is a rotating frame of 1H spins 

(x'-y-z') in which all the magnetic fields due to 1H pulses are static, while the other 

one is a rotating frame of 13C spins (x-y-z) in which all the magnetic fields due to 13C 

pulses are static. At the beginning, a 90° single pulse at 1H resonance frequency is 

applied along x axis of laboratory frame which deflects the 1H magnetization to y axis 

along x axis of laboratory frame. And then, the magnetic field BH known as spin-lock 

field is dephased to y’ axis of rotating frame to maintain the 1H magnetization in y’ 

axis. At this moment, BH acts as the only magnetic field in the rotating frame of 1H 

spins in the same way as B0 applied in laboratory frame which establish the      

equilibrium 1H magnetization without radiofrequency waves. Meanwhile, the contact 

  
Fig. 2.5 The pulse sequence diagram of 1H-13C CPMAS. 

 
Fig. 2.6 The schematic illustration on magnetization transverse of 1H-13C CPMAS 

pulse sequence. 
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pulse BC is applied to 13C spins along y’ axis of rotating frame at the frequency of 13C 

resonance, and the amplitude of two contact pulses have to be carefully set to achieve 

the Hartmann-Hahn matching condition Eq.(2.7) 

CCHH BB γγ =                     (2.7) 

which sets the spin states energy gap of 1H and 13C spins in rotating frame as equal, so 

that a transition requiring energy of 1H spins can be compensated by a transition 

energy releasing from 13C spins. Such a dipolar coupling between 1H and 13C spins 

introduces a re-distribution of energy to maintain the total energy of spin system as a 

constant. At last, FID signal of 13C spins is acquired with 1H decoupling technique, 

which is same as the single pulse decoupling sequence introduced in Sec. 2.2. 

At very short contact time, the initial polarization transfer to 13C spins is from the 

most closet 1H spins. As the contact time increases, the polarization transition from 

other nearby 1H spins will be enhanced. However, as the spin-lock magnetic field is 

too weak to maintain the initial 1H magnetization, there will be a theoretical 

maximum signal of 13C spins, and the dynamic cross polarization from excited 1H 

spins to 13C is described by Eq. (2.8) [3, 4]: 

( )
( )

( )





















−







 −
−











−
=

ρ

ρ

ρ 1

1

1

exp
1

exp1
1

1
0 T

tt
T

TT
TTS

tS

CP

CP

CP

   (2.8) 

in which S(t) is the signal intensity at time t, S(0) the theoretical maximum signal, TCP 

a time constant describing cross-polarization transfer, T1ρ the spin-lock relaxation 

time.  

2.4 Spin-lattice relaxation time measurement by saturation recovery sequence 

Spin lattice relaxation is an energy exchange process between individual nuclear 

spins and external “lattice” which acts as an energy sink of spin system to establish 

and restore the net magnetization to its equilibrium value along z axis. For a-C:H 

coatings with nature abundance of 13C nuclei and no molecular rotation, the 

spin-lattice relaxation of 13C spins is strongly dominated by heteronuclear 

dipolar-dipolar (DD) interactions, sometimes with a combination of electron-nuclear 
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interactions associated with fabricated defects (will be discussed in Chap. 5). In fact, 

dipolar-dipolar interaction arises from a total magnetic field composed of the static 

magnetic field B0 and local magnetic fields generated by nearby spins. The strength 

and direction of local magnetic fields are determined by the inter-nuclear distance and 

their orientation to B0. 

In the measurement of spin-lattice relaxation time (T1) by modern NMR instrument, 

the component magnetization is recorded in domain of time as described in Eq. (2.4), 

and then transformed to domain of frequency. The most frequently used sequence for 

T1 measurement include saturation recovery sequence and inversion recovery 

sequence. The former one is applicable for nuclear spins with long T1 and the 

relaxation delay between acquisition scans only need 1 s, while the latter one can 

achieve a higher accuracy of T1 determination with a compromise of experiment time, 

because it needs 5T1 at least for the full relaxation of magnetization before the next 

repetition of acquisition scans [5-8]. 

From the prospective of saving experiment time, we choose saturation recovery 

method in this study and its sequences for 1H and 13C spins are illustrated in Fig. 2.7 

and Fig. 2.8, respectively. Saturation sequence is started from one set of 90° single 

pulses with a gradually shortened interval from T1 (roughly estimated) to 1% or 1‰ 

of T1. This set of saturation sequence continuously deflects the growing longitudinal 

magnetization of observed nuclei to transverse plane and disperse it in x-y plane due 

to the non-uniformity of static field B0. Because of the shortening interval between 90° 

pulses, the magnitude of longitudinal magnetization gradually decreases to zero and 

finally achieves the saturation state of spin system. In following, there is a relaxation 

interval (denoted as τ) between saturation sequence and the last 90° pulse, which 

should be set reasonably for accurate measurement of T1. .Generally, we set τ/T1 as 

{0.01, 0.1, 0.2, 0.35, 0.5, 0.9, 1.2, 1.6, 2.3, 5} successively, so that the data of 

magnetization magnitude can distribute uniformly in its graph as a function of τ. 

In some cases, cross-polarization technique is also applied between the last 90° 

single pulse and acquisition pulse in saturation-recovery experiment of 13C, as shown 
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in Fig. 2.9, to selectively investigate the recovery behavior of protonated or 

proton-proximate carbons [5, 6].  

 

Fig. 2.7 The pulse sequence diagram of 1H saturation recovery. 

 
Fig. 2.8 The pulse sequence diagram of high-power 1H dipolar decoupled 13C 

saturation recovery. 

 
Fig. 2.9 The pulse sequence diagram of interrupted high-power 1H dipolar 

decoupled 13C saturation recovery with CPMAS technique. 
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3 Fragment sample preparation for solid state 13C NMR experiments 

3.1 Introduction 

As regard to the structure characterization of artificially synthesized carbon 

materials by solid state NMR, small amount of pioneering research work had been 

carried out in 1990s [1-5]. In 1992, McNamara and Gleason [1, 2] measured natural 

diamond powder and chemical-vapor-deposited (CVD) diamond films by applying 

static single pulse. Polycrystalline diamond films were produced by hot-filament 

reactor using acetone as the carbon source. Si substrates were seeded with 0.25 pm 

natural diamond particles and the film thickness was controlled as 5~10 μm. In their 

static single pulse experiments, diamond films were sliced by a diamond saw together 

with silicon substrates into 4×9 mm slivers, and then directly inserted into NMR coil. 

As the carbon source acetone was labeled with 13C at methyl site with an overall 

gas-phase enrichment of 22%, a narrow sp3 C peak was perfectly observed at 36±2 

ppm relative to tetramethylsilane (TMS) in 13C spectra, even without the use of 

magic-angle spinning (MAS) technique. Same results were reported by H. Lock [3, 4], 

except that the Si substrates were removed by dissolving in aqueous HNO3/HF 

solution, and the resulted diamond fragments were cleaned thoroughly in distilled 

water. A similar sample preparation process was reported by S. Hayashi and F. Hoshi 

et al. [5]. In their NMR investigation of 13C-enriched single-wall carbon nanotubes 

prepared by catalytic decomposition of CH4, raw products were dissolved in 3 mol/L 

HNO3 aqueous solution, and the resulted fragments were filtered and dried in ambient 

air.  

Specifically in field of amorphous carbon coatings, Pan et al. [6] studied r.f. 

sputtered a-C coatings grown on Cu substrates by 13C MAS technique, and observed 

two broad peaks centered at 130 ppm and 62 ppm which were attributed to sp2 and sp3 

C, respectively. Cu substrates were removed by dissolving in HCl aqueous solution 

and the resulted a-C fragments were cleaned thoroughly in distilled water for NMR 



東京大学博士論文 

 
- 31 - 
 

experiments. Similar spectra were observed by Demichelis [7] for r.f.-sputtered a-C 

coatings on Al foils which were dissolved in dilute HCl aqueous solution.  

By comparison, one simpler sample preparation was presented by Glozan et al. [8] 

for ta-C coatings grown by filtered cathode arc deposition. The ta-C fragments were 

collected from fused silica substrates which could be easily removed due to the large 

residual stress in ta-C coatings. Similarly, Carduner et al. [9] deposited a-C:H 

coatings by r.f.-biased parallel-plate reactor on glass substrates. Deposition was lasted 

until the coatings peeled off from glass substrates due to their intrinsic compressive 

stress and turned into fine fragments.  

No matter what kind of fragment preparation methods is adopted, there is a basic 

principle that the chemical structure of bulk materials can be perfectly represented by 

fragment specimens, yet, with a compromise of morphological change. In this chapter, 

we discussed this significant issue seriously by using Raman spectroscopy and 

ERDA. 

3.2 Experimental details 

3.2.1 a-C:H coating grown by ion-vapor deposition 

In this thesis, a-C:H coatings were grown on Si (100) wafers and iron sheets at 200℃ 

by a ion-vapor deposition system as illustrated in Fig. 3.1. Carbon source toluene 

(C7H8) with natural abundance of 13C (1.1 at.%) was ionized by a hot filament and the 

resulted ionized species bombarded toward negative-pulse biased substrates for 3 

hours, which allowed a coating thickness about 1 μm. A base pressure less than 3×10-3 

Pa was achieved in vacuum chamber before deposition, and the working pressure in 

vacuum chamber was controlled as 0.1 Pa. The composition of resulted ionized 

species were detected by a quadruple mass spectroscopy, as shown in Fig. 3.2. Due to 

the low ionization efficiency of hot-filament decomposition method, the 

fragmentation degree of C7H8 was quite low, so that in the resulted ionized vapor, 

there was a larger content of C7H7
+ and other species such as C8H10

+, C5H9
+, C3H3

+, 

C2H4
+, CH+, C+, H2 and H+. 

The bonding structure of studied coatings were effectively controlled by the 
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substrate bias voltage as 0.5 kV, 1.0 kV, 1.5 kV, 2.0 kV, 2.5 kV, 3.0 kV, 3.5 kV at a 

frequency of 1 kHz and a pulse duty of 25%, and correspondingly the coatings were 

referred to as B0.5, B1.0 etc., as listed in Tab. 3.1 with their hydrogen content. The 

hydrogen content was determined by high-resolution elastic recoil detection analysis 

(Kobelco, HRBS 1000) with a probe beam of 0.5 MeV N+ incident on the coating 

surface at an angle of 67.5° with respect to the surface normal. In order to improve the 

adhesion between carbon coatings and iron substrates, an a-C:H:Si interlayer as thick 

as 10 nm was firstly deposited under a bias voltage of 1.5 kV using tetramethylsilane 

(TMS) as the carbon source.  

 
Figure 3.1 The schematic illustration of ion-vapor deposition system. 

 
Figure 3.2 The components of ion vapor when the deposition bias voltage was 1.5 KV. 

Meanwhile, the morphology of studied coating on silicon wafer and iron sheet was 

observed by scanning electron microscope (SEM), as described in Fig. 3.3. Compared 
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with the polished silicon wafer, the top surface of iron sheet is rough, so that the 

roughness of a-C:H coating deposited on iron sheet is also high. 

Table 3.1 The substrate bias voltage and hydrogen content of studied a-C:H coatings. 

Deposited 

coatings 

Bias voltage 

(kV) 

Hydrogen content 

(at.%) 

B0.5 0.5 35 

B1.0 1.0 32 

B1.5 1.5 22 

B2.0 2.0 20 

B2.5 2.5 19 

B3.0 3.0 18 

B3.5 3.5 17 

   

    (a) B1.5 coated on Si(100) wafer             (b) uncoated steel sheet 

   

    (c) B1.5 coated on steel sheet            (d) B1.5 coated on steel sheet 

Figure 3.3 The SEM observation of ion-vapor deposited coatings on silicon wafer and 
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iron sheets when the bias voltage was 1.5 kV. (a) is a cross-sectional observation, 

while (b)~(d) are top-view observations. 

3.2.2 Dissolution process of as-deposited a-C:H coating 

Due to the potential annealing effects of 200℃ deposition temperature for long 

time in this ion-vapor deposition system, as well as the comparatively lower residual 

stress in resulted coatings, the metal-substrate dissolution process described in Ref. [6] 

was adopted in this thesis for sample preparation of solid state NMR experiments, as 

illustrated in Fig. 3.4 step by step. Coating-covered iron sheets were immerged into 6 

mol/L HCl solutions at 60℃ until all the iron sheets were dissolved. Next, the a-C:H 

 
Figure 3.4 The schematic illustration of fragment preparation process for solid state 

NMR experiments. 
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fragments were filtered through a negative-pressure filtering system using a layer of 

filtering paper with a pore size of 0.45 μm, then thoroughly cleaned by distilled water 

and acetone successively, and finally dried in ambient air at 60℃. An XPS 

characterization of well-prepared fragments showed that the remained content of iron 

atoms in fragments were generally below 0.1 at.%, which has negligible effects on the 

uniformity of static magnetic field B0 and the balance of rotating sample tubes. 

3.3 Results and discussions 

3.3.1 Optical spectroscopic observation of a-C:H fragment 

At first, well-prepared a-C:H fragments were observed by optical microscope, as 

shown in Fig. 3.5. Because of the rough surface of iron substrates, the surface of 

a-C:H fragments was also rough and showed no dependence on substrate bias voltage. 

   
                  (a) 2 kV-I                      (b) 2 kV-II 

   

                  (c) 3.5 kV                        (d) 4 kV 

Figure 3.5 Optical microscopy observation of dried a-C:H fragments derived from 

coatings deposited under various bias voltages. 
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3.3.2 Chemical inertness of a-C:H fragment in HCl aqueous solution 

In order to confirm the chemical inertness of studied coatings, both the as-deposited 

coatings and well-prepared fragments were characterized by visible Raman 

spectroscopy with 0.5 mW laser power of 532-nm wavelength (doubling-Nd-YAG). 

Due to the rough surface of as-deposited coating on iron sheet and well-prepared 

fragments, the diameter of laser spot was reduced less than 10 μm to focus on rough 

surface during acquisitions well. 

Additional, considering the potential effects of HCl solution concentrations and 

dissolution durations on fragment property, other two groups of tests were set, as 

listed in Tab. 3.2. In each condition, one slice of a-C:H coated Si wafer was placed 

into HCl solutions with the other slice of un-coated iron sheet, and both of them were 

in the same surface area of 5×5 cm2. 

Table 3.2 The two groups of aqueous conditions for the dissolution of B2.5 coating. 

Group I Group II 

HCl concentration 

(mol/L) 

Dissolution duration 

(minute) 

HCl concentration 

(mol/L) 

Dissolution duration 

(minute) 

2 700 6 5 

4 270 6 60 

6 20 6 180 

8 15 6 360 

10 10   

12 5   

All the comparative Raman spectra are displayed in Fig. 3.6 and Fig. 3.7. Firstly, 

Fig. 3.6 compares the baseline-calibrated Raman spectra of a-C:H coatings and 

fragments prepared under 0.5, 2.0 and 3.5 kV bias voltage. The spectra deviation 

between these two types of samples was in the order of experimental error, which 

suggests a notable chemical inertness of studied a-C:H coatings in acid solutions. 

Such a negligible deviation was possible caused by the release of chemical bonding in 
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the interface between as-grown coating and iron substrate. Secondly, as regard to the 

two groups of comparative experiments (as described in Fig. 3.7), we found that all 

the spectra could be divided into two groups which were identical to that of the two 

as-deposited coatings (denoted as 1 and 2), yet, in no obvious dependence on aqueous 

conditions. In despite of this, it is clear that these two groups of Raman spectra exhibit 

the same peak position and line shape, while their difference only relies on the peak 

intensity which is merely caused by the deviation of coating thickness of tested slices. 

