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Abstract 

Direct current (dc) filtered cathodic vacuum arc (FCVA) was used to synthesize ultrathin carbon 

films on silicon substrates. The depth profiles, near-surface chemical composition, fractions of 

tetrahedral (sp3) and trigonal (sp2) carbon atom hybridizations, roughness, and hardness of the 

carbon films were determined from Monte Carlo (T-DYN) simulations, X-ray reflectivity (XRR), 

X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and surface force 

microscopy (SFM), respectively. It was found that films with a thickness of only a few 

nanometers contained smaller sp3 fractions than much thicker films. The effective hardness was 

found to depend on the sp3 fraction and silicon-carbon composition profile. The formation of 

different carbon atom bonds, film growth mechanisms, and optimum process conditions for the 

synthesizing ultrathin carbon films are interpreted in the context of T-DYN, XRR, XPS, AFM 

and SFM results. 
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I.    INTRODUCTION 

Carbon films are used as protective overcoats in numerous industrial and scientific 

applications due to their high hardness and elastic modulus and excellent corrosion resistance.1-3 

High demand for ultrathin, durable carbon films in various leading technologies, such as hard-

disk drives, dynamic microdevices, and bioimplants, has generated increased interest in 

deposition of ultrathin carbon films exhibiting uniformity, low roughness, high content of 

tetrahedral carbon atom hybridization (sp3), and good adhesion to substrates. Among various 

techniques for synthesizing carbon films, the most common are radio frequency sputtering,4-8 

ion-beam deposition,9-14 laser ablation,15 and filtered cathodic vacuum arc (FCVA).16-21 FCVA is 

a particularly promising technique for depositing continuous, ultrathin carbon films of high sp3 

contents and excellent mechanical properties.1-3,17,19,22 For example, hydrogen-free carbon films 

synthesized by FCVA have been reported to exhibit hardness approaching that of diamond.21,23,24 

Significant efforts have been devoted to improve the FCVA technique by analyzing the 

discharge mechanisms,2,24-26 improving macroparticle filtering,16,27-29 and using pulsed or direct 

current (dc) arc.18,19,25,30 However, the limiting carbon film thickness and associated FCVA 

conditions have not been determined yet. For film thickness of only a few nanometers, 

compositional variations could be significant due to the effect of interfaces. Ion implantation 

simulations have been proven powerful tools for determining stoichiometric distributions. 

Important insight has been gained from calculations of energetic atom displacements in solids 

and simulations of ion trajectories.31-36 The TRIM code, one of the most common Monte Carlo 

ion trajectory simulation program, which initially accounted only for ion interactions with the 

virgin target,37 was modified to include the effects of ion backscattering, re-sputtering, target 

atom displacement, and phonon/electron excitations, enabling dynamic simulations involving ion 
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cascades and continuously changing composition.38,39 T-DYN is a dynamic simulation code 

based on TRIM, which has been verified by experimental results of atomic mixing,40 depth 

profile,9,10,41 and sputtering yield.42,43  

Earlier studies have revealed a correlation between high hardness and high sp3 content of 

carbon films.1,2,19,21,23 Hard carbon films with high sp3 contents have been synthesized under a 

carbon ion energy of ~120 eV, corresponding to –100 V pulsed substrate bias voltage and ~20 

eV initial carbon ion energy of the cathodic arc discharge.2,19,21,44,45 One of the main objectives in 

this study was to determine if the good properties of films synthesized under ~120 eV carbon ion 

energy can be preserved while decreasing the process time, which is linearly related to the ion 

fluence, to obtain uniform carbon films of minimum thickness. The FCVA conditions 

corresponding to the ultrathin film region were studied by fixing the process time and tuning the 

substrate bias. X-ray photoelectron spectroscopy (XPS) was used to systematically examine 

carbon bonding changes in terms of implanting ion fluences and substrate bias. Film thickness 

and composition depth profiles were determined from T-DYN simulations and X-ray reflectivity 

(XRR) measurements. The film roughness, measured with an atomic force microscope (AFM), 

was interpreted in terms of atomic carbon bonding and carbon atom diffusion at the film surface. 

