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                                                          Abstract 

    In this study we have deposited silver-containing hydrogenated and hydrogen-free diamond-

like carbon (DLC) nanocomposite thin films by plasma immersion ion implantation-deposition 

methods. The surface and nano-tribological characteristics were studied by x-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM) and nano-scratching experiments. The 

silver doping was found to have no measurable effect on sp2-sp3 hybridization of the 

hydrogenated DLC matrix and only a slight effect on the hydrogen-free DLC matrix. The surface 

topography was analyzed by surface imaging. High- and low-order roughness determined by 

AFM characterization was correlated to the DLC growth mechanism and revealed the smoothing 

effect of silver. The nano-tribological characteristics were explained in terms of friction 

mechanisms and mechanical properties in correlation to the surface characteristics. It was 

discovered that the adhesion friction was the dominant friction mechanism; the adhesion force 

between the scratching tip and DLC surface was decreased by hydrogenation and increased by 

silver doping. 
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1. Introduction 

       Diamond-like carbon (DLC) coatings have attracted significant research attention for their 

wide applications as protective layers because of their high strength, low roughness and excellent 

tribological properties. Recently composite DLC-metal coatings, especially DLC-Ag, have 

gained increasing attention as a new area of DLC research. Due to the amorphous nature of DLC, 

metallic species can be doped into DLC coatings to form nanocomposites with special 

functionalities, with only small effect on DLC’s good mechanical and tribological properties. For 

example, in biomedical research, minute silver concentration is highly toxic to germs while 

relatively non-toxic to human cells [1-6]. In optical device application, multilayer coatings of 

DLC/Ag-alloy can be made transparent and have low emissivity which make them attractive for 

window applications [7]. It has been suggested that the doping of DLC with silver may also be 

used as coating materials for electrodes in electrochemical analysis in microelectromechanical 

systems [8]. As protective layer, DLC-Ag has demonstrated low coefficient of friction and high 

wear resistance [6,9,10]. 

        While the effect of adding silver to DLC coatings has been tested to be beneficial in a 

variety of applications, the surface and nano-tribological properties of these films are not yet 

completely understood. In order to justify the application of DLC-Ag nanocomposite thin films 

in various applications, in this study surface analysis and nano-tribological testing were carried 

out ex-situ for DLC-Ag nanocomposite thin films deposited by plasma immersion ion 

implantation-deposition (PIII-D) methods. Clearly the effect of surface chemistry and 

topography can affect the nano-tribological properties of thin films; therefore the relevance of 

such change with respect to the effect of hydrogenation has been analyzed by comparing the 

effect of silver addition in both hydrogenated and hydrogen-free DLC. Besides hydrogenation, 
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another important variable that can significantly affect the nano-tribological behaviors of DLC is 

the sp2/sp3 carbon bonding ratio in the DLC network. In the past it has been very difficult to 

separate the effect of hydrogenation, metal doping and sp2/sp3 ratio. In this study we overcame 

such limitation by the use of “selective bias” PIII-D techniques which allowed us varying the 

doping of metal element and the hydrogen content in the films without significantly modifying 

the sp2/sp3 ratio [11]. In this paper the notation of a-C:H and a-C are referred to hydrogenated 

and hydrogen-free DLC; the corresponding silver-containing samples are referred to a-C:H/Ag 

and a-C/Ag. X-ray photoelectron spectroscopy (XPS) was used to analyze the chemistry of the 

top surface layer; atomic force microscopy (AFM) was used to characterize the surface 

topography; and mechanical tests of nano-scratching were carried out to determine the nano-

tribological characteristics. 

 

2. Experimental 

    In order to study the hydrogenation and silver doping effects on the surface and nano-

tribological properties of the DLC films, four samples were deposited and tested: a-C:H, a-

C:H/Ag, a-C and a-C/Ag. The DLC-Ag nanocomposite thin films were grown by PIII-D 

methods as follows. A thick layer of chromium was deposited firstly onto the silicon substrate as 

a buffer layer. The hydrogenated films were grown from a methane reactive precursor together 

with pulsed cathodic arc deposition using a silver cathode. Carbon and hydrogen were taken 

from the process gas as chemical vapor deposition (CVD) process; and silver came from the arc 

cathode as physical vapor deposition (PVD) process. The hydrogen-free films were grown by 

alternating arc pulses from two separate cathodic arc sources of carbon and silver. The feedstock 

materials were exclusively the two cathodes; no background gas was needed or added. The 
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substrates were biased with negative 1 kV pulses that were 2 µs long, with a duty cycle of 12.5%. 