  
Figure 3.6 The comparison of Raman spectra between as-deposited coatings and 

resulting fragments prepared in HCl solution with the same concentration of H+ ions. 
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It is noted that this hot filament deposition system cannot provide samples with good 

thickness uniformity in large area. The ion density near the center of ion gun is higher 

than that of border region, so that the coating in center position parallel to ion gun is 

slightly thicker than coating in border areas. The tested slices of a-C:H coatings were 

cut apart from one specimen but in two different regions, so that all the spectra were 

divided into two groups but showed no dependence on aqueous conditions. However, 

it is believable that the chemical structure of bulk materials is perfectly maintained 

during this acid dissolution process. 

 
Figure 3.7 The comparison of Raman spectra between as-deposited coatings and 

processed coatings prepared in HCl solution with various concentration of H+ ions. 
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Fig. 3.8 shows a well-understood structural transformation of a-C:H coatings with 

an increase of ion energy [10, 11], from polymer-like carbon (PLC) to diamond-like 

carbon (DLC) as bias voltage was below 2 kV and then further to graphite-like carbon 

(GLC) as the bias voltage grew up to 3.5 kV. In the whole range of bias voltage 

within 0.5~3.5 kV, the G-peak position shifted continuously up to higher wavenumber 

from 1540 cm-1 to 1560 cm-1, and the peak area ratio I(D)/I(G) grew from 1.3 to 2.1. 

These tendencies are widely known to be related to the decrease of hydrogen content 

 

Figure 3.8 Raman parameters of B0.5~B3.5 fragments calculated from double 

Gaussian fitted of G and D peak as the function of substrate bias voltage. 
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and the increase of sp2 C in aromatic ring. As the G-peak position is below 1550 cm−1, 

i.e. bias voltage within 0.5~2.0 kV, the FWHM(G) grew upwards from 132 cm-1 to its 

maximum value of 144 cm-1 due to the diamond-like structure and disordering of 

carbon network, including bond-angle and bond-length distortion. In the high 

wavenumber region of G-peak position above 1550 cm−1, i.e., bias voltage within 

2.0~3.5 kV, the FWHM(G) reduced from its maximum to 128 cm-1 for the significant 

increase of graphite-like sp2 clusters. 

3.3.3 Stability of hydrogen in a-C:H fragment during dissolution process 

In addition to Raman characterization, another important issue in following work is 

the stability of hydrogen atoms during this acidic dissolution process. As mentioned in 

Chapter 2 that in a-C:H coatings with natural abundance of 13C, the relaxation 

behavior of 13C spins is mainly dependent on 1H-13C heteronuclear interactions, so 

that the content of hydrogen in well-prepared fragments is an important factor in 

following analysis. Some reports [12, 13] deduced that in a-C:H(:Si) coatings, there 

are some free hydrogen molecules trapped in holes of amorphous carbon network and 

may be diffused due to thermal energy or break of local framework [12-15]. Thus, we 

measured the hydrogen content of acid-treated slices of a-C:H coatings (the same ones 

tested in Sec. 3.3.2) by using high-resolution ERDA. In Fig. 3.9, the hydrogen content 

depth within 60 nm of acid-treated a-C:H coatings are compared with that of the 

second as-deposited a-C:H coating (cut apart from the center area of specimen as 

described in Sec. 3.3.2) in depth direction, and in Fig. 3.10 the average hydrogen 

content calculated within 60~300 Angstrom depth are compared. Interestingly, it was 

found that almost for all the acid-treated samples, their hydrogen content was lower 

than that of as-deposited coating by 2~5 at.% in detection depth direction, which 

suggested that there is a few loss of hydrogen molecular during fragment preparation. 

Fortunately, such a few loss of trapped hydrogen molecular has limited impacts on the 

dominant heteronuclear interactions between bonded 13C and 1H spins and can be 

reasonably neglected.  
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Figure 3.9 The hydrogen concentration of a-C:H coatings as a function of detection  

 

Figure 3.10 The average hydrogen concentration of a-C:H coatings within 6~30 nm in 

the direction of detection depth. 

3.4 Conclusions 

In this chapter, a-C:H fragments were prepared by dissolving iron substrates in HCl 

aqueous solutions, and the chemical inertness of the well-prepared a-C:H fragments 

were checked by using Raman spectroscopy and ERDA. According to the Raman 

characterization of as-deposited coating and acid-treated fragments under various 

aqueous conditions, it is confirmed that no detectable change of chemical structure 

occurred during this dissolution process, and the bonding structure of bulk coating 
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material can be well represented by the a-C:H fragments. On the other hand, the 

ERDA experiments showed that there was a slight loss of hydrogen content in a-C:H 

fragments which is possibly associated with a diffusion of trapped hydrogen 

molecular during dissolution process. However, such a few loss of hydrogen 

molecular has limited impacts on the dominant heteronuclear interactions between 

bonded 13C and 1H spins and thus can be reasonably neglected.  
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4 sp3/(sp3+sp2) ratio of a-C:H coating determined by solid state 13C 

NMR  

4.1 Introduction  

As we mentioned above that to understand the wide range of properties of a-C:H 

coatings, basically there are three inevitable issues while evaluating the amount of 

sp2 C and sp3 C would be the first indispensable issue in recent study of a-C:H 

coatings. Numerous researches have demonstrated that the ratio of sp3/(sp3+sp2) plays 

a significant role in the mechanical  [1-6], optical [7-9], electrical [6, 8, 10] and  

tribological [11, 12] properties of amorphous carbon coatings. For example, Tab. 4.1 

concludes the widely-concerned properties of amorphous carbon coatings in 

comparison with diamond, graphite, C60 and polyethylene [1, 2]. Specifically 

compared with diamond and polymers, the hardness of a-C(:H) coatings is 

proportional to the fraction of sp3 C-C bonds rather than the total amount of sp3 C, 

since the presence of sp3 CHn(1≤n≤3) in chain-like structure may reduce the rigidity of 

amorphous carbon network. This argument has also been presented in the reports of 

Cho [3], Tamor and Carduner et al. [4, 5] by applying CPMAS and interrupted 

decoupling techniques to distinguish and quantify various types of carbon bonds in a-

C:H coatings.  

As regard to the effects of sp3/(sp3+sp2) ratio on tribology performance of a-C(:H) 

coatings, an earlier MD simulation of Gao and Mikulski et al. [11, 12] using Brenner's 

second-generation REBO potential [13] revealed that tribochemical reactions were 

both dependent on the sp3/(sp3+sp2) ratio and the degree of hydrogen-passivation on 

contact surfaces. In their study [11], a-C:H coatings with a similar sp3/(sp3+sp2) ratio 

were sheared against a hydrogen-terminated diamond surface under an average load 

of 300 nN. The results showed a remove of hydrogen atoms from counterface as the 

sliding movement started, and a dramatic bonding rearrangement and adhesion 

between tribopairs occurred due to the increased number of potential reaction sites. 

Also, the higher degree of hydrogen termination of diamond surface, the lower 

friction response were observed. Besides, the a-C:H coating with highest sp3 fraction 

and least content of C-H bonding showed highest friction force when it was sheared 

against a hydrogen-free diamond tip or a rough amorphous tip due to potential 
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reactions of unsaturated carbons on counterface. 

In this chapter, sp3/(sp3+sp2) ratio of ion-vapor deposited coatings was measured by 

applying 13C MAS and CPMAS techniques, and their effects on the mechanical 

properties of studied coatings is also investigated. The 13C MAS technique aims to 

detect all the bonded 13C nuclei, while the CPMAS specifically focuses on 13C nuclei 

hydrogenated or at least proximate to hydrogen atoms.  

Table 4.1 Comparison of major properties of amorphous carbons with those of 

reference materials [1, 2]. 

 
sp3 fraction 

(at.%) 

hydrogen fraction 

(at.%) 

density 

(g/cm3) 

optical gap 

(eV) 

hardness 

(GPa) 

diamond 100 0 3.515 5.5 100 

graphite 0 0 2.267 0 / 

C60 0 0 / / / 

sputtered a-C 5 0 2.2 0.5 <18 

ta-C 80~88 0 3.1 2.5 80 

ta-C:H 70 30 2.4 2.0~2.5 50 

a-C:H (hard) 40 30~40 1.6~2.2 1.1~1.7 10~20 

a-C:H (soft) 60 40~50 1.2~1.6 1.7~4 <10 

polyethylene 100 67 0.92 6 0.01 

4.2 Experimental details  

4.2.1 Mechanical property characterization of as-deposited coating 

The hardness and Young's modulus of as-deposited coatings on Si substrate were 

measured by an Elionix ENT-2100 nanoindentation system. 1000 μN load was applied 

lineally on a well-profiled Berkovich pyramid diamond indenter (edge angle 115°, 

inclination angle 65.03°, tip defect ~10 nm) in 500 steps at a loading speed of 0.1 

mN/sec. The maximum load was kept for 1000 msec and induced full plasticity on 

tested spots, and then unloaded at the same speed of 0.1 mN/sec. The elastic modulus 

of studied coatings ES was determined by the equation [14~16]: 
2 2

*

1 11 S I

S IE E E
ν ν− −

= +
                            (4.1) 

in which 
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*

2
SE

A
π

=
                                   (4.2) 

2 2( ) 3 3 tan 65.03A AA h h°=                      (4.3) 

max max0.75Ah h F S= −                        (4.4) 

where E* is the reduced elastic modulus, EI the elastic modulus of diamond indenter, 

νS and νI the Poisson’s ratio of tested coating and diamond indenter respectively, S the 

experimentally measured stiffness of upper portion of unloading curve equals to 

|dF/dh|Fmax, A the projected area of elastic contact, hmax the maximum deformation at 

peak load, hA the calibrated elastic deformation considering tip defect [16], Fmax the 

peak load, as illustrated by Fig. 4.1. More than 30 points were tested on each coating 

for average evaluation. The indentation depth was generally 4~7 % of coating 

thickness to eliminate the deformation effects of silicon substrate. 
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Figure 4.1 An example of load-displacement curve of nanoindentation experiments of 

studied a-C:H coatings. 

Meanwhile, the residual stress was also determined based on the Stoney’s equation 

[17, 18]: 

)1(6

2

S

S

dR
DE
ν

σ
−

=                                 (4.5) 

in which ES is the Young's modulus of Si substrate, D the thickness of Si substrate, d 

the thickness of coating, νs the Poisson's ratio of coating and R the curvature of coated 

Si substrates (in a square size of 25×5 mm2) and can be approximately obtained by Eq. 

4.6: 
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δ8

2lR ≅                                     (4.6) 

in which l is the length of Si substrate, δ the distance illustrated in Fig. 4.2 which was 

measured after deposition by a microstylus surface profilometer (Kosaka Laboratory 

Ltd., Surfcorder SE-30D). 

 
Figure 4.2 The approximate solution of the curvature of coated Si substrate by using 

microstylus surface profilometer. 

4.2.2 13C MAS and  13C CPMAS experiments 

In high-resolution solid state NMR experiments, 10~15 mg dried fragments were 

uniformly packed into ZrO2 tube rotor in diameter of 2.2 mm and length of 13 mm. 

Scanning number were varied within 20000~40000 from sample masses for expected 

S/N ratio of 13C spectra. All the spectra were recorded by a JEOL ECA-600 

spectrometer operating at 600 MHz for 1H nuclei and 150 MHz for 13C nuclei, using a 

standard double-resonance probe-head equipped with MAS facility allowing spinning 

frequency up to 22 kHz, and DEPTH2 sequence was applied to eliminate background 

signal. At first, 13C MAS spectra of pristine C60 powder with 99.9 % pureness was 

tested to confirm that this NMR device and testing parameters were set appropriately. 

Figure 4.3 displays the obtained spectra which is well consistent with other previous 

reports  [19]. 

To quantify sp3/(sp3+sp2) ratio of studied a-C:H coatings, high-power 1H-decoupled 

single pulse sequence with MAS technique (illustrated in Fig. 2.3 and Fig. 2.4) was 

applied with 90° single pulse length of 2.2 μs and a relaxation delay of 5T1(C). 

Spinning frequency was controlled within 20~22 kHz to eliminate the spinning 

sidebands at utmost extent. In 1H-decoupled 13C MAS tests, all the 13C nuclei except 

for those affected by paramagnetic impurities could be detected, while in 13C MAS 

without 1H-decoupling tests, only the non-protonated carbons remote from hydrogen 



4. sp3/(sp3+sp2) ratio of a-C:H coating determined by solid state 13C NMR 

 
- 48 - 

 

spins could be detected. Moreover, 1H-decoupled cross polarization sequence with 

MAS technique (illustrated in Fig. 2.6 and Fig. 2.7) was applied with 90° single pulse 

length of 2.2 μs and a relaxation delay of 1 s. As the contact time increased from 0.1 

ms to 20 ms, detectable peaks began to appear from 0.2 ms, indicating that the spin-

locking relaxation time of 1H and 13C in rotating frame (i.e. T1ρ) was approximately 

0.1 ms. Thus, the CPMAS spectra obtained with 0.2 ms contact time were mainly 

derived from protonated carbons, while the spectra with moderate contact time but 

maximum peak intensity presented a maximum combined information of protonated 

carbon and proton-proximate carbons. 

 
Figure 4.3 The 13C MAS spectra of pristine C60 fragment. 

Additionally, XPS C1s spectra of dried fragments were acquired by a PHI Quantera 

II system which used monochromatic Al (Kα) X-ray radiation with photon energy of 

25 kV as the light source at a square area of 100×100 µm2. The testing chamber was 

vacuumed less than 1.0×10-6 Pa. XPS spectra were collected by an analyzer with pass 

energy of 280 eV for surface composition survey spectra. The atomic content of each 

element was evaluated in terms of the area intensity under composition survey spectra, 

as displayed in Fig. 4.4. Detected fragments were firstly compressed onto a indium 

(elemental symbol: In) tablet, and then pasted on the sample stage of XPS device. 

Since the fragments exposed in open air can easily be contaminated by atmosphere air, 

a pre-sputtering cleaning was done for 1 minutes by applying a Ar+ beam of 4 keV 

before XPS measurement. A XPS survey spectra of chemical composition showed 

that the atomic content of Fe atoms remained in dried fragments were below 0.1 at.%, 

representing its negligible effect on the magnetic field homogeneity of  external static 

field B0. The content of indium comes from the special tablet for the measurement of 
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powder specimens. 

 
Figure 4.4 The surface composition survey spectra of B1.5 a-C:H fragment. 

4.3 Results and discussions 

4.3.1 sp3/(sp3+sp2) ratio determined by 13C MAS 

Technically, as the broadening effects of heteronuclear dipolar coupling and 

chemical shift anisotropy (CSA) were largely suppressed by MAS technique, all 

the 13C nuclei except for those nearby paramagnetic impurities could be detected 

in 1H-decoupled 13C MAS measurements. Fig. 4.5 shows the 13C MAS spectra of 

studied coatings, in which two isotropic peaks centered around 50 ppm and 137 ppm 

are attributed to sp3 C and sp2 C, respectively. Because of the disordering of bonding 

structure and distortion, the bandwidth of these two peaks reached to 4.5~7.5 kHz. 

Noticeably distinct from previous reports of a-C:H coatings [3-5], a shoulder peak 

(denoted as sp2 C′ in this thesis) centering around 105 ppm was observed ppm in each 

spectra, which quite resembled the 13C MAS spectra of nanodiamonds in particle size 

of 4~5 nm with a chemically-unlike shell at the outside surface [20]. The fraction of 

sp2 C′ sites increased to its maximum value at 2 kV and then gradually decreased with 

further increase of substrate bias voltage to 3.5 kV. Clearly, the generation of sp2 

C′ sites are highly affected by the ion energy during deposition and thus associated 

with the nanoclustering of sp2 C sites.  