The nanomechanical properties of the films were investigated with a surface force microscope 

(SFM). The results provide insight into the carbon bonding formation and growth mechanisms of 

ultrathin carbon films synthesized by the FCVA method.  
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II.    EXPERIMENTAL PROCEDURES 

A. Synthesis of carbon  films by FCVA  

Synthesis of carbon films on Si(100) substrates was accomplished with a custom-made dc 

FCVA system by applying constant potential and current between the anode and cathode of 24 V 

and 70 A, respectively. A detailed description of this system is given elsewhere.46 Although the 

dc arc discharge yields high deposition rates, it is limited by arc discharge instabilities. In the 

current system, a special design of the magnetic field at the cathode and the anode was used to 

stabilize the arc discharge.46 It was found that carbon ions arrived at the substrate surface at a 

flux rate of ~1.48 ×  1015 ions/cm2·s. Macroparticle filtering was achieved with an out-of-plane 

S-configuration magnetic filter. The substrate was pulsed biased at a frequency of 25 kHz with a 

voltage of average value varying from 0 to –300 V. All of the FCVA experiments were 

performed on 4-inch-diamter Si(100) wafers which were first sputter-cleaned for 3 min with a 

500-eV, 16-mA Ar+ ion beam at 60o incidence angle. During sputter cleaning and FCVA 

processing, the substrate holder was rotated at 60 rpm to obtain an etched layer and a carbon film 

of uniform thickness. A cryogenic pump was used to obtain a base pressure of less than 3 × 10–7 

Torr in all film syntheses. 

B. Thickness and compositional profiles 

The binary atom collisions during the FCVA process were simulated by classical-

trajectory method using the T-DYN software (version 4.0) to give the composition profiles. The 

ion energy and ion fluence, measured experimentally, were the input parameters in the T-DYN 

simulations, performed to a depth of 20 nm from the top surface layer in 100 evenly split 

channels. Details of the conditions and logarithms are given elsewhere.40 The binding energy for 

Si and C were set to 2.32 and 2.27 eV, respectively, and the corresponding surface binding 
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energies to 4.7 and 7.41 eV, respectively. These are standard values for solid-state silicon and 

graphite. The impinging ion energy was set equal to the summation of the initial carbon ion 

energy of 20 eV (statistically, the most likely value45) and the energy due to the substrate biasing 

(in the range of 0–300 eV). All ions were assumed to impinge the substrate surface in the normal 

direction. 

    Film thickness measurements were obtained by XRR using a commercially available set 

up (X’Pert PRO MRD, PANalytical, The Netherlands) with an X-ray wavelength of 0.154052 

nm produced by a Cu-Kα X-ray tube. The generator current and voltage were set at 40 mA and 

45 kV, respectively, the step size at 0.005o, and the step time at 0.5 s. 

C. Microstructure analysis 

The synthesized carbon films were characterized by an XPS system (PHI 5400, Physical 

Electronics) equipped with a monochromatic X-ray source of Al-Κα (1486.6 eV). XPS was 

chosen because it can provide quantitative information about the bonding energy and bonding 

percentage of linear (sp1), trigonal (sp2), and tetrahedral (sp3) carbon hybridizations, and high-

energy contamination bondings.8 In the case of ultrathin films, bonding of the film to the 

substrate and ambient adsorbents cannot be neglected. In addition, XPS has a detection depth of 

~10 nm and, therefore, is suitable for surveying the overall bonding state of films with thickness 

less than 10 nm. The spectrometer was operated at pass energy of 35.75 eV for the C1s window 

scan. A 0.05-eV energy step applied in 50 ms increments was used to acquire the XPS spectra of 

the C1s peak. The area resolution of the XPS analyzer was ~1 mm2. The pressure in the XPS 

analyzing vacuum chamber was less than 2×10–8 Torr. The samples were not sputter cleaned 

before the XPS analysis.  
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The root-mean-square (RMS) surface roughness of the carbon films was measured with 

an AFM (Dimension 3100, Veeco Digital Instruments) using 1×1 μm2 scan areas. The AFM was 

operated in the tapping mode, using a drive frequency of 259.332 kHz and scan rate of 2 Hz.  