One of the advanced features of the deposition system was that it was equipped with a computer-

controlled bias amplifier that can synchronize substrate bias with the pulsing production of 

plasma. In order to avoid excessive re-sputtering of carbon atoms during the deposition of silver, 

no bias voltage was applied during the deposition of metallic component [11]. Such substrate 

biasing also allowed good control of sp2/sp3 ratio.  

    The four nanocomposite thin films were characterized by an XPS system (PHI 5400, 

Physical Electronics) equipped with a monochromatic Al-Κα (1486.6 eV) X-ray source and a 

spectrometer operated at pass energy of 35.75 eV and energy step of 0.05 eV at 50 ms. Each scan 

was repeated 20 times to take the average. The surface topography was measured by AFM 

(Dimension 3100, Veeco Digital Instruments) operated in tapping mode with a drive frequency 

of 259.332 kHz and at a scan rate of 2 Hz. For a quantitative evaluation of the surface 

topography, the centerline average (CLA) roughness Ra, root-mean-square (RMS) roughness Rq, 

skewness S, and kurtosis K were calculated from surface height data  obtained from 1 × 1 µm2 

AFM area scans by using numerical integration and the following relationships:  
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where N is the number of surface height data (i.e. N = 512 × 512 = 262144) and z is the mean-

height distance. The surface nano-mechanical properties of the deposited coatings were studied 
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with a nano-scratching apparatus (Nanoscope II, Digital Instruments) retrofitted with a capacitive 

force transducer (Triboscope, Hysitron) operated in a controlled environment of temperature ~25 

oC and relative humidity ~ 45 percent. The machine setup has been introduced elsewhere [12]. 

The nano-scratching tests were performed with a conospherical diamond tip with ~ 20 μm 

nominal radius; the normal loads were 10, 20, 40 and 80 μN; the scratching speed was set to 400 

nm/s. Every scratch was done on a new location and along a 8 μm straight line. The coefficient 

of friction, =μ F/L, where F is the lateral frictional force and L is the applied normal load, was 

calculated only for the last 4 μm scratching distance to avoid the initial static-dynamic transition 

instability.  

 

3. Results and discussion 

    The chemical composition, sp2- and sp3-coordinated carbon content and microstructure of 

the films have been analyzed in a previous paper [1]. The silver content was measured to be 

5.5±1 and 5.6±1 at.% for a-C:H/Ag and a-C/Ag, respectively. The qualitative depth-profile of 

hydrogen was obtained for both hydrogenated films. Other results by x-ray diffractometry (XRD) 

and transmission electron microscopy (TEM) have revealed that under similar deposition 

conditions the silver species cluster to be nano-crystalline phase in the film with grain size 

around 5 nm [5,9,13]. This study aims at surface properties and nano-tribological characteristics, 

therefore XPS and AFM exclusively give surface properties of the four samples, with the 

previous results as the complementary information.  

The deconvoluted XPS C1s peaks of the four samples are shown in Fig. 1 after performing a 

Shirley inelastic background subtraction [14]. Four Gaussian profiles with characteristic binding 

energies were fitted to each C1s peak; each was associated with a film constituent of a certain 
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chemical state [15,16]. Table 1 summarizes the deconvolution details. The carbon peaks at 

binding energies of ~284.5 and ~285.4 eV (denoted by C1s-1 and C1s-2) correspond to sp2- and 

sp3-coordinated carbon bonding, respectively. It is noteworthy that their full width at half 

maximum (FWHM) increase by the silver doping. Because XPS measures the core-level electron 

energy, which is a quantumized value, the peak width is incurred by the measuring noise. The 

possible explanation of the FWHM increase by silver doping is because of the disordering of the 

top surface layer microstructure. The disordering of carbon due to ion bombardment has been 

explained in detail [17], and has also been observed in the Raman scan on the hydrogen-free 

DLC-Ag nanocomposite [1]. The sp2 and sp3 carbon fractions in the amorphous phases can be 

estimated by using deconvolution method of the C1s XPS spectra proposed by Jackson and 

Nuzzo [18] and Diaz et al [19]. By comparison silver doping slightly decreased the sp3 content in 

hydrogen-free DLC, while for hydrogenated DLC the sp2/sp3 ratio was relatively constant. An 

explanation for the slight drop in sp3 content in hydrogen-free DLC is due to its cathodic arc 

deposition process that the subplantation mechanism [20,21] was suppressed by the presence of 

silver [13,22]. Also, the silver species may have formed nano-particles that absorbed 

compressive stress from the DLC matrix to reduce the carbon densification [6]; this effect is 

more pronounced in hydrogen-free DLC films than hydrogenated DLC films because in 

hydrogenated DLC films hydrogen fills up much of the empty space of the DLC network and 

therefore the magnitude of compressive stress was less during deposition. The other two carbon 

peaks, denoted by C1s-3 and C1s-4 respectively, are associated with sp2 and sp3 carbon bonding 

with adsorbents on the coating surfaces. In Fig. 2 the silver signals reveal the presence of silver 

at the top surface. Because the Ag 3d spectra do not reveal discernible peak broadening, the 

silver species can be inferred to exist mostly in the metallic state [3]. This provides another 
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evidence to the existence of nano-crystalline silver particles in the DLC matrix in addition to the 

previous observations by other techniques [5,9,13]. 