The sp3/(sp3+sp2) ratio was determined from Gaussian deconvolution analysis 

of 13C MAS spectra in terms of peak area intensity, as shown in Fig. 4.6 and Fig. 4.7, 

together with the mechanical properties of studied coatings. Consistent with previous 

study of PECVD-deposited a-C:H coating [3-5], the mechanical properties of ion-

vapor deposited a-C:H coating are not rigidly dependent on the total amount of sp3 C: 
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while the hardness and residual stress of studied coatings reached the highest value at 

2 kV and then gradually reduced with further increase of bias voltage, the content of 

sp3 C decreased continuously in the whole range of 0.5~3.5 kV from 25 at.% to 13 

at.%. Similarly, in ion-vapor deposited a-C:H coating, the mechanical properties of 

thin coatings were mainly determined by the content of diamond-like cross-linked sp3 

C rather than the total content of sp3 C [3-5]. 

 
Figure 4.5 13C MAS spectra of B0.5~B3.5 fragments as the function of substrate bias 

voltage. 

 
Figure 4.6 The deconvolution analysis of 13C MAS spectra by Gaussian formula. 
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Figure 4.7 The sp3/(sp3+sp2) ratio and the mechanical properties of a-C:H coatings as 

the function of substrate bias voltage. 

4.3.2 sp3/(sp3+sp2) ratio determined by CPMAS 

In 1H-decoupled CPMAS experiments, cross polarization contact time was varied 

from roughly-estimated spin-lock relaxation time T1ρ to various durations. In case of 

0.2 ms contact time, initial magnetization transfer to 13C nuclei only derived from 

carbon-bonded 1H spins; as the contact time increased, the magnetization transfer can 

be enhanced by neighboring 1H spins, so that CPMAS could be hardly used for 

quantification of sp3/(sp3+sp2) ratio [21, 22]. However, being sensitive to the 

protonated carbons and the inter-distance between 13C and 1H spins, CPMAS spectra 

usually provide rich information on C-H bonding structure in hydrogenated carbon 

coatings. Fig. 4.8 describes the CPMAS spectra of B1.5 fragment obtained after 

10000 scans at a spinning rate of 17 kHz. Compared with 13C MAS spectra, the 

CPMAS spectra obtained with 0.2 ms contact time exhibited relatively highest content 

of sp3 C, indicating that most hydrogen atoms were coordinated with sp3 C. 

Furthermore, such a preferential coordination of hydrogens with sp3 C was proved by 

the development of signal amplitude of sp2 C′′ and sp3 C peaks with an increase of 

contact time, as shown in Fig. 4.9. Previous research [22] have showed that the 

CPMAS spectra of organic compounds without molecular motion reach its maximum 
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signal amplitude at approximately 1~2 ms contact time for protonated carbons and 5 

ms for non-protonated carbons, respectively. In case of studied a-C:H fragments, the 

maximum signal amplitude was achieved at 2 ms for sp2 C′′ peak and 5 ms for sp3 C 

peak. 

 
Figure 4.8 CPMAS spectra of B1.5 fragments as the function of contact time. 

As a result, the sp3/(sp3+sp2) ratio determined by CPMAS spectra varied greatly 

with contact time, as shown in Fig. 4.10. The sp3 C fraction decreased rapidly with the 

increase of contact time within 0.2~5 ms, during which the initial magnetization 

firstly transferred from 1H spins to protonated carbons which were mostly in 

hybridization of sp3 and then to non-protonated carbons; afterwards, the ratio kept 

relatively constant as 48 at.% within 5~20 ms. Because the signal intensity of 

CPMAS spectra is proportional to the number of C-H bonds, the preferential 

coordination of protons with sp3 C and presence of non-protonated sp2 C′ clusters 

would make the sp3/(sp3+sp2) ratio obtained by CPMAS spectra much higher than the 

ratio obtained by 13C MAS spectra. Meanwhile, the S/N ratio of CPMAS spectra 
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shown in Fig. 4.8 developed to its optimal condition at 5 ms contact time and 

gradually weakened at longer contact time. This tendency is attributed to the quick 

relaxation of spin-locked 1H magnetization during contact pulse within 0~T1ρ. The 

spin-locking field is too weak to support the initial 1H magnetization, and has a 

reducing effect on the degree of cross polarization transfer [22]. 

 
Figure 4.9 The peak height of sp2 C′′ and sp3 C in CPMAS spectra of B1.5 fragments 

as the function of contact time. 

 
Figure 4.10  The sp3/(sp3+sp2) ratio determined by CPMAS spectra as the function of 

contact time of B1.5 fragment. 

4.3.3 Comparison of sp3/(sp2+sp3) ratio determined by XPS, EELS and 13C MAS 

In this section, a comparison of sp3/(sp2+sp3) ratio obtained by XPS, EELS and 

NMR were presented. Taking B1.5 and B2.0 coating as an example, Figure 4.11 

shows the deconvoluted XPS C1s spectra of B2.0 coating. The C1s spectra were 
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deconvoluted to four peaks in shape of combined Gaussian and Lorentzian formulas 

(GL) with a Shirley background by using "CasaXPS" software, and the shape of 

Lorentzian was fixed as 20% in GL combination. Charge-up calibration was 

performed by adjusting the position of C=C bond to 284.5 eV. According to Ref. [26-

28], the binding energy of C=C peak was fixed at 284.5 eV and its full width at half 

maximum (FWHM) was constrained below 1.5 eV, whereas the C-C peak was fixed at 

285.3 eV, and its FWHM was restricted below 2 eV. The remained part was attributed 

to C=O and C-O peaks with FWHM restricted below 3 eV.  

Meanwhile, Figure 4.12 shows the EELS spectra of B2.0 coating, and technically 

the sp2 fraction can be calculated on basis of Eq. (4.7). However, as the standard 

graphite sample was not measured at the same time for comparison, only a qualitative 

analysis of sp2 fraction can be realized in this thesis. The higher Aπ*/(Aπ*+Aσ*) ratio 

represents a higher fraction of sp2 C in tested coatings. 

 
Figure 4.11 The XPS C1s spectra and deconvolution analysis of B2.0 coating. 

Table 4.2 gives the sp3/(sp3+sp2) ratio obtained by NMR and XPS, in comparison 

with the Aπ*/(Aπ*+Aσ*) ratio obtained by EELS. It seems that the value of 

Aπ*/(Aπ*+Aσ*) ratio is well consistent with the sp3/(sp2+sp3) ratio obtained by NMR, 

but the sp3/(sp3+sp2) ratio obtained by XPS is quite different from NMR results, and 

shows a large range of error due to the undefined peak shift calibration before 

deconvolution analysis. To be specific, in XPS spectra analysis, a charge-up 

calibration is generally acquired to eliminate the effects from electrostatic adherence 

on top surface. Before deconvolution analysis, the peak position of C1s spectra is 

generally shifted to 284.5 eV. However, according to our knowledge, as the values of 

peak shift varied by ±0.02 eV, the calculated sp3/(sp3+sp2) ratio would change largely 
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by 0.1~0.15, even showed a similar residual STD below 5% at any time. Thus, a 

quantitative comparison of sp3/(sp3+sp2) ratio by XPS and NMR for few individual 

samples will make little sense and produce confusing results. However, from the 

perspective of comparative analysis, XPS can yet be applied as an convenient 

technique for structure characterization of  a-C:H coating. 

 
Figure 4.12 The EELS spectra of B2.0 coating. 
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where G represents graphite and A represents tested sample. 

Table 4.2 The comparison of sp3 fraction obtained by XPS, EELS and NMR of B1.5 

and B2.0 coatings. 

 

XPS 

sp3/(sp3+sp2) 

(at.%) 

13C NMR 

sp3/(sp3+sp2) 

(at.%) 

EELS 

Aπ*/(Aπ*+Aσ*) 

(%) 

B1.5 49±15 23 9.4 

B2.0 26±15 22 9.7 

4.4 Conclusions 

In this chapter, sp3/(sp3+sp2) ratio of ion-vapor deposited a-C:H coating was 

obtained by 13C MAS. As bias voltage increased from 0.5 kV to 2 kV, both the 
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hardness and residual stress of studied a-C:H coating reached at its maximum value 

and then gradually reduced with further increase of bias voltage, while the 

sp3/(sp3+sp2) ratio continuously reduced with the increase of bias voltage in the whole 

range of 0.5~3.5 kV. It reveals that the mechanical property of studied a-C:H coating 

is proportional to the fraction of diamond-like cross-linked sp3 C, rather than the total 

population of sp3 C. Also, two distinct types of sp2 sites were observed in 13C MAS 

spectra: a dominant peak centered around 137 ppm and a shoulder peak centered 

around 105 ppm. The shoulder peak totally disappeared in CPMAS spectra with any 

contact time between 0.2~20 ms, suggesting that this minor type of sp2 sites are 

completely hydrogen-free and also distant from hydrogen atoms. Meanwhile, the 

much higher sp3/(sp3+sp2) ratio given by CPMAS spectra than that of 13C MAS 

spectra implied that in studied a-C:H coatings, there was a preferential coordination of 

hydrogen atoms to sp3 C. Such kind of preferential coordination had further proved 

that the mechanical property of studied a-C:H coating is not simply proportional to 

the total population of sp3 C. 
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5 The heterogeneous structure of ion-vapor deposited a-C:H coating 

on nanoscale 

   5.1 Introduction 

Besides the aforementioned quantification of sp3/(sp3+sp2) ratio, another two 

inevitable issues in recent study of a-C:H coatings are the sp2 C clustering structure 

and fabricated defects configuration in amorphous carbon network. Both of the play 

significant roles in the determination of electrical and optical properties of a-C:H 

coatings [1-5]. Early calculation of Robertson and O’Reilly [1] showed that in 

plasma-deposited amorphous carbon coatings, the most stable arrangement of sp2 sites 

is in compacted clusters of fused six-fold rings with sp3 hybridized boundary sites, 

and the width of optical band gap varied inversely with sp2 cluster size. Khan and 

Carey [2] controlled the sp2 C cluster size and hopping distance by varying the ion 

dose of B+ implantation for r.f. PECVD-deposited a-C:H coatings, and thus governed 

the Tauc gap and resistivity of a-C:H coating. Carey and Silva [3] concluded two 

types of disorder in carbon network: one is the structural disorder associated with sp2 

clusters in the same size but different degree of distortion and the other is topological 

disorder assigned with undistorted sp2 C clusters but in different size. Also, the close 

correlations between Urbach energy, Raman G peak bandwidth and spin density (i.e., 

density of unpaired electron determined by electron paramagnetic resonance) of a-

C:H coatings were discussed [3].  

From the perspective of NMR experimental research of a-C:H coatings, the features 

of network disorder and fabricated defects can be effectively reflected by the spin-

lattice relaxation time (T1), which is ruled by the energy exchange between excited 

nuclear spins and surround “lattice”. Previous research by A. M. Panich et al [6, 7] 

revealed that both the anomalous reduction of T1 and stretched-exponential feature of 

longitudinal magnetization recovery curve are attributed to the interaction of nuclear 

spins with nearby paramagnetic impurities consisting of fabricated dangling bonds. 

By performing T1(H) measurements and multiple quantum (MQ) experiments, C. 

Jäger et al [8, 9] discovered structural heterogeneity of PECVD-deposited a-C:H 

coating on basis of the bi-exponential relaxing behavior of protons, and proposed a 

nano-metric heterogeneous structural model consisting of short chains of sp3 CH2 and 
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amorphous matrix separated by a layer of chain-like sp2 C. However, some 

researchers held reservations on this model since the short T1(H) as 14 ms was 

impossibly originated from nuclear-nuclear dipolar interaction without molecular 

motion in a-C:H fragments [10, 11]. Also, no significant difference was discovered in 

their CPMAS and 13C MAS spectra when a layer of non-protonated sp2 C embedded 

between short chains of sp3 CH2 and amorphous matrix. This experimental result was 

inconsistent with their structural model and obviously different from our experimental 

results as well.  

Considering the impressed differences between 13C MAS spectra and CPMAS 

spectra of ion-vapor deposited a-C:H coatings as mentioned in chapter 4, we 

investigated the spin-lattice relaxation behavior of 13C and 1H spins in this chapter, 

and discussed the unique structural heterogeneity and sp2 clustering structure of 

studied a-C:H coatings. 

   5.2 Experimental details 

For the measurement of spin relaxation time (T1) of 1H and 13C spins, the saturation 

recovery technique (illustrated in Fig. 2.8 and Fig. 2.9) were applied and the relaxing 

interval between saturation sequence and 90° single pulse was set as {1 ms, 5 ms, 10 

ms, 50 ms, 70 ms, 100 ms, 150 ms, 200 ms, 250 ms, 300 ms, 350 ms, 400 ms, 500 ms, 

700 ms, 900 ms} and {0.5 s, 1 s, 2.5 s, 5 s, 10 s, 15 s, 30 s} for 1H and 13C spins, 

respectively. Also, the number of scanning cycles for 1H and 13C nuclei were set as 32 

and 20000, respectively, to achieve a desired signal-to-noise ratio of each spectra. 

Additionally, in order to give deeper insights into the sp2 clustering configurations, 

the optical gap of studied a-C:H coatings including Tauc gap and E04 gap were 

measured by applying JASCO ARSN-733 UV/VIS/NIR spectrophotometer, and tested 

coatings were deposited on ultrasonically cleaned quartz substrates for 1 hour to reach 

a thickness around 300 nm. The optical gap was determined from the Tauc point Eg of 

absorption spectra using Eq. (5.1): 

( ) ( )ννα hEBh g −=21                                    (5.1) 

where B is the density of the localized state constant, and α is the absorption 

coefficient which can be calculated with known data of transmission (i.e. T), 

reflection (i.e. R) and coating thickness (i.e. d determined by SEM cross-sectional 

observation) as described by Eq. (5.2): 
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( ) deRT α−−= 21                                    (5.2) 

As a absorption spectra is plotted by Tauc equation [12-14], and the Tauc optical gap 

Eg can be acquired from an extrapolation of the linear part of absorption spectra when  

α equals 0. 

  5.3 Results and discussions 

As we mentioned in Chap. 4, a noticeable shoulder peak denoted as sp2 C′ centering 

around 105 ppm is observed at the right side of dominant sp2 peak in each 13C MAS 

spectra, which is quite distinct from previous reports of a-C:H coatings [8-12] yet 

resembles the 13C MAS spectra of nanodiamonds in particle size of 4~5 nm with a 

chemically-unlike shell at the outside surface [6, 7]. Fig. 5.1 describes the atomic 

fraction of sp2 C′ sites as a function of bias voltage. Consistent with the tendency of 

Raman FWHM(G) with an increase of bias voltage as shown in Fig. 3.8, the fraction 

of sp2 C′ sites increased from 3 at.% to its maximum value at 2 kV as the coating 

structure transformed from polymer-like carbon to diamond-like carbon (PLC→DLC) 

and then reduced quickly from the maximum value to 4 at.% as the coating structure 

transformed from diamond-like carbon to graphite-like carbon (DLC→GLC). It 

seems that the generation of sp2 C′ sites are strongly related to the nanoclustering of 

sp2 C sites and the network disordering of studied coatings. 

 
Figure 5.1 The atomic fraction of sp2 C′ sites as a function of substrate bias voltage. 