D. Nanomechanical testing 

The surface nanomechanical properties of the carbon films were studied with a SFM 

consisting of an AFM (Nanoscope II, Digital Instruments) retrofitted with a force transducer 

(Hysitron, Minneapolis, MN) having a sharp diamond tip of radius of ~67 nm. Details of the 

SFM system can be found elsewhere.47 The tip area function versus indentation depth was 

obtained from a calibration with a standard fused quartz with in-plane modulus equal to 69.6 

GPa. The triangular loading function with both loading and unloading times equal to 2 s was 

used in all nanoindentations. The hardness was measured as the ratio of the maximum load to the 

projected contact area of the diamond tip at the corresponding indentation depth.  

III.    RESULTS AND DISCUSSION   

A.      Film thickness and composition profiles 

In earlier studies it was observed that the highest sp3 content and best mechanical 

properties of relatively thick carbon films corresponded to a carbon ion energy of ~120 

eV.2,19,21,44 Therefore, T-DYN simulations were first performed for carbon ion energy of 120 eV. 

Figure 1 shows carbon depth profiles in silicon for carbon ion fluence in the range of 0.1–

9.0×1016 ions/cm2. While the increase of the ion fluence enhances the near-surface carbon 

concentration, it causes the carbon profile to extend deep into the silicon substrate. For low ion 

fluence (<1.0×1016 ions/cm2), the maximum carbon concentration occurs at a distance of ~1.5 

nm below the surface, which is the average stopping range of 120-eV carbon ions in silicon. An 

atomic fraction of carbon of ~80 at% is reached at the surface for a fluence of 1.8×1016 ions/cm2, 
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which causes the carbon profile to extend to a depth of ~6 nm. To obtain a uniform, high carbon 

concentration (~90 at%) up to a depth of ~10 nm the ion fluence must be increased above 

6.3×1016 ions/cm2. The compositional gradients in the depth profiles suggest that prescribing a 

unique film thickness for a given ion fluence is subjective. Therefore, it is preferred to use the 

composition profile for each FCVA process rather than the film thickness.  

Figure 2 shows T-DYN simulation results revealing the effect of carbon ion energy (or 

substrate bias) under fixed ion fluences on the carbon depth profile. The ion fluences of 3.6 and 

1.8 × 1016 ions/cm2 correspond to process times of 0.4 and 0.2 min, respectively. A comparison 

of Figs. 2(a) and 2(b) indicates that the surface carbon concentration increases with ion fluence 

and decreases with the increase of the ion kinetic energy, while the thickness of the carbon-

modified surface layer increases with the ion kinetic energy and ion fluence. The shallowest 

carbon profile (~5 nm) of high surface carbon content (~95%) is achieved for ~20 eV ion kinetic 

energy and 1.8 × 1016 ions/cm2 ion fluence, i.e., 0.2 min process time without substrate bias [Fig. 

2(b)]. High ion energy enhances the implantation range of carbon ions, resulting in the 

broadening of the carbon depth profile. Therefore, low ion kinetic energy is needed to synthesize 

a carbon (~95 at% C) film of minimum thickness (~2 nm). 

Because in the T-DYN simulations a uniform ion impinging energy was assumed and 

chemical reactions, diffusion, and atomic bond formation were neglected, the simulation results 

are applicable for low ion fluences under which the previous mechanisms can be neglected as 

producing insignificant localized effects on the composition. XRR measurements were used to 

validate the T-DYN results. The intensity of the reflected X-ray depends on the surface and near-

surface electron density.48 The depth where the carbon fraction decreases sharply controls the 

intensity of the reflected X-ray. Figure 3 shows XRR curves for ~120 eV ion kinetic energy, i.e., 
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–100 V pulsed substrate bias. The periodic fringe patterns can be related to the X-ray travel 

length through the sample surface.49,50 By performing a fast Fourier transform of the periodic 

curves,51,52 the calculated depth of the X-ray reflection was found equal to 40.2, 27.1, 12.5, 6.7, 

and 2.3 nm for process time equal to 3.0, 1.5, 0.7, 0.4, and 0.2 min, respectively. The 2.3, 6.7, 

and 12.5 nm depth values are close to the shoulder edge of the T-DYN simulation profiles for ion 

fluence equal to 1.8, 3.6, and 6.3×1016 ions/cm2 (Fig. 1). The critical angle in the XRR curves 

was found to decrease with the ion fluence, suggesting a decrease in the density of the surface 

layer.49 However, density calculations based on the critical angle were avoided due to the 

absence of a uniform composition profile. 