 Because this study focuses on surface and nano-tribological characteristics, the film surface 

characteristics rather than the film bulk properties are emphasized. The surface topographic 

images taken by AFM are shown in Fig. 3; the roughness values are plotted in Fig. 4. On the 

surface of a-C:H, the grain-like morphology was very likely because the deposited DLC 

followed the preexisting surface structure, reflecting the crystalline chromium feature underneath 

[9]. The surface morphology of a-C:H/Ag contains finer grain-like feature than a-C:H possibly 

because the silver species formed nano-particles that also affected the growth of the DLC. The 

grain-like morphology is less obvious with a-C which demonstrated certain smoothing 

mechanism; the smoothing was probably due to the diffusion effect of energetic carbon ions 

from cathodic arc. The surface of a-C/Ag is very smooth for the possible reason that energetic 

carbon ions and silver ions from cathodic arc interacted during deposition and the diffusion 

effect was enhanced. In Fig. 4, a-C/Ag shows the lowest Ra, Rq values. It is noticeable that silver 

doping reduced Ra, Rq values for hydrogenated film as well because the 3D-growth of silver 

content also has the smoothing effect [23]. The high-order roughness values reveal some 

difference between hydrogenated and hydrogen-free DLC coatings. The fact that  ,0≈S 3≈K  

for the hydrogenated samples tells that their surface microscale topography exhibited a Gaussian 

distribution, which is the result of very uniform microstructure and chemical species. The high 

kurtosis (K > 5) of hydrogen-free coatings reveals the existence of some uneven local features on 

the surfaces. The a-C had negative skewness while a-C/Ag had positive skewness, which reveals 

that their surfaces contained some dents and spikes, respectively. It is hypothesized that a-C film 

was slightly contaminated by macroparticles during the cathodic arc deposition which left some 
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pin-holes; while a-C/Ag possibly contained some silver nano-particles that made the surface of 

some protrusions out of the otherwise highly smooth surface. The surface morphology was also 

under the influence of surface energy; the hydrogenation and silver doping decreased and 

increased the surface energy of the DLC films, respectively, which may thermodynamically 

affect the surface morphology. However such effect was very small compared to the smoothing 

effects of energetic carbon and silver ions during the PIII-D deposition. 

     The nano-scratching tests with different loads on a-C:H/Ag have been plotted in Fig. 5 to 

show as an example of such testing. The coefficient of friction, μ , was observed to have a lower 

average value and less fluctuation under higher applied loads. The average value of μ , μ , 

decreased with applied load because they were calculated only with the measured normal and 

lateral forces; the adhesion force between the tip and sample surface was not counted. When the 

normal applied load was small, the adhesion force was comparable to the external load and 

raised the apparent μ  value [24]. A study involving contact geometry and adhesion force 

predicts that μ  is inversely proportional to the cubic root of the normal applied load, i.e., 

μ  ∝  L-1/3, where L is the applied load [25].  

     The μ  and the standard deviation ofμ , )(μσ , were plotted in Fig. 6 to make a comparison 

between the four samples. The frictional force may come from two different mechanisms: 

adhesion associated with elastic deformation of the surfaces, and abrasion (plowing), which 

involves plastic deformation. The surface imaging by AFM after the nano-scratching tests did 

not yield any discernible evidence of permanent deformation, suggesting that the scratching was 

predominantly elastic. The μ  under high loads were less than 0.2, which is in agreement with 

the prediction of the classical adhesion theory of friction [26]. Generally the adhesion force is 

proportional to the surface energy of the two contacting surfaces, which depends on the number 
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of dangling bonds on the surface and the degree of surface reconstruction [27]. The vertical 

surface adhesion force can be modeled as γπχRP −= , where γ  is the surface energy, R is the 

contact asperity radius, and χ is a computation factor ( χ =1.5 for the John-Kendall-Roberts 

model) [28,29]. It is reasonable to infer that the lateral-direction frictional force is also 

influenced by surface energy. Hydrogen decreases the DLC surface energy [27,30]; whereas the 

presence of silver on the top surface increases the surface energy [2,5,31]. Therefore the 

chemical composition partially explains the results that hydrogenated films had lower μ  than 

hydrogen-free films, and that DLC nanocomposite films doped with silver had higher μ  than 

pure DLC films.  