5.3.1 Clustering model of sp2 C sites 

In previous researches of amorphous carbon coatings [1-5, 15, 16], Raman 

FWHM(G) is an effective indicator of sp2 C clustering and clearly related to the 

optical band gap and electrical properties of a-C:H coatings. Also, it has been argued 
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that in plasma deposited a-C:H coatings, sp2 C sites tend to be stabilized as π bonded 

clusters of certain size embedded in sp3 bonded matrix [1-3]. In this study, the 

consistence tendency of Raman FWHM(G) and sp2 C′ fractions with an increase of 

bias voltage (shown in Fig. 3.8 and Fig. 5.1, respectively) also suggests a strong 

correlation between the generation of sp2 C′ sites and the disordering of carbon 

network. The fraction of sp2 C′ sites, merely occupying 3~12 at.% and reaching at the 

maximum value at 2 kV rather than continuously with higher bias voltage, reveals that 

sp2 C′ sites are not the dominant component of carbon network. Especially as the bias 

voltage was higher than 2 kV, the Raman FWHM(G) reduced rapidly with bias 

voltage due to the enhanced formation of graphite-like sp2 C clusters and integration 

of neighboring sp2 C clusters, whereas the content of sp2 C′ fell down to 4~5 at.%. An 

possible explanation on this phenomenon is that sp2 C′ sites are specifically embedded 

between dominant sp2 C′′ clusters and sp3 matrix as trapped interfaces or boundaries 

where sp2 carbon bonding are highly distorted, as demonstrated in Fig. 5.2. And thus, 

the tendency of sp2 C′ fraction with an increase of bias voltage shown in Fig. 5.1 can 

be well understood, as shown in Fig. 5.3. At first, as the bias voltage is below 1.0 kV 

(see in Fig. 5.3a), the clustering tendency of sp2 C′′ sites is likely to be low, and the 

interspace between individual sp2 C′′ clusters is also large; as a result, the fraction of 

boundary sp2 C′ sites is also few. And next, when the bias voltage increases to 1.0~2.5 

kV (see in Fig. 5.3b), more localized sp2 C′′ clusters in larger size are formed, yet, 

below the nano-crystalline graphite in disordering phase, so that more boundary sp2 

C′ sites are produced and the interspaces between individual sp2 C′′ clusters becomes 

smaller. Consistently, the a-C:H coatings deposited under this condition exhibit higher 

  
Figure 5.2 Schematic illustration on the sp2 C′ clusters as trapped interface or 

boundary between the dominantsp2 C′′ clusters in aromatic ring structure and the 

amorphous sp3 C matrix. 
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micro-hardness and residual stress (see in Fig. 4.5) due to the decreasing content of 

hydrogens and maximizing content of diamond-like sp3 C bonding. Finally, as the 

bias voltage further increases above 2.5 kV (see in Fig. 5.3c), the graphite-like 

structural transformation of coating is highly enhanced [15-17] through the integration 

and re-ordering of individual sp2 C′′ clusters, so that the fraction of boundary sp2 C′ 

site turns into lower [2]. 

(a) 0.5~1.0 kV (b) 1.0 kV~2.5 kV (c) 2.5~3.5 kV 

   

formation of sp2 C'' 

clusters in small size 

increasing number of sp2 

C'' clusters in larger size 

intergration and 

re-ordering of individual sp2 

C'' clusters into larger ones 

few fraction of 

boundary sp2 C' sites 

maximum fraction of 

boundary sp2 C' sites 

decreasing fraction of 

boundary sp2 C' sites 

Figure 5.3 Schematic illustration on the generation mechanism of sp2 C′ sites in ion-

vapor deposited a-C:H coatings as a function of bias voltage and sp2 C'' cluster size. 

5.3.2 Spin-lattice relaxation behavior of 13C spins 

Actually, heterogeneous structure model of a-C:H coating was firstly presented by 

Jäger [8, 9] on basis of the bi-exponential spin-lattice relaxation behavior of 1H spins. 

They proposed that in PECVD-deposited a-C:H coating, there is a cluster of “chain-

like” non-protonated sp2 C which restrains the magnetization transfer from short 

chains of sp3 CH2 clusters with T1(H) of 14 ms to amorphous carbon network with 

T1(H) of 120 ms. However, at the same time they reported a single-exponential 

relaxation of sp2 C (expressed as Eq.(5.3)) and bi-exponential relaxation of sp3 C 

(expressed as Eq.(5.4)) [10, 11], which was obviously contradictory to their 

heterogeneous structure model, i.e. the presence of non-protonated sp2 C. Also, some 

researchers held other reservations on this model since the short T1(H) as 14 ms was 

impossibly caused by direct nuclear-nuclear dipolar interaction without molecular 

motion but only possible caused by the electron-nuclear interaction from localized 

unpaired electron to neighboring nuclear spins [10, 11]. Meanwhile, both the 
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temperature independence of 13C and 1H magnetization relaxation and high density of 

unpaired electrons as 1017~1021 e/cm-3 regardless of deposition methods prove with 

certainty that in a-C:H coatings [18], the nuclear magnetization relaxation behavior is 

strongly affected by unpaired electrons and typically exhibited stretched-exponential 

approximation (expressed as Eq.(5.5)) for a continuous distribution of paramagnetic 

centers with different number of unpaired electrons [6, 7, 10, 11, 19]. 
1( / )( ) / (0) 1 t TM t M Ce−= −                        (5.3) 

( ) ( ) ( )( ) ( )( )ba Tt
b

Tt
a CeMCeMMtM 11 110 −− −+−=    (5.4) 

1( / )( ) / (0) 1 t TM t M Ce
α−= −                        (5.5) 

where M(t) is the magnetization at time t, M0 the equilibrium magnetization, C equals 

2 for inversion recovery measurement and 1 for saturation recovery measurement, Ma 

and Mb the fraction associated with two components T1
a and T1

b, respectively, and 

Ma+ Mb=100%, α the stretched index typically within 0.5~1 which specifically 

represents the presence of paramagnetic centers. As α equals 1, the stretched 

exponential turns into single-exponential fitting, implying no presence of 

paramagnetic centers. Generally, as the spin density (i.e. the density of un-bonded 

electrons) of DLC coating reduced from 1021 to 1017 N/cm-3 [6], the value of stretched 

index α increased correspondingly from 0.5 to 1, so that the value of α approaching to 

0.5 is a strong indicator on large presence of paramagnetic center near studied nuclei. 

In this study, spin-lattice relaxation time of 13C and 1H were measured by applying 

saturation recovery sequence with a relaxation delay of 1 s. Taking B2.5 fragments as 

an example, the 13C spectra acquired after various interval within 0.5~30 s are 

displayed in Fig. 5.4. Clearly, it can be seen that as the interval is longer than 5 s, the 

intensity of acquired 13C spectra is tend to resembles the 13C MAS spectra (see in Fig. 

4.5), which indicates that most of 13C spins can relax to its equilibrium state after 5 s 

relaxation delay. Accordingly, the magnetization recovery curves of sp2 C′′, sp2 C′, sp3 

C were tried to be fitted by Eq.(5.3)~ Eq.(5.5) using least squares approximation in 

which the stretched power α and component fraction Ma and Mb were variables, and 

fine-converged fitting results of these three types of spins are listed in Table 5.1, 

together with the values of mean square of error (i.e. MSE) and coefficient of 

determination (i.e. R-sq(adj)). The fitting curves of sp2 C′′, sp2 C′, sp3 C are displayed 

in Fig. 5.5~5.7, respectively. For sp2 C′′ and sp3 C spins,  their relaxation curves can be 
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Figure 5.4 The 13C spectra acquired after various intervals within 0.5~30 s before the 

90° single pulse. 

Table 5.1 The exponential fitting results of sp2 C'', sp2 C' and sp3 C. 

exponential formula sp2 C'' sp2 C' sp3 C 

single- 

T1=2.71 s±0.05 s 

MSE=1.7E-3 

R-sq(adj)=98.2% 

T1=5.09 s±0.05 s 

MSE=6.3E-4 

R-sq(adj)=99.5% 

T1=3.75 s±0.05 s 

MSE=7.6E-4 

R-sq(adj)=99.4% 

binary- / / / 

stretched- 

T1=2.83 s±0.05 s 

α =0.791±0.005 

MSE=1.1E-4 

R-sq(adj)=99.9% 

/ 

T1=3.78 s±0.05 s 

α=0.965±0.005 

MSE=8.6E-4 

R-sq(adj)=99.3% 

both fitted well by single and stretched exponential formula with T1 approximately 

equal 2.7 s and 3.8 s, respectively, while the two exponential formulas give almost the 

same value of T1. For sp2 C′ spins, their recovery curve can only converge in single-

exponential fitting with T1 equal 5.1 s. Technically, compared with the shorter T1 of 

sp2 C′′ and sp3 C spins, the longer T1 of sp2 C′ spins are attributed to the preferential 

distribution of hydrogen atoms near sp2 C′′ and sp3 C. As long as the distance from sp2 
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C′ clusters to 1H spins is large enough, their heteronuclear dipolar-dipolar interactions 

can be largely prohibited, whereas the hydrogen-bonded and hydrogen-proximate 13C 

nuclei can relax more quickly. 

 

Figure 5.5 Fitting results of the magnetization recovery curve of sp2 C'' clusters by 

single and stretched exponential functions for B2.5 fragment. 

 
Figure 5.6 Fitting results of the magnetization recovery curve of sp2 C' sites by single 

exponential functions for B2.5 fragment.  
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Figure 5.7 Fitting results of the magnetization recovery curve of sp3 C by three types 

of exponential functions for B2.5 fragment. 

However, as additionally attention is paid on the effect of experimental error [21], 

imperfect spectra resolution and defects configuration, it is hardly possible to classify 

relaxation mechanisms accurately for distinct types of clusters only on basis of the 

aforementioned experimental data. Although the optimal approximation of sp2 C′′ 

clusters was different from that of sp2 C′ and sp3 C, their magnetization recovery 

curves showed no significant difference. More adequate analysis on the unpaired 

electron distribution and correlated relaxation mechanisms can be attempted by 

further investigation on ESR spectra, spin counting, temperature dependence and the 

static magnetic properties [10, 11, 22] of a-C:H coatings. 

Actually, not simply focusing on the specific values of MSE and R-sq(adj) obtained 

by using distinct fitting formulas, we thought that the similar value of T1(sp2 C'') 

given by single and stretched exponential formula with α equal 0.79 suggest a strong 

stretched relaxing behavior, whereas the similar value of T1(sp3 C) given by single 

and exponential formula with α equal 0.96 proving a very weak stretched relaxing 
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behavior. And more importantly, it suggests that the paramagnetic centers tend to be 

preferentially closet to dominant sp2 C'' clusters. 

5.3.3 Spin-lattice Relaxation behavior of 1H spins 

Similarly, the spin-lattice relaxation time of 1H spins was measured by applying 

saturation recovery sequence with a relaxation delay of 1 s, and for example, Fig. 5.8 

displays the 1H spectra of B2.5 fragment acquired after various interval within 1~900 

ms. As the interval is longer than 50 ms, the intensity of 1H spectra is tend to stable, 

which indicates that almost all the 1H spins can relax to its equilibrium state after 50 

ms delay. For fragments B1.5~B3.5, all their 1H  recovery curves can be fine fitted by 

Eq.(5.4) and Eq.(5.5), as displayed in Fig. 5.9~5.13. Generally, by using bi-

exponential formula, we obtained a major component of longer T1
a(H) as 25~55 ms 

occupying 70~80% and a minor component of shorter T1
b(H) as 0.1~0.3 ms 

occupying 20~30%, while by using stretched exponential formula, we obtained a 

medium value of T1(H) as 17~40 ms with a stretched index as 0.5~0.6. As the 

contents of Fe ions in well-prepared a-C:H fragments are lower than 0.1 at.%, such an 

ultra short T1
b(H) is only possibly attributed to the presence of fabricated defects such 

as unpaired electrons in carbon network [6]. 

 
Figure 5.8 The 1H spectra acquired after various intervals within 1~900 ms before the 

90° single pulse of B2.5 fragment. 
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Figure 5.9 Fitting results of the magnetization recovery curve of 1H spins by bi- and 

stretched exponential functions for B1.5 fragment. 

 
Figure 5.10 Fitting results of the magnetization recovery curve of 1H spins by bi- and 

stretched exponential functions for B2.0 fragment. 
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Figure 5.11 Fitting results of the magnetization recovery curve of 1H spins by bi- and 

stretched exponential functions for B2.5 fragment. 

 
Figure 5.12 Fitting results of the magnetization recovery curve of 1H spins by bi- and 

stretched exponential functions for B3.0 fragment. 
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Figure 5.13 Fitting results of the magnetization recovery curve of 1H spins by bi- and 

stretched exponential functions for B3.5 fragment. 

Meanwhile, it is noticed that no matter the T1 is determined by bi- or stretched 

exponential formula, it always shows a continuously increasing tendency as the bias 

voltage rises up from 1.5 kV to 3.5 kV, as shown in Fig. 5.13. In fact, as regard to the 

relaxation behavior of 1H spins in a-C:H coating with natural abundance of 13C nuclei, 

generally there are four types of relaxation mechanism as illustrated in Fig. 5.14. The 

first and dominant mechanism is homonuclear dipolar interactions between 1H spins, 

while the heteronuclear interaction between 1H and dilute 13C spins is comparatively 

weaker; the third mechanism is spin diffusion from un-bonded electrons to nearby 1H 

spins, and the fourth one is homonuclear interactions between two 1H spins in a 

hydrogen molecular. In case of the T1(H) determined by stretched-exponential fitting 

and the T1
a(H) component determined by bi-exponential fitting, the value of T1 grew 

up to 2~3 times than that of B0.5 coating,  and such a great increase should be mainly 

attributed to a gradual decrease of hydrogen content in a-C:H coating, so that the 

effect of first relaxation mechanism is greatly weaken. By comparison, the value of 

T1
b(H) component determined by bi-exponential fitting kept constant in the range of 

DLC and GLC structure as 0.1 ms and 0.3, respectively, and such a ultra-short 
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component is probably attributed to the third and fourth mechanism as mentioned 

above. 

 

Figure 5.13 The spin-lattice relation time of 1H determined by bi- and stretched 

exponential fitting as a function of substrate bias voltage. 

 
Figure 5.14 The illustration of possible relaxation mechanisms of 1H spins in a-C:H 

coating. 

In like manner not simply focusing on the specific values of MSE and R-sq(adj) 

obtained by using distinct fitting formulas, both the ultra short component T1
b(H) 

given by bi- exponential formula and the small value of α approaching 0.5 given by 

stretched exponential formula suggest a very strong stretched relaxing behavior of 

some part of 1H spins. To throw additional light on the ultra quick-relaxing 1H spins, 
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a 13C saturation recovery sequence followed by CPMAS after an interval of T1
a(H) 

and T1
b(H) (i.e. saturation recovery sequence – relaxing interval – 90° single pulse – 

CP  with contact time of 5 ms – proton-decoupled acquisition, short for “interrupted 

saturation recovery”) was designed. Particularly, as the relaxing interval is T1
b(H), 

only the 13C spins in interaction with ultra-fast relaxing 1H spins can be detected. In 

Fig. 5.14, 13C spectra (5) and (6) describe the interrupted saturation recovery spectra 

with relaxing interval as T1
a(H) and T1

b(H), respectively, in comparison with (1) 

the 13C MAS spectra without 1H decoupling, (2) CPMAS spectra with a contact time 

of 5 ms, (3) and (4) interrupted saturation recovery spectra with an relaxing interval of 

300 ms and 150 ms, respectively. All these spectra were obtained after 10000 

acquisition scans. Specifically in spectra (1), the sp3 C peak center shifted to 57 ppm 

due to the un-decoupled heteronuclear interaction between 13C and 1H spins, while the 

shoulder peak of sp2 C′ sites still appeared around 105 ppm. By comparison, in spectra 

(2)~(6), the shoulder peak disappeared because of the application of CP technique 

with moderate duration of contact time. More importantly, in spectra (6) the peak 

intensity of 13C spins in coordination with ultra-quick relaxing 1H spins were quite 

weak due to  

 
Figure 5.15 The 13C spectra of B3.5 fragment: (1) 13C MAS spectra without 1H 

decoupling, (2) CPMAS spectra with a contact time of 5 ms, (3) saturation recovery 

spectra with an interval of 300 ms, (4) saturation recovery spectra with an interval of 

150 ms, (5) saturation recovery spectra with an interval of 52 ms, (6) saturation 
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recovery spectra with an interval of 0.26 ms. 

their low fractions, and obviously exhibited a preferential distribution in regions of 

sp2 C′′ clusters. As the relaxing interval was larger than T1
a(H), the spectra (3)~(5) 

showed a similar peak shape and sp3/(sp3+sp2) ratio, suggesting that almost all the 1H 

spins could fully relax during T1
a(H) interval, and the normal relaxing 1H spins 

distributed relatively homogeneously in studied coatings. 