B.  Microstructure and associated mechanisms 

Figure 4 shows a deconvoluted XPS C1s peak corresponding to ~170 eV ion kinetic 

energy (–150 V pulsed substrate bias voltage of 25 kHz frequency) and 0.4 min process time, 

which is representative of the C1s peaks obtained from most FCVA experiments. Six Gaussian 

profiles with characteristic binding energies were fitted to the C1s peak after performing the 

Shirley inelastic background subtraction,53 and each profile was associated with a carbon 

constituent of a certain chemical state. Details of the deconvolution and interpretation of each 

profile can be found elsewhere.8 Peaks C1s-1, C1s-2, and C1s-3 correspond to sp1-, sp2- and sp3-

coordinated carbon hybridizations, respectively, while peaks C1s-4, C1s-5, and C1s-6 

correspond to carbon bonding to the surface adsorbants4,8 and, hereafter, will be referred to as 

satellite peaks. The sum of the satellite peak areas indicates the percentage of surface-adsorbent-

related carbon bonding. The respective fraction of each bonding can be estimated by calculating 

the area of the corresponding peak, as proposed in previous studies.54,55 The formation of sp3 

hybridizations in carbon films has been attributed to various mechanisms explained by different 
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models, such as subplantation,1,2,9,11 carbon-carbon atomic probabilistic collision,7 and 

compressive stress.56,57 However, these mechanisms are applicable for relatively thick carbon 

films synthesized under high ion fluence conditions.  

A dramatic change in carbon hybridization was observed with the decrease of the ion 

fluence. For an ion kinetic energy of ~120 eV, the binding energies corresponding to sp1, sp2, 

and sp3 hybridizations exhibited marginal changes with the variation of the process time, except 

for very short process times, i.e., very shallow depth profiles [Fig. 5(a)]. The higher binding 

energies obtained for relatively short process times (i.e., <0.5 min) correlate with a significant 

change in sp2 and sp3 hybridizations [Fig. 5(b)]. This result is in qualitative agreement with the 

reported low sp3 fraction of thin carbon films.20 According to the subplantation model,9-11 

energetic carbon ions penetrate into the substrate up to some depth, and the resulting carbon 

densification in the subsurface leads to a higher sp3 content compared to that in the near-surface 

region (<1.5 nm). Thus, the enhancement of sp3 hybridization is driven by a subsurface 

mechanism that requires a minimum thickness of high carbon concentration of ~1.5 nm. Another 

plausible explanation is the presence of a tensile stress in the tale of the carbon profile, as 

proposed for carbon/silicon interfaces where carbon atom bonding to the silicon surface gives 

rise to a tensile stress.5 Although this tensile stress can be relaxed by diffusion, a low sp3 fraction 

is not favored in the carbon-silicon interfacial layer. 

Low-ion-fluence FCVA was further studied with XPS by varying the substrate bias. 

Figure 6 shows the variation of different carbon bonding with the substrate bias for short process 

times. As mentioned earlier, the satellite fractions are related to physical adsorption of airborne 

contaminants, depending on the film microstructure and surface carbon bonding, i.e., unstable 

carbon at the surface may easily react with ambient contaminants. These reactions can cause a 
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decrease in the sp3 content.58 The highest sp3 content (~45%) was obtained with –150 V substrate 

bias voltage for process time fixed at 0.4 min [Fig. 6(a)]. The decrease of the process time to 0.2 

min to obtain a shallower carbon profile necessitated a bias voltage of –50 V to yield maximum 

sp3 content of ~40% [Fig. 6(b)]; however, these FCVA process conditions do not appear to be as 

conducive to sp3 formation as those of the previous case. According to the subplantation model, 

low-energy ions penetrating into the substrate induce a compressive stress and promote sp3 

hybridization.9,11 Any excess of ion energy can cause stress relaxation, atomic diffusion, and 

decrease in sp3 bond formation.6,44 The high sp1 and low sp2 contents obtained under a substrate 

bias voltage of –300 V can be attributed to chemical reaction of C with Si. X-ray diffraction has