      The mechanical properties could also contribute to the friction difference across the samples. 

Under high external load, i.e. 80 µN, the plastic shearing (plowing) effect could be high and the 

frictional force was dependent on the materials bulk properties, such as modulus and hardness. 

With this mechanism, coatings of lower strength involved a larger plowing effect, and thus more 

frictional force [32]. The previous paper has shown that silver doping increases the strength of 

hydrogen-free DLC films while decreases the strength of hydrogenated DLC films [1]. However, 

the mechanical property effect was secondary to the surface energy effect within the load range 

of this study.  

      The low-order roughness values are usually also related to the tribological behavior. The Ra, 

Rq values are inversely related toμ  because low roughness induces more adhesion force by non-

contacting (proximity) surface asperities [33,34]. The surface roughness effect is best illustrated 

by a-C/Ag which had the lowest Ra, Rq values and highest μ . Though )(μσ  in Fig. 9(b) was 

found to vary inversely with Ra, Rq values, the exact correlation could not be confirmed. There 
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are several reasons that may contribute to )(μσ , including the scratching speed, the tip-surface 

adhesion strength, and the magnitude of μ . Further studies of the nano-tribological properties 

re expected to explain the friction statistics and possible existence of wear particles. 

4. S

portional to the surface energy that was directly related to the surface 

chemical composition. 

a

 

ummary and Conclusions 

In this study, PIII-D methods were employed to deposit hydrogenated and hydrogen-free 

DLC-Ag nanocomposite thin films.  One method was a hybrid CVD-PVD process, leading to 

hydrogenated films, and the other used alternating cathodic arcs from two cathodes giving the 

hydrogen-free films. The comparative study of the nanocomposite thin films was carried out to 

determine the silver doping and hydrogenation effect on the surface and nano-tribological 

characteristics. The XPS results revealed slight effect of silver doping on carbon hybridization 

and disordering. The surface imaging, low- and high-order roughness obtained from AFM 

demonstrated the smoothing effect of silver, and different growth mechanism of hydrogenated 

and hydrogen-free DLC-Ag nanocomposite films by PIII-D method. The nano-tribological 

results by nano-scratching testing revealed that the adhesion friction was the dominant friction 

mechanism under load force less than 80 µN and with a tip of ~20 µm radius; this mechanism 

could have caused the inverse relationship between coefficient of friction and external applied 

load. This observation suggests that when the adhesion friction was dominant, the sample’s 

mechanical properties did not contributed significantly to the friction difference across the 

samples; it further suggests that the adhesion force was dependent on the low-order surface 

roughness, and was pro
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List of Figures 

Fig. 1. C1s XPS spectra of (a) a-C:H, (b) a-C:H/Ag, (c) a-C, and (d) a-C/Ag with Gaussian 

distribution fits. The spectra were plotted after the inelastic background subtraction. 

Fig. 2. Ag 3d XPS spectra of (a) a-C:H/Ag, (b) a-C/Ag. 

Fig. 3. The AFM image with the scan size of 1 × 1 μm2 of (a) a-C:H, (b) a-C:H/Ag, (c) a-C, and 

(d) a-C/Ag. 

Fig. 4. Surface roughness determined from 1 × 1 μm2 AFM images: (a) CLA roughness, (b) 

RMS roughness, (c) skewness, and (d) kurtosis. 

Fig. 5. The coefficient of friction, μ  versus sliding distance, x of a-C:H/Ag from nano-

scratching tests with 400 nm/s scratching speed and normal load of (a) 10 μN, (b) 20 μN, 

(c) 40 μN, and (d) 80 μN. 

Fig. 6. (a) The average value of coefficient of friction μ , and (b) the standard deviation of 

coefficient of friction )(μσ  of the four samples with different normal loads. 
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Tables 

 

 

Table 1. List of the XPS deconvolution results and sp2/(sp2+sp3) ratios of the four samples. 
 

         C1s-1 C1s-2 C1s-3 C1s-4 Area ratio 

Sample 
Position 

(eV) 

FWHM 

(eV) 

Position 

(eV) 

FWHM 

(eV) 

Position 

(eV) 

FWHM 

(eV) 

Position 

(eV) 

FWHM 

(eV) sp2/(sp2+sp3)

a-C:H 284.51 1.60 285.43 1.57 286.83 1.58 288.33 1.58 0.746 

a-C:H/Ag 284.65 1.70 285.76 1.71 286.95 1.64 288.65 1.65 0.730 

a-C 284.55 1.64 285.48 1.64 286.68 1.64 288.42 1.64 0.667 

a-C/Ag 284.40 1.72 285.48 1.72 286.88 1.62 288.30 1.68 0.744 
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