5.3.4 Cluster size of sp2 C a-C:H coating 

To classify the development of sp2 C cluster size with an increase of bias voltage, 

two effective indicators, i.e. Raman spectra and optical band gap have been 

highlighted in this section [15-26]. As we know, the optical gap of perfectly sp3 

hybridized carbon like diamond and sp2 hybridized carbon like graphite is 5.5 eV and 

0 eV, respectively; consistently, the Raman spectra of diamond and graphite are 

obviously different, showing a confined peak center around 1580 cm-1 and 1332 cm-1, 

respectively. By comparison, the a-C:H coatings hybridized by a combination of 

sp2 and sp3 C in amorphous manner generally exhibit a optical gap within 0.5 eV~5.5 

eV and Raman spectra composed of G and D peaks centering around 1580 cm-1 and 

1350 cm-1, respectively [15]. In previous reports typically presented by Robertson and 

Ferrari [15, 16], the close correlations between optical gap and Raman I(D)/I(G), as 

well as Raman G peak position has been intimately investigated, and a threshold value 

of grain size for these correlations was proposed [15, 16]. Specifically, as the grain 

size of graphite is smaller than 2 nm, the Raman I(D)/I(G) is proportional to the 

increase of La in description of Eq. (5.6), while as the grain size exceeds 2 nm, the 

Raman I(D)/I(G) is inversely proportional to the further increase of La as described by 

Tuinstra-Koenig relationship (Eq. (5.7)) [15]. In fact, for plasma-deposited a-C:H 

coatings, the Raman I(D)/I(G) is proportional to La, i.e. the average grain size of 

graphitic clusters in amorphous carbon network is generally below 2 nm. Meanwhile, 

when the grain size is below the threshold value, the Raman G peak positions 

generally shifts to higher wavenumber with an increase of La, which is similar to the 

increasing tendency of Raman G peak position and I(D)/I(G) of studied a-C:H coating 

as the bias voltage increases from 0.5 kV to 3.5 kV (see in Figure 3.8). Thus, we may 

infer that in the whole range of bias voltage within 0.5~3.5 kV, the average size of sp2 

clusters grows continuously with an increase of ion energy, yet below the threshold 

size and can hardly be observed by SEM and TEM. 
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( ) 2)(/)( aLCGIDI λ=            (5.6) 

( ) aLCGIDI /)(/)( λ=            (5.7) 

Particularly as regard to the strong dependence of optical gap on sp2 cluster size, 

Figure 5.16 explains the mechanism in view of the configuration of π states in a-C:H 

coating. The σ bonds of all the carbon bonds and C-H bonds form occupied σ states in 

valence band and empty σ* states in conduction band, separated by a wide σ-σ* gap, 

while the localized π bonds of sp2 sites form filled π states and empty π* states with a 

narrow π-π* gap [1-5], so that the value of Tauc gap is roughly equal to the half of 

2Eπ. While the optical gap of crystal is defined as the minimum energy gap between 

occupied and empty states, the optical gap of amorphous carbon is arbitrarily 

determined as the photon energy under which the optical absorption coefficient α 

reaches 104 cm-1 (i.e. E04 gap), or determined by the extrapolation of (αE)1/2 curve in 

relation with photon energy as α=0 (i.e. Tauc gap). As a result, the optical gap of a-

C:H coating is determined by the average band gap of localized π and π* bands in sp3 

matrix.  

 
Figure 5.16 The schematic DOS of a carbon at σ and π state. 

According to Robertson and O'Reilly's calculation [1], amorphous carbon coating 

consists of small planar network of fused 6-fold graphitic clusters containing only sp2 

C, and the crosslink between these clusters by sp2 or sp3 bonding allow the formation 

of extended carbon network. Maximizing the π bond energy tends to cause a 

segregation between sp2 and sp3 sites, so that sp2 sites form localized π bonded 

clusters in sp3 bonded matrix [23, 24]. Then, the optical gap of individual sp2 cluster is 

inversely proportional to the number of aromatic rings contained in one cluster, as 

described by Eq.(5.8):  

( )ag LaNE /2/2 2/1 γγ ==                 (5.8) 

in which γ is the ppπ interaction, N the number of aromatic rings in individual cluster, 
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a the lattice spacing, La the in-plane correlation length, i.e. the grain size of graphite. 

Assuming that the optical gap of sp2 clusters is a function of inter-distance and width 

of π-π* band gap, as shown in Figure 5.22 [15, 25, 26], Robertson presented a model 

of optical transition in which sp2 sites have variable gap depending on the 

configuration of each sp2 cluster, and sp3 matrix acts as tunnel barriers between each 

sp2 cluster. The difference between band gaps of sp2- and sp3- bonded regions causes 

large fluctuations in local band gap, thus produces mobility gap Eμ. The local gap of π 

states varies inversely with cluster size, while the band gap of σ states is roughly 

about 5.5 eV. The optical band edges Eopt is just determined by the density of states 

N(E) and primarily varies with cluster size distribution, while the mobility edges is 

additionally dependent on the width of sp3 barriers. Widening sp3 barriers will force 

mobility edges further into the bands beyond optical band edges.  

 
Figure 5.17 The variation of local band gap with distance in cluster model [15]. 

However, other researchers [27] pointed out that Eq.(5.8) may make an 

overestimation on the size of single-planar sp2 cluster, because as the increase of 

deposition bias voltage, the coming ion species with higher energy can easily remove 

one carbon atom from 6-fold rings and significantly reduce the effective size of planar 

clusters. M. A. Tamor et al. [12] argued that the electronic and optical properties of 

highly imperfect-ordered amorphous carbon coating are dominated by the property of 

individual clusters, and the optical gap of an individual cluster is determined by the 

lowest π-π* transitions primarily associated with cluster edges. Also, M. Chhowalla et 

al. [13] presented that optical gap is both determined by the cluster size and local 

distortions of sp2 bonding, rather than the nature of surrounding matrix or hydrogen 

content. 

In this thesis, the E04 gap and Tauc gap of ion-vapor deposited a-C:H coatings were 

determined on basis of Tauc equation in Eq.(5.1), and Fig. 5.18 describes the 
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UV/VIS/NIR transmission spectra of studied coatings deposited at various bias 

voltages. Also, Fig. 5.19 plots the absorption coefficient curve as a function of photon  

 
Figure 5.18 The transmission of a-C:H coatings deposited under various bias voltages. 

 
Figure 5.19 The absorption coefficient α of a-C:H coatings deposited under various 

bias voltages. 

 



東京大学博士論文 

 
- 78 - 
 

Figure 5.20 The acquisition of Tauc gap Eg through the extrapolation of linear part of 

(αE)1/2 curve at α=0 by using Tauc equation. 

 
Figure 5.1 The Tauc gap Eg and E04 gap (as α=104 cm-1) of a-C:H coatings deposited 

under various bias voltages. 

 

Figure 5.22 The Tauc gap Eg of a-C:H coatings as a function of sp2 fraction. 

energy, so that the E04 gap of each coating could be obtained. Taking B0.5 coating as 

an example, Fig. 5.20 shows the determination of Tauc gap Eg as the extrapolated 

intercept of the liner part of (αE)1/2 curve, and Fig. 5.21~Fig. 5.22 display the 

determined Tauc gap as a function of substrate bias voltage and the total fractions of 

sp2 sites, respectively. Consistent with the reports of plasma-deposited a-C:H coating 

[12-15], the optical gap of ion-vapor deposited coating reduces monotonically with an 

increase of bias voltage and the sp2 fraction [15], but shows no clear correlations with 

the presence of boundary sp2 C' sites around sp2 C'' clusters. Thus, this tendency of 

optical gap is primarily attribute to the medium range order of sp2 clusters in 
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amorphous carbon network. The growth of bias voltage has continuously shortened 

the inter-distance of sp2 clusters for larger cluster size and narrower sp3 barriers, so 

that the density of states N(E) around Fermi level EF is continuously increasing for 

the shortening width of π-π* band gap, and both the band gap edges Eopt and mobility 

gap Eμ are approaching to the band gap of π states. 

5.4 Conclusions 

In this chapter, heterogeneous structure of ion-vapor deposited a-C:H coating is 

deeply discussed. In light of the shoulder peak centering around 105 ppm in 13C MAS 

spectra and its absence in CPMAS spectra, we found that there are two distinct types 

of sp2 sites in studied coating: one type of them denoted as sp2 C′ in fraction of 3~12 

at.% is non-protonated and specifically localized in hydrogen-absent regions, while 

the other dominant type denoted as sp2 C′′ was hydrogenated or at least proximate 

to 1H spins. On basis of the consistent tendency of sp2 C′ fraction and Raman 

parameters as a function of bias voltage within 0.5 kV~3.5 kV, one model of sp2 C 

clustering configurations is proposed that sp2 C′ sites are specifically embedded 

between graphite-like sp2 C′′ clusters and amorphous sp3 C matrix as trapped 

interfaces or boundaries where the sp2 carbon bonds were highly distorted. A 

continuous increase of bias voltage above 2 kV would promote the integration and re-

ordering of graphite-like sp2 C′′ clusters, and thus results in a marked decrease of 

boundary sp2 C′ sites. 

Further exponential fitting analysis on the magnetization relaxation behavior of 

sp2 C′′, sp2 C′ and sp3 C revealed that the magnetization recovery of sp2 C′′ exhibited a 

typical stretched-exponential approximation with stretched power α equal 0.8 and T1 

equal 2.8 s, while the sp2 C′ showed a single-exponential approximation with T1 equal 

5 s for its hydrogen-free characters, and sp3 C showed a weaker single-exponential 

approximation with T1 equal 3.7 s. The difference of T1 value among sp2 C′′, sp2 C′ 

and sp3 C proved the existence of distinct sp2 clusters in studied a-C:H coatings, and 

the  stretched-exponential approximation of sp2 C′′ indicated a prominent presence of 

paramagnetic centers. For 1H spins, their magnetization recovery showed a better bi-

exponential approximation, giving a long T1(H) component fluctuating within 25~55 

ms in content of 70%~80% and a short T1(H) component fluctuating within 0.1~0.3 

ms in content of 30%~20% for various bias voltages. The interrupted 13C saturation 

recovery with an interval of short T1(H) component showed that most of quick-
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relaxing protons were localized nearby sp2 C′′ clusters. Such a short T1(H) was only 

possibly resulted from a relaxation mechanism associated with electron-nuclear 

interactions, and its partial distribution in sp2 C′′ clusters may imply more complex 

configurations of unpaired electrons in studied a-C:H coatings.  

Besides, the development of sp2 cluster size with an increase of bias voltage was 

studied through the investigation on optical property of studied coating, and the 

results showed a monotonic decreasing tendency of Eg and E04 with the increase of  

bias voltage and sp2 fraction. Such a tendency of optical gap is primarily attribute to 

the continuously growing size of sp2 clusters, while the presence of boundary sp2 C' 

sites around sp2 C'' clusters imposed weak influence on this correlation. 
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6 Tribological property and wear mechanism of a-C:H coating 

6.1 Introduction 

In addition to the optical property, the tribological property of a-C:H coating has 

also attached intensive research interesting due to their promising potential as 

alternative solid lubricants in various industrial applications [1-3]. As regard to the 

wear mechanism of a-C:H coatings, the work groups of Erdemire [4-7] and Donnet 

[8-12] had investigated the significant role of hydrogen atoms in super-low friction 

performance by controlling the hydrogen fraction in coating composition and sliding 

atmosphere, and presented a low-friction model on basis of the "hydrogen 

passivation" effects on contact surfaces. Meanwhile, the work group of Scharf and 

Singer [13-18] had made progress on the investigation of transfer layer by developing 

an in-situ Raman spectroscopy detection system, and analyzed the tribochemical 

generation of the friction-induced interfacial layers during sliding. Besides, some 

other wear mechanisms were discovered by varying the atmosphere humidity [19-21], 

loading conditions, sliding velocity and vacuum pressure [22, 23].  

Actually, the wear mechanism of a-C:H coating varies sensitively from deposition 

techniques and sliding conditions, so that none of the well-known mechanism can 

explain the complex friction behavior of all types of a-C:H coatings perfectly. 

Specifically, the "hydrogen passivation" mechanism tends to favor the PECVD a-C:H 

coating with hydrogen content higher than 30 at.% and sliding in dry hydrogen 

atmosphere [4-12]. In this case, the contact surfaces are fully bonded by hydrogens 

diffused from inner side of coating or from external hydrogen atmosphere. However, 

for a-C:H coatings with medium or lower content of hydrogen and sliding in humid 

atmosphere or with presence of oxygen molecular, the tribochemical reactions 

between tribopairs and surrounding atmosphere becomes more complicated. In this 

case, both the graphitization and oxidation of contact surface should be carefully 

concerned, together with the important role of transfer layer produced between the 

tribopairs. 

In this chapter, the wear mechanism of ion-vapor deposited coating were 

investigated by sliding in ambient air and artificial atmospheres such as dry N2 and 

H2. and both the role of friction-induced transfer layer and hydrogen passivation are 

discussed. 
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  6.2 Experimental details  

6.2.1 Friction performance in N2 atmosphere and ambient air  

At first, the friction performance of B0.5~B3.5 a-C:H coatings in ambient air and 

N2 atmosphere at room temperature was investigated by applying a standard CSM 

ball-on-plate tribometer with two opened testing chambers, including an outer 

chamber and an inner chamber as illustrated by Fig. 6.1. During the sliding tests in N2 

atmosphere, the partial pressure of N2 in inner chamber was effectively controlled by 

varying the exhaust durations of the inner chamber within 10~20 minutes before 

sliding and the gas flow rate within 2~6 NL/min during sliding tests. Well polished 

ISO 4957 100Cr2 (JIS SUJ-2, hardness 8 GPa, Young’s modulus 210 GPa, Ra=10 nm) 

steel balls in diameter of 6 mm was used as stationary counterparts, and 

approximately made a Hertz contact pressure of 0.6 GPa under 5 N normal load. 

Detailed chemical composition of 100Cr2 steel is shown in Tab. 6. 1. Circle tracks in 

radius of 3.5 mm were generated on studied coatings at a sliding velocity of 15 cm/s 

always in one direction. After tribotests, tribopairs were separated and the wear marks 

formed on steel balls and a-C:H coatings were probed by an optical spectroscopy 

separately. Assuming that the wear scars formed on steel balls are flat and circular, the 

wear rate of ball was geometrically evaluated on basis of the radius data of wear scar. 

Also, in order to confirm the chemical transformation of contact surfaces after 

sliding tests, both the wear marks formed on coating and ball sides were characterized 

by visible Raman spectroscopy with 0.5 mW laser power of 532-nm wavelength 

(doubling-Nd-YAG). Due to the rough surface of worn surfaces on counterparts, the 

diameter of laser spot was reduced less than 10 μm to focus on rough surface during 

acquisitions well. 

 
Figure 6.1 An illustration of standard CSM ball-on-plate tribometer. 

 



6. Tribological property and wear mechanism of a-C:H coatings 

 
- 85 - 

 

Table 6.1 Chemical composition of bearing steel 100Cr2 (except for Fe) 

C Si Mn Cr P S Mo Ni Cu 

0.95-1.10 0.15-0.35 ≤0.50 1.30-1.60 ≤0.025 ≤0.025 ≤0.08 ≤0.25 ≤0.25 

6.2.2 Overlapping tribo-tests in ambient air 

Particularly, in order to investigate the effects of transfer layer on tribological 

performance of studied coatings in ambient air, tribo-tests were performed in an 

overlapping pattern, namely all the sliding tests were started from the first cycle by 

using a new ball and new a-C:H coated plate and continued for various number of 

sliding cycles, i.e. N={1, 5, 45, 681, …, 2274, 4547, 11368, 45473, 68209}, 

correspondingly d={0.022 m, 0.044 m, 0.11 m, 5 m, …, 50 m, 100 m, 250 m, 1000 m, 

1500 m} under the same sliding condition, where N was the number of sliding cycles, 

d the sliding distance. The CoF curve (as a function of sliding cycles expressed as f(N)) 

of the longest duration test, i.e. f(N=68209) was compared with { f(N=1), f(N=5),…, 

f(N<68209)} for the confirmation of data repeatability. Additionally, except for the 

afore-concerned samples B1.5 and B2.0 coatings, another two coatings deposited 

under 0.4 Pa with a bias voltage of 1.5 kV and 2.5 kV (denoted as C1.5 and C2.5) 

were tested for comparison. More detailed parameters on the mechanical property and 

Hertz contact pressure of these four tribo-tested samples are provided in Tab. 6.2 and 

Tab. 6.3. At least 9 couples of coating/steel tribopairs were used in the overlapping 

tribotests for one coating. After tribotests, tribopairs were separated and the wear 

marks formed on steel balls and a-C:H coatings were probed separately, and the wear 

rate of ball was geometrically evaluated as before. Additionally, white light 

interferometer (WLI) and atomic force microscopy (AFM) were also employed to 

observe the wear marks in the scale of nanometer. 

Table 6.2 Deposition parameters and properties of a-C:H coatings. 

tested 

coatings 

thickness 

(nm) 

hardness 

(GPa) 

Young's modulus 

(GPa) 

roughness 

Ra (nm) 

hydrogen 

(at.%) 

B2.0 945 16.30 160.60 0.245 20 

B1.5 810 14.40 189.76 0.138 22 

C1.5 1760 18.06 180.54 0.247 21 

C2.5 2400 16.93 176.58 0.135 19 
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Table 6.3 Hertz-contact parameters of a-C:H coating /steel ball counterparts. 

tested  

coatings 

theoretical radius of contact  

(μm) 

Pmax  

(MPa) 

B2.0 53.41 634.7 

B1.5 51.79 674.7 

C1.5 52.26 662.8 

C2.5 52.49 657.5 

 
6.2.3 Chemical characterization of transfer layer produced in ambient air 

To make a comparative investigation on the chemical structure of transfer layers 

produced in ambient air, the XPS C 1s, O 1s and Fe 2p3/2 spectra of transfer layers 

were acquired by a PHI Quantera II system which used monochromatic Al (Kα) X-ray 

radiation with photon energy of 25 KV as the light source at a square area of 100×100 

µm2. The XPS testing chamber was vacuumed less than 1.0×10-6 Pa. Since the worn 

balls exposed in ambient air can easily be contaminated by physisorbed moistures 

after tribotests [18, 20], a chemically layered-structure model of transfer layer formed 

in ambient air is presented in Fig. 6.2. According to the depth distribution of oxygen 

content by increasing the duration of Ar+ pre-sputtering before XPS spectra 

acquisition, the physisorption layer with highest and stable content of oxygen as 

50~55 at.% could be removed by one-minute pre-sputtering, revealing its thickness 

just as few atomic layers. By comparison, the second layer denoted as “chemisorption” 

with moderate content of oxygen as 30~45 at.% is produced as a result of 

tribochemical interaction in humid air, and strongly affects the friction behavior of 

carbon coatings [14, 19, 24, 25]. The second layer could be removed by three-minute 

pre-sputtering, revealing its thickness below 6 nm, while further sputtering would 

reduce the C/O content sharply down to the level as as-deposited coating, i.e. 1~3 

at.%Thus, the third layer was noted as “carbon base” in Fig. 6.2, and the real detection 

depth of this XPS measurement was about 10 nm. Additionally, in order to clarify the 

effect of natural oxidation of steel ball in ambient air, an organic-solvent cleaned 

blank ball (labeled as N=0) previously exposed in the same ambient air atmosphere 

(relative humidity 25%) was also measured at the same time for comparison. 

To avoid a chemical variation of meta-stable structure in transfer layer, the energy 

of pre-sputtering Ar+ beam was 4 keV. While the top physisorption layer was cleaned 
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up, both the chemisorption layer and carbon-based layer of transfer layer were 

detected. The obtained XPS spectra represented the combined information on these 

two layers. 

 
Figure 6.2 Schematic representation of the chemically layer-structured model of 

transfer film derived from a-C:H coating/steel ball tribopairs in ambient air. 

XPS spectra were collected by an analyzer with pass energy of 140 eV for the C 1s, 

O 1s, Fe 2p3/2 spectra and 280 eV for surface composition survey spectra. The atomic 

content of each element was evaluated in terms of the area intensity under 

composition survey spectra. Charge-up calibration was performed by adjusting the 

position of C=C bond to 284.5 eV. C 1s spectra were deconvoluted to four peaks in 

shape of combined Gaussian and Lorentzian formulas (GL) with a Shirley 

background by using CasaXPS software, and the shape of Lorentzian was fixed as 20% 

in GL combination. According to Ref. [26-28], the binding energy of C=C peak was 

fixed at 284.5 eV and its full width at half maximum (FWHM) was constrained below 

1.5 eV, whereas the C–C peak was fixed at 285.3 eV, and its FWHM was restricted 

below 2 eV. The remained part was attributed to C=O and C–O peaks with FWHM 

restricted below 3 eV. 

6.3 Results 

6.3.1 Friction behavior in N2 atmosphere 

During the sliding tests in N2 atmospheres, the partial pressure of N2 in inner 

chamber were controlled by varying the gas flow rate within 2~6 NL/min during 

sliding tests, and the exhaust duration before sliding was also changed within 10~20 

minutes as listed in Tab. 6.4. Fig. 6.3 compares the CoF curves under six types of 

gaseous conditions with an increase of sliding distance, from which an optimal 

gaseous condition was found for lowest and steady friction coefficient (CoF) as the 

exhaust duration was 10 minutes at a flow rate of 2 NL/min and the testing flow rate 

was 2 NL/min, i.e. the 5th condition in Tab. 6.4. The spikes of CoF curves in 1st, 3th 
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and 6th test were attributed to the breakup of interfacial transfer layer and serious 

failure of underneath coating, as proved by Fig. 6.4a. In Fig. 6.4, the wear of steel 

balls and tested coating surfaces under 1st are obviously more serious than that of 5th 

condition. Clearly, it can be seen that when the exhaust duration is longer than 10 

minutes, or the testing flow rate is higher than 2 NL/min (or gradually increases from 

2 NL/min to 6 NL/min, i.e. 1st condition), the wear rate of tribopairs is quite high so 

that a-C:H coatings will be worn out quickly during the first 10 m sliding. 

Consistently, the CoF will increase sharply from 0.03 to 0.6 due to a complete failure 

of coating surface and a direct contact between steel ball and silicon substrate. It 

seems that both the high partial pressure and flow rate of N2 in testing chamber, i.e. 

dry N2 atmosphere, are unfavorable for the steady contact between SUJ2 sliders and 

ion-vapor deposited a-C:H coatings. And in this case, the quick buildup of durable 

transfer layer which favors the low friction and wear of tribopairs cannot be achieved 

without a few presence of oxygen and water molecular. 

To confirm the role of few oxygen and water molecular in N2 atmosphere for the 

buildup of durable transfer layer under the optimal exhausting condition, one sliding 

test starting under the 5th gaseous condition and continued with gradually increasing 

testing flow rate was conducted, and its CoF curve is described in Fig. 6.5. 

Interestingly, it can be found that as long as the durable transfer layer was produced at 

the beginning of sliding, the CoF in further sliding would be insensitive to testing 

flow rate,  and the low-friction behavior can be maintained in dry N2. 

By applying the optimal conditions aforementioned, the CoFs of B0.5~B3.5 

coatings were obtained as shown in Fig. 6.6~Fig. 6.8. In Fig. 6.6, all the CoF can be 

stabilized quickly within the range of 0.01~0.1 after a short running-in period, except 

for the spikes in B1.5~2.5 coatings which were caused by a breakup of transfer layer. 

After the spikes, the CoF could fall back to steady state level again due to a re-buildup 

of a brand-new transfer layer as seen in Fig. 6.7c~Fig. 6.7e, however, with large 

amount of wear debris around contact surfaces. Specifically, the inset graph of Fig. 

6.6 describes the steady state CoF during 50~70 m, and the average value of CoF in 

this range of sliding distance is shown in Fig. 6.8 as a function of deposition bias 

voltage. Interestingly, it is found that B2.0 coating with highest content of sp2 C' sites 

and diamond-like network shows highest steady-state CoF, and the tendency of 

steady-state CoF with increasing bias voltage is well consistent with the tendency of 
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the sp2 C' fraction and Raman FWHM(G) as previously discussed in Sec. 5.3.1. 

Meanwhile, in Fig. 6.7d the wear rate of steel sliders reached to its highest level at 2.0 

kV with largest radius of wear scar. 

Table 6.4 Gaseous conditions of sliding tests in N2 atmosphere. 

 
exhaust duration 

(minute) 

exhaust flow 

(NL/min) 

testing flow rate 

(NL/min) 

1 5 6 2→4→6 

2 20 2 6 

3 20 2 2 

4 5 2 2 

5 10 2 2 

6 10 2 4 

 

 
Figure 6.3 Friction coefficient of B1.0 coating in dry N2 under various gaseous 

conditions. 

 

      
(a) under 1st gaseous condition 
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(c) under 5th gaseous condition 

Figure 6.4 Optical microscopy observation of wear scars on balls and wear tracks on 

B1.0 coating sliding under 1st and 4th gaseous conditions. 

 
Figure 6.5 Friction coefficient of B1.0 coating in dry N2 under the optimal exhausting 

condition and gradually increased testing flow rate. 

 
Figure 6.6 Friction coefficient curve of B0.5~B3.5 coatings in dry N2. 
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(a) B0.5 coating 

      
(b) B1.0 coating 

      
(c) B1.5 coating (detached area of transfer layer in dotted red circle) 

      
(d) B2.0 coating (detached area of transfer layer in dotted red circle) 

      
(e) B2.5 coating (detached area of transfer layer in dotted red circle) 



東京大学博士論文 

 
- 92 - 
 

     
(f) B3.0 coating 

     
(g) B3.5 coating 

Figure 6.7 Optical microscopy observation of wear scars on balls (left side) and wear 

tracks (right side) on tested coatings sliding in dry N2 for 110 m (i.e.5000 cycles). 

 
Figure 6.8 The average friction coefficient at steady state within 50~70 m sliding 

distance as a function of substrate bias voltage of a-C:H coatings. 

6.3.2 Friction behavior in ambient air 

The sliding tests in ambient air were prolonged to 1500 m, as shown in Fig. 6.9. 

The running-in period in ambient air prolonged as long as 300 m, and no clear steady 

state friction coefficient could be seen during further distance. Fig. 6.10 shows optical 

observation of wear marks on steel balls and tested coating surfaces after 1500 m 

sliding. Compared with the tribo-tests in N2 atmosphere, the CoFs in ambient air was 
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much higher (generally in range of 0.1~0.4) with more serious wear as well. 

Meanwhile, the color of wear debris adhered around contact surfaces turned to be 

rusty red, implying an active tribochemical oxidation of SUJ2 balls due to the ample 

presence of oxygen and water molecular in ambient air. The average value of CoF 

during 450~1500 m sliding are in plotted Fig. 6.11, also showing relatively higher 

CoF in B1.0~B2.0 coatings. 

 
Figure 6.9 Friction coefficient of B0.5~B3.5 coating in ambient atmosphere as a 

function of sliding distance. 

 

  
(a) 0.5 kV 

  
(b) B1.0 coating 
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(c) B1.5 coating 

  
(d) B2.0 coating 

  
(e) B2.5 coating 

  
(f) B3.0 coating 

  
(g) B3.5 coating 

Figure 6.10 Optical microscopy observation of wear scars on balls and wear tracks on 

tested coatings sliding in ambient atmosphere for 1500 m. 
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Figure 6.11 The average friction coefficient at steady state within 450~1500 m sliding 

distance as a function of substrate bias voltage of a-C:H coatings. 

6.4 Discussions 

6.4.1 Effects of nanoclustering structure on friction behavior of a-C:H coating 

As the formation of transfer layer and its tribochemical lubricant mechanism have 

been intimately investigated [14-18], the effects of nanoclustering structure of a-C:H 

coatings are generally ignored in previous experimental and simulation research. 

However, to a certain extent, the nanoclustering structure of "parent" a-C:H coating 

determines the structure and lubricant property of friction-induced transfer layer. An 

obvious evidence for this argument is the high friction coefficient of graphite sliding 

in N2, in comparison with the super-low friction coefficient of polymer-like a-C:H 

coating in N2 [3, 4]. In fact, according to friction reports of pure a-C:H coatings in 

recent decades, super-low lubricity are more likely to occur in polymer-like a-C:H 

coatings with hydrogen content above 34 at.% and nanoindented hardness below 13 

GPa [4, 8]. The enrichment of sp3 CH(1, 2) bonds in chains of polymer-like coating is 

conducive to the formation of super-lubricant transfer layer stably adhered on ball 

surface [4].  

Consistently, in this thesis we also found comparatively higher friction coefficient 

in diamond-like coatings (namely as bias voltage was 1.0~2.0 kV) and lower friction 

coefficient of polymer-like coatings and graphite-like coatings (still with hydrogen 

content about 18 at.%) as described in Figure 6.12 and Table 6.5. By observing the 

wear marks on ball and plates sides shown in Figure 6.7, we found that in case of 

B1.5~B2.5 coatings, very thick transfer layers were formed on ball surfaces, but a 
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large portion of them are detached, and lots of wear debris accumulated beside contact 

surfaces. It seems that diamond-like coating structure formed in 1.5~2.5 kV is 

unfavorable to the establishment of low-friction and durable transfer layer. A 

qualitative analysis on the wear marks formed in N2 atmosphere and ambient air, 

including wear scars and debris on SUJ2 balls, plus the wear tracks and debris on 

coated Si plates were characterization by Raman spectroscopy as shown in Fig. 6.13, 

and Fig. 6.14 shows the three typical parameters of Raman spectra by deconvolution 

analysis. Clearly, it can be seen that in comparison with the as-deposited coating, the 

wear marks generally exhibited a shift of G peak position toward higher wavenumber 

by 5~30 cm-1, an increase of I(D)/I(G) ratio by 0.2~1.5 and a reduce of G peak width 

by 25~50 cm-1. All of these changes indicate a structure transformation of sp3 C to sp2 

C on contact surfaces. Particularly, compared with as-deposited coating, the ball scar 

derived from B2.0 coating showed the largest growth of I(D)/I(G), the largest reduce 

of G peak width and moderate up-shift of G peak, which implies a great 

transformation of sp3 C to sp2 C bonded in aromatic rings in amorphous manner. By 

contrast, the ball scar derived from B0.5 coating showed a reduce of I(D)/I(G), a 

slight decrease of G peak width and moderated increase of G peak position, which 

implies a transformation of sp2 C bonded from aromatic rings to chains with relatively 

higher coordination of hydrogens. The transfer layer in such kind of structure in rich 

of chain-like sp2 CH1,2 showed good lubricant properties in dry sliding conditions.  

Also, in consideration on the nanoclustering structure of B1.5~B2.5 coatings, we 

inferred that the boundary hydrogen-free sp2 C' sites trapping around graphite-like sp2 

C'' clusters may inhibit the formation of well-lubricant transfer layers in rich of chain-

like sp2 CH1,2 bonds. According to the structure characterization of studied coatings 

aforementioned in Chapter 4 and Chapter 5, our ion-vapor deposited a-C:H coatings 

mainly concentrate on sp2-dominant area in ternary phase diagram, and tend to 

approach sp2 peak with an increase of bias voltage, as illustrated in Figure 6.15a and 

magnified in Figure 6.15b. Specifically, for diamond-like coatings deposited under 

1.5~2.5 kV, a majority of sp3 C are tetrahedrally cross-linked by four σ bonds to form 

the skeleton of amorphous network, in which localized sp2 C'' clusters in medium size 

are embedded with highest fraction of boundary hydrogen-free sp2 sites. Compared 

with polymer-like coating, such type of diamond-like structure is less likely to form 

well-lubricant transfer layer in rich of chain-like sp2 CH1,2 in tribochemical reactions. 
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Besides, as the nanoclustering structure evolved sensitively with an increase of bias 

voltage, the mechanical property of a-C:H coating also changed greatly which 

consequently resulted in a change of Hertz contact condition for tested counterparts. 

The relatively higher Hertz contact pressure may lead to a quick consume of sliders in 

running-in period, and the quickly-accumulated debris can easily cause a break-up of 

transfer layer. Thus, for B1.5~B2.0 coatings, some spikes in CoF curves were found at 

the beginning of sliding in Figure 6.6. Although a brand new transfer layer may re-

build up soon during further sliding, it still brought out a higher steady-state CoF. 

 
Figure 6.12 The correlations between steady state CoF in N2 and fraction of sp2 C' 

clusters as a function of substrate bias voltage. 

Table 6.5 The mechanical property, Hertz contact pressure under 5 N normal load and 

steady-state friction coefficient of B0.5~B3.5 coating in N2 and ambient air 

atmosphere. 

 

Hardness 

(GPa) 

Young's 

Modules 

(GPa) 

sp2 C' 

fraction 

(at.%) 

Hertz contact 

pressure 

(MPa) 

CoF in 

N2 

CoF in 

ambient 

air 

B0.5 8.94 77.78 6.0 462.77 0.018 0.119 

B1.0 12.00 111.60 3.1 546.98 0.043 0.250 

B1.5 14.93 160.60 6.9 674.70 0.053 0.216 

B2.0 16.06 189.76 11.5 634.70 0.089 0.189 

B2.5 13.09 146.61 5.0 612.72 0.032 0.096 

B3.0 11.06 116.65 5.1 557.58 0.054 0.138 

B3.5 10.06 98.59 4.0 517.55 0.031 0.146 
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Figure 6.13 The Raman spectra of wear marks formed on ball and plate sliding against 

in N2 atmosphere. 

Figure 6.14 The typical Raman parameters of wear marks formed on ball and plate 

sliding against in N2 atmosphere. 
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                                      (a)                                                           (b) 
Figure 6.15 The ternary phase diagram of ion-vapor deposited a-C:H coatings. (b) is 

an magnified description of studied a-C:H coatings localized within the dotted 

triangle area of typical ternary phase diagram (a), in which the summation of sp2 C, 

sp3 C and hydrogen is constant at 100 at.%. 

6.4.2 Evolution of transfer layer produced in ambient air 

As Raman spectra only reflects the chemical information of transfer layer after 

sliding, its dynamic evolution during sliding movement was missed. Especially as the 

tribotests  are conducted in ambient air, the friction coefficient can hardly be stable 

after running-in period. To solve this problem, an overlapping tribotests were 

designed which used several set of ball/plate counterparts, sliding from the first cycle 

but prolonged to various sliding distances. And then, after the tests, two sliders were 

separated and analyzed. Additionally, except for the afore-concerned samples B1.5 

and B2.0 coatings, another two coatings deposited under 0.4 Pa with bias voltage of 

1.5 kV and 2.5 kV denoted as C1.5 and C2.5, respectively, were also tested for 

comparison.  The CoF curves of overlapping sliding tests are summarized in Fig. 6.16. 

Except for few abnormal fluctuations in B2.0 coating, the standard deviation of CoF 

data is below 20%. Different from the results observed in H2 and inert atmosphere [4-

13], the running-in period of studied a-C:H/steel tribopairs sliding in ambient air was 

prolonged approximately to 170 m~290 m. The CoFs firstly grew up to its maximum 

about 0.2 over the prolonged running-in period, and then fell down to a relatively 

steady value about 0.14. Because of the undistinguishable running-in period in long 

duration tests, the average value of friction coefficient (i.e. avg. CoF) for each 

overlapped test was evaluated as the arithmetic average value of the whole f(N) curve. 

Taking B2.0 as an example, the optical microscopic observation of wear marks are 

displayed in Fig. 6.17. According to Fig. 6.17a, a thick transfer layer was built up on  
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(a) B2.0 coating 

 
(b) B1.5 coating 

 
(c) C1.5 coating 
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 (d) C2.5 coating 

Figure 6.16 Friction coefficients as a function of sliding distance f(N) in overlapping 

tribotests. 

the sphere surface in the first sliding cycle (i.e. N=1, d=0.022 m), and covered the 

most part of contact surface. Also, a severely scratched wear scar in radius of 74 μm 

was formed on steel ball. Such a rapid build-up of transfer layer was also seen in the 

tests of other three coatings. When N reached up to 5 (i.e. N=5, d=0.11 m, see Fig. 

6.16b), the wear scar radius jumped to 82 μm and the area of transfer layer increased 

simultaneously. More detailed information on the development of wear scar radius 

with sliding distance is plotted in Fig. 6.18. The wear scar radius increased greatly 

over the first 200 m and then entered into a steady state. No visible wear track was 

seen on the a-C:H coating until N=45 (i.e. d=1 m, see Fig. 6.17c and Fig. 6.17d), from 

which discontinuous wear tracks (inside the dashed squares of Fig. 17d) appeared on 

the coating, and most of transfer layer moved from the center of contact surface to the 

tail of wear scar (see Fig. 6.17c) and got thinner. From N=45 to N=11368 (i.e. the end 

of running-in period in case of B2.0 coating, d=250 m), wear tracks expanded largely 

in width and depth, and majority of wear debris removed to the two sides of 

contacting surface (see Fig. 6.17e and Fig. 6.17f). Then during the following steady 

sliding 4547≤N≤68209 (i.e 100 m≤d≤1500 m), the wear rate of steel ball decelerated 

obviously while the wear rate of carbon coating accelerated moderately (see in Fig. 

6.17g, Fig. 6.17h and Fig. 6.18). Visually, the transfer layers and wear debris had a 

rusty color due to the strong carbon oxidation in open air [25].  

Based on the optical microscopy profiles, it was assumed that all the wear scars 

formed on steel balls were flat and circular, so that the wear rates of balls were 
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geometrically calculated as given in Fig. 6.19. Consistent with other reports [7, 14, 25, 

29], the logarithmic wear rate of ball decreased linearly with logarithmic sliding 

distance. 

     
(a) N=1 (d=0.022m) ball                (b) N=5 (d=0.11m) ball 

      
(c) N=45 (d=1m) ball                    (d) N=45 (d=1m) plate 

      
(e) N=11368 (d=250m) ball               (f) N=11368 (d=250m) plate 

      
(g) N=68209 (d=1500m) ball       (h) N=68209 (d=1500m) plate 

Figure 6.17 The wear marks derived from B2.0 coating on plates and steel balls. d 

represents the sliding distance. 
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Figure 6.18 The radius of wear scar formed on steel balls in relation with increasing 

sliding distances. 

 
Figure 6.19 The wear rate of steel balls in relation with increasing sliding distances. 

To get an insight into the wear mechanism of studied a-C:H coating, the wear 

marks formed in running-in period and long-duration tribotests were checked by AFM, 

optical microscopy and while light interferometer (WLI), as described in Fig. 

6.20~Fig. 6.22. Specifically, Fig. 6.20a displays an AFM observation of the smooth 

surface of B2.0 a-C:H coating before sliding, and Fig. 6.20b~Fig. 6.20d compare the 

specific wear track formed when N = 68209,  which is atomically smooth along the 

sliding direction (see Fig. 6.20c) but irregularly rough in transverse direction (see Fig. 

6.20d). Particularly, in Fig. 6.20b and Fig. 6.20c, some mechanically scissored sharp-

profiled debris was found accommodated nearby the scratched valleys in wear tracks. 

Such sharp-profiled wear debris could lead to a mechanical interlocking in high-

pressure contact and deteriorate the rubbing condition and produce more abrasive 

debris in the following sliding. Actually, according to the optical microscopic 
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observation as shown in Fig. 6.17, majority of wear debris was compacted and 

adhered to the spherical counterpart, forming a transfer layer with scratched and 

abrasive surface. Such abrasive transfer layers were also found in WC/a-C:H coating 

which was tribotested in air [25]. Also, it can be seen in Fig. 6.21 that as sliding went 

by, the size of wear debris decreased obviously, so that the scratched marks got 

flattening and the compactness of transfer layers improved markedly. Both the 

flattening of transfer layer and its stationary adherence to steel balls could positively 

lead to a decrease of CoF in long-duration sliding. 

  
(a) as-deposited B2.0 coating 

 
      (b) wear track on B2.0 coating                      (d) transverse direction 

Figure 6.20 Surface profiles of as-deposited and worn B2.0 a-C:H coating. (a) as-

grown surface of B2.0 coating; (b) wear track formed on B2.0 coating when N=68209 

(d=1500 m); (c) cross sectional profile of wear track along the sliding direction; (d) 

cross sectional profile of wear track along the transverse direction. The dotted lines 

and white arrows in (b) show the position of cross sectional images corresponding to 

(c) and (d) respectively. 
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25 μm  

 
(a) N=45 (d=1 m) ball    

  
  (b) N=2274 (d=50 m) ball     

  
(c) N=4547 (d=100 m) ball 

Figure 6.21 The optical microscopy observation of compacted wear debris adhering to 

steel balls sliding on B2.0 coating for various distance. 

Generally, in ball-on-plate sliding tests of two dissimilar materials rubbing against 

each other, the softer counterpart wears more rapidly than the harder one. Such a 
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phenomenon was also observed in the studied a-C:H coating/steel ball tribopairs 

through the WLI observation. Taking C2.5 coating for example, the WLI images of 

specific wear marks are displayed in Fig. 6.22. In Fig. 6.22a, i.e. N=1, the spherical 

surface was severely scratched by initial asperities and some V-shaped tracks as deep 

as 200 nm~1 μm were created in an oval region (see the right picture of Fig. 6.22a). 

Different from the assumption established in Fig. 6.20, the wear scar was not flat and 

circular at the beginning of sliding but kept as spherical profile until N=2274 (see the 

left picture in Fig. 6.22b), from which the depth of V-shaped tracks on balls decreased 

below 500 nm, and the depth of wear tracks on coatings grew up to 12 nm (see the left 

picture in Fig. 6.22c). Afterwards during 2274≤N≤45473 (i.e. 50 m≤d≤1000 m), wear 

tracks on coatings enlarged remarkably to 120 nm deep and 160 μm wide (see Fig. 

6.22e), while the wear scars got relatively smoother (see Fig. 6.22d). Consistent with 

AFM scanning, the scratched marks in WLI images revealed abrasive wear of a-C:H 

coating/steel ball tribopairs sliding in ambient air, especially during running-in period. 

 
(a) N=1 

 
(b) N=2274 

 
(c) N=2274 
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(d) N=45473 

 
(e) N=45473 

Figure 6.22 WLI profiles of wear marks derived from C2.5 coating. (a) Wear scar on 

ball when N=1, d=0.022 m; (b) wear scar on ball when N=2274, d=50 m; (c) wear 

track on plate when N=2274; (d) wear scar on ball when N=45473, d=1000 m; (e) 

wear track on plate when N=45473. The white dotted lines in right side indicate the 

analysis position of cross-sectional images shown in left side; the white solid arrows 

denote the relative sliding direction of balls. The black area addressed by a dotted 

white circle in (b) corresponds to the thickest part of transfer layer, which is beyond 

the detectable height of WLI. 

6.4.3 Chemical characterization of transfer layers by XPS 

Taking account of the repeatability of CoF curves, transfer layers derived from 

B2.0 and C1.5 coating in overlapping tribotests were selected and further analyzed by 

XPS. Particularly, in order to investigate the effects of natural oxidation of steel ball 

in ambient air, a blank steel ball (labeled as N=0 in Fig. 6.23) washed supersonically 

in acetone and exposed in the same atmosphere was also measured by XPS for 

comparison. 

As an example, Fig. 6.23 compares the XPS C 1s, O 1s and Fe 2p3/2 spectra of 

transfer layers derived from B2.0 coating when N={0, 1, 2274, 11368, 68209}, 

respectively. All the detected spots were selected according to the scanning X-ray 

image (SXI) images of wear scars as shown in Fig. 6.23a, by which the spots with 
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highest density of secondary electrons were selected. The XPS spectra obtained from 

different spots on transfer layer (e.g. cross cursor 7, 9, 10 in Fig. 6.23a) was almost 

the same. It is noted that after one minute pre-sputtering, the nitrogen content in 

transfer layers and blank ball was generally below 4 at.%, and the carbon and oxygen 

content in blank ball was 9.2 at.% and 5.6 at.%, respectively. By comparison, without 

pre-sputtering the carbon and oxygen content in blank ball was 45.8 at.% and 48 at.%, 

respectively. Obviously, the small peaks of C 1s and O 1s spectra of blank ball (N=0) 

with pre-sputtering treatment indicate a negligible effect of physisorbed moistures in 

this ex situ XPS measurement, while the intensive C 1s, O 1s peaks of the worn balls 

ensure the validity of detected spots which were covered by a oxygen-rich layer on 

the top surface. The shift of Fe 2p3/2 peaks from 707.125 eV of the blank ball to 

711.125 eV of the worn balls implies that the negligible natural oxidation of iron ball 

in ambient air was activated markedly in sliding contact [30]. Fig. 6.24 displays the 

evolution of chemical composition of transfer layers with an increase of sliding 

distances. Briefly speaking, all the transfer layers were composed of carbon and 

substantial content of oxygen, while the iron content was little and mainly found as 

oxides rather than metallic form. The oxygen content increased immediately from 5.6 

at.% when N=0 to 30~50 at.% in sliding due to the tribochemical oxidation of 

transferred carbons in ambient air. By comparison, the iron content in transfer layer 

grew rapidly over the first 50 m (N≤2274) and fell back to the initial level within the 

following 50 m (2274≤N≤4547), and kept relatively constant afterwards. The rapid 

increase of iron content within 0 m≤d≤50 m is consistent well with the rapid 

enlargement of wear scar shown in Fig. 6.18, a rapid wear of softer counterpart in 

running-in period. 

  
(a) SXI image of a wear scar 

100 μm 
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(b) XPS spectra of C1s, O1s and Fe 2p3/2 

Figure 6.23 (a) SXI image of a wear scar (when N=45, d=1 m, B2.0 coating), in which 

the black region inside solid blue circle is transfer layer, and the grey region inside 

dotted red circle is the remained part of wear scar not covered by transfer layer; four 

cross cursors denote the selected spots for XPS measurement; (b) The XPS spectra of 

C 1s, O 1s and Fe 2p3/2 peaks of transfer layers derived from B2.0 coating with 

increasing sliding distance. 
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                                (a) B2.0 coating                                (b) C1.5 coating 

 Figure 6.24 The surface composition of transfer layers in relation to increasing 

sliding distance. 

Further analysis of transfer layers was carried out by using EDX, and Fig. 6.25 

illustrates the specific results obtained when N=2274 (i.e. d=50 m). Being consistent 
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with the XPS results provided in Fig. 6.24, the iron (blue color in Fig. 6.25c) content 

in transfer layer (black color in Fig. 6.25a) was quite limited, and intensive amount of 

iron was only seen in the discontinuous regions of transfer layer where direct rubbing 

occurred between steel ball and carbon coating. In contrast, high content of oxygen 

(given in Fig. 6.25d) was detected in carbon-rich regions (red in Fig. 6.25b), 

suggesting an active tribochemical oxidation occurred with an incorporation of O2 

and H2O on the top surface. 

     
(a) SEM images 

      
(b) carbon 

      
(c) iron 

      
(d) oxygen 

Figure 6.25 The EDX characterization wear scars derived from B2.0 coating. 
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Usually, with regard to the tribopairs of uncoated steel ball sliding on a-C:H coating 

in humid air, it is difficult to define the correlation between the nature of transfer layer 

and low friction performance of a-C:H coating. On one hand, transfer layers are 

circularly built up and broken by shear strength during sliding [14]; on the other hand, 

the molecular structure of transfer layers evolves continuously in sliding contact [14, 

15]. Thus, both the physical and chemical nature of transfer layers have substantial 

effects on the friction and wear of a-C:H coatings. Moreover, a close correlation 

between the average contact pressure and wear rate of balls was also found in this 

paper, especially in the beginning of running-in period (point A→B) as shown in Fig. 

6.26. In case of B2.0 coating, as the average contact pressure decreased rapidly from 

the maximum value (Hertz-contact pressure) at the beginning of sliding (point A) to 

170 MPa at the end of long-duration sliding (point C), the wear rate of steel ball 

reduced greatly from 7×10-5 μm3/N·m to 3×10-9 μm3/N·m. At the same time, the 

carbon content in transfer layer decreased simultaneously from 64.2 at.% to 46.3 at.% 

probably due to the reducing thickness of transfer layer (see Fig. 6.21). It is inferred 

that the total thickness of transfer layer is mainly determined by the carbon-based 

layer, while the thickness of chemisorption layer is generally below 6 nm in all the 

tested samples. 

Based on the results mentioned above, a three-stage wearing process of studied a-

C:H coating/steel ball tribopairs sliding in ambient air is deduced as illustrated in Fig. 

6.27. At the beginning of running-in period (as long as 50 m for the four coatings), 

thanks to the initial roughness of counterface and the smallest Hertz-contact area, the 

maximum contact pressure is reached and severe wear firstly occurs on the softer 

counterparts. As a result, transfer layer composed of loosely compacted wear debris 

with relatively higher content of iron oxides is built up on the spherical body, and 

leads to a third-body dominated abrasive wear on the counterface. With the rapid 

consuming of steel spheres in the first 50 m, the average contact area (A∝r2, r is the 

radius of wear scar) increases greatly in this period while the average contact pressure 

decreases at the same speed. The following sliding within 50 m≤d≤250 m (in case of 

B2.0 coating) is an important period for the stabilization of mechanical interactions 

between counterparts. Due to the marked decrease of average contact pressure and 

flattening of counterface, the transfer layer gets stable and reliably adheres to the 

spherical surface. In the steady stage (i.e. d≥245 m in case of B2.0 coating), the 
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stationary shearing between transfer layer and underneath coating leads to a gradual 

decrease of CoFs, and both of the tribopairs are consumed at a moderate speed until 

the failure of a-C:H coating. The whole wearing process can be briefly described as a 

comparison of the wear marks in the right side of Fig. 6.27. 

 
(a) B2.0 coating 

 
(b) C2.5 coating 

Figure 6.26 The wear rate of balls and carbon content in transfer layers in relation 

with the average contact pressure. 

More detailed information on the tribochemical interaction of studied a-C:H 

coating/steel ball tribopairs was revealed through the deconvolution analysis of 

transfer layer’s C1s spectra as provided in Fig. 6.28 and Fig. 6.29. In Fig. 6.28, C 1s 

spectra were deconvoluted into four peaks as C1~C4 which corresponded to four 

types of C/C and C/O bonds, and detailed atomic content of each type was supplied in 

Fig. 6.28. Consistent with previous reports [5, 6, 15, 31-34], the content of C-C bonds 

in transfer layers reduced immediately within the first 100 m and kept below 12 at.% 
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Figure 6.27 A schematic representation of the three-stage wearing process of a-C:H 

coating/steel ball tribopairs in ambient air. tA,B,C is the thickness of transfer layer in the 

nanometer scale, rA,B,C the radius of wear scar in the micrometer scale; hA,B,C the 

residual thickness of coating, i.e. the distance between steel counterfaces and the 

coating/substrate interface in the nanometer scale. The supplied values of rA,B,C 

correspond to the B2.0 coating. 

afterwards, while the content of C/O groups got much higher than that in the as-grown 

coating. Specifically, the area contribution of C4 peak was generally higher than that 

of C3, which may be attributed to the difference in bond strength (C=O 799 kJ/mol, 

C-O 358 kJ/mol). Meanwhile, different transformation of C-C bond (bond strength 

346 kJ/mol) was found in transfer layers derived from B2.0 and C2.5 coating 

respectively: in case of B2.0 coating, the amount of C-C bond decreased rapidly from 

the initial value of 32.64 at.% to 3~8 at.% over the first 100 m, while both the content 

of C=O and C-O bond increased to 3 times higher, and the C=C (bond strength 602 

kJ/mol) content grew linearly from 52.5 at.% to 58.31 at.%; nevertheless, in case of 

C2.5 coating the broken C-C bonds mainly transferred to C=C and C=O, and the C-O 

content decreased rapidly over the first 50 m and kept at a low level (<9 at.%) 

afterwards. However, deeper understanding on this different behavior of chemical 

transformation is still in controversy. 

In respect of the generation of C/O groups in chemisorption layer, a widely 

accepted mechanism is that the broken C–H bonds on the top surface generate 

dangling bonds C– and easily form adhesive junctions like C=O groups with ample 

presence of O2 and H2O [13, 14, 19, 20, 35, 36]. Indeed, by eliminating the effect of 

physisorption layer, a negative role of C/O bond on the low-friction performance is 

clearly revealed in Fig. 6.30. The average friction coefficient evolved correspondingly 
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with the total content of C–O and C=O bonds, and B2.0 coating with higher content 

of C/O exhibited higher CoFs than C2.5 coating. It is believed that compared with the 

initial a-C:H coatings which are saturated by C–H bonds (bond strength 411 kJ/mol, 

electro-negativity C:H=2.55:2.1) on top surface, the C/O-covered surface (electro-

negativity C:O=2.55:3.44) of transfer layer generate stronger polarization toward top 

surfaces, and thus lead to stronger adhesion forces between sliding surfaces. 

  
(a) N=681                                                   (b) N=68209 

Figure 6.28 Deconvolution analysis of C1s spectra of transfer layers derived from 

B2.0 coating when N was 681 and 68209, respectively. 
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Figure 6.29 The atomic content of various carbon bonds of transfer layers in 

dependence of increasing sliding distance. 
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(a) B2.0 coating 

 
(b) C2.5 coating 

Figure 6.30 The correlations between atomic content of C/O bonds and average 

friction coefficient with increasing sliding distance. 

Meanwhile, the friction-induced phase transformation of carbon base from sp3 C to 

sp2 C could also cause addition adhesion force because of the π-π* attraction [4, 10]. 

Furthermore, the low fragmentation degree of hydrocarbon source ionized by hot 

filament method could enhance the formation of C/O groups on the top surface of a-

C:H coating, and consequently lead to an increase of CoFs in ambient air [20]. 

  6.5 Conclusions 

In this paper, a-C:H coatings grown by ion vapor deposition were tribotested on a 

ball-on-plate device in N2 atmosphere  and ambient air. An Obvious correlation 

between the nanoclustering structure of a-C:H coating and its friction performance 

was observed, especially as tribotests conducted in N2 atmosphere. We found 
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comparatively higher friction coefficient in diamond-like coatings as bias voltage was 

1.5~2.5 kV and lower friction coefficient in polymer-like coatings and graphite-like 

coatings (still with hydrogen content about 18 at.%). A Raman characterization of 

wear marks revealed that compared with as-deposited coating, the ball scar derived 

from B0.5 coating showed a reduce of I(D)/I(G), a slight decrease of G peak width 

and moderated increase of G peak position, which implies a transformation of sp2 C 

bonded from aromatic rings to chains with relatively higher coordination of 

hydrogens. The transfer layer in such kind of structure in rich of chain-like sp2 CH1,2 

can show good lubricant properties in dry sliding conditions. Also, it is inferred that 

the boundary hydrogen-free sp2 C' sites trapping around graphite-like sp2 C'' clusters 

may inhibit the formation of well-lubricant transfer layers in rich of chain-like sp2 

CH1,2 bonds.  

Furthermore, by performing one set of overlapping tribotests of a-C:H coating/steel 

ball tribopairs in ambient air, both the morphology and chemical characteristics of 

transfer layers were tracked by ex situ optical microscopy, XPS and SEM/EDX. 

Carbon-based transfer layer was built up in the first sliding cycle in all the tribotests, 

and covered by an oxygen-rich chemisorption layer on the top surface. A three-stage 

model was presented to describe the wearing process of studied a-C:H coating/steel 

ball tribopairs sliding in ambient air. The XPS detection of Ar+-cleaned transfer layer 

showed that except for the typical graphitization of transferred carbon materials, a 

noticeable tribochemical oxidation of carbon also occurred on the top surface of 

transfer layer and impacted the friction force strongly. The average CoFs increased 

correspondingly with the total content of C/O bonds in this tribochemical oxidation 

layer.  
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7 Summaries 

In this thesis, structural characterization of ion-vapor deposited hydrogenated 

amorphous carbon (a-C:H) coating in terms of the sp3/(sp3+sp2) ratio, sp2 site 

clustering structure and fabricated defect distribution has been studied by applying 

solid state 13C NMR.  

Primarily, the sp3/(sp3+sp2) ratio of studied coatings deposited under various 

substrate bias voltages was obtained by using 13C MAS technique. By comparison, a 

higher sp3/(sp3+sp2) ratio was obtained by CPMAS spectra, which implies that in 

studied a-C:H coatings, there is a preferential coordination of hydrogen atoms to sp3 C. 

Consistently, the mechanical properties of studied a-C:H coatings are not rigidly 

correspond to the total fraction of sp3 C, but to the fraction of diamond-like 

cross-linked sp3 C-C bonds. 

Secondly, by employing 13C MAS and 13C CPMAS techniques, a heterogeneous 

nanoclustering structure composed of two distinct types of sp2 C clusters were 

discovered in studied a-C:H coatings. One of them denoted as sp2 C′ in content of 

3~12 at.% is specifically localized in hydrogen-free regions, and the other in majority 

denoted as sp2 C′′ is hydrogenated or at least proximate to hydrogen atoms. The size of 

sp2 C clusters is strongly dependent on ion energy in deposition process and thus 

affects the disordering of carbon network in medium range order. On basis of the 

notably consistent dependence of sp2 C′ fraction and Raman G peak width on bias 

voltage within 0.5~3.5 kV, a heterogeneous nanoclustering model of sp2 sites has been 

proposed that the sp2 C′ sites are embedded between dominant sp2 C′′ clusters and sp3 

C matrix as grain boundaries or trapped interfaces where sp2 hybridized bonding are 

highly distorted. Also, according to the Raman and optical band gap characterizations, 

the variation of cluster size in dependence on bias voltage was classified. When bias 

voltage is below 1 kV, there is a low localization of sp2 C'' sites with small cluster size 

so that the fraction of boundary sp2 C' sites is also few; as it grows to 1.0~2.5 kV, 
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higher ion energy enhances the clustering of sp2 C into six-fold aromatic rings so that 

both the size and population of sp2 C'' clusters increases largely, and accordingly the 

fraction of boundary sp2 C' sites increases obviously. A further increase of bias voltage 

may promote a large expansion of sp2 C'' clusters through integration and reordering 

of individual sp2 C'' clusters into larger ones, so that the fraction of boundary sp2 C′ 

sites will decrease significantly in turn.  

Next, the validity of presented heterogeneous clustering model was confirmed by 

an exponential fitting analysis on magnetization relaxation curve of sp2 C′′, sp2 C′ and 

sp3 C spins by using saturation recovery technique. Results revealed that the 

spin-lattice relaxing of sp2 C′′ spins were considerably affected by paramagnetic 

centers with stretched index α equal 0.8 and T1 equal 2.8 s, while the sp2 C′ spins and 

sp3 C spins showed a weak influence sp3 C spins with T1 equal 5 s and  3.7 s, 

respectively. Such differences of T1 among sp2 C′′, sp2 C′ and sp3 C spins verify the 

heterogeneous structure of studied a-C:H coatings, and the stretched-exponential 

approximation of sp2 C′′ spins obviously suggests a partial distribution of 

paramagnetic centers near sp2 C′′ clusters. For 1H spins, the magnetization recovery 

curves showed fine stretched-exponential approximation with stretched index α about 

0.5 and T1 within 20~40 ms and better bi-exponential approximation with two T1 

components fluctuating within 25~55 ms and 0.1~0.3 ms in fraction of 70~80% and 

30%~20%, respectively. Both the ultra short component of T1(H) and the stretched 

index α approaching 0.5 certainly suggest considerable presence of paramagnetic 

centers in studied coatings. An interrupted 13C CPMAS saturation recovery spectra 

with relaxing interval as the short component of T1(H) showed that most of 

quick-relaxing protons localize in sp2 C′′ clusters but nearly absent in sp3 matrix and 

boundary sp2 C' sites.  

Finally, considering the unique heterogeneous structure and their effects on 

tribological properties of studied coating, tribotests were conducted in N2 atmosphere 

and ambient air by using a standard ball-on-plate tribometer. Obvious correlations 

between nanoclustering structure and friction performance of a-C:H coatings has been 
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observed especially in N2 atmosphere. Comparatively higher friction coefficient 

generally occurred in phase of diamond-like coatings, namely as bias voltage was 

1.0~2.0 kV, while lower friction coefficient usually occurred in polymer-like and 

graphite-like coatings (still with hydrogen content about 18 at.%). A characterization 

of wear marks by Raman spectroscopy demonstrated that compared with as-deposited 

coating, the ball scar derived from B2.0 coating showed largest growth of I(D)/I(G) 

and reduce of G peak width with moderate upward shift of G peak position which 

implied a great transformation of sp3 C to amorphous sp2 C in aromatic rings, while 

the ball scar derived from B0.5 coating showed a reduce of I(D)/I(G) and G peak 

width with moderated upward shift of G peak position which implied a transformation 

of sp2 C from aromatic rings to chains, in coordination with hydrogens and showing 

good solid lubricity. It was inferred that the boundary sp2 C' sites trapping around sp2 

C'' clusters may inhibit the formation of lubricant transfer layers enriched of sp2 C-H 

bonds in chains under dry sliding conditions and lead to high friction coefficient. By 

comparison, the overlapping tribotests of a-C:H coating/steel ball tribopairs in 

ambient air showed that with the presence of oxygen and water molecule in sliding 

atmosphere, the noticeable oxidizing tribochemical reactions would play a dominant 

role in the determination of lubricant properties of transfer layers. 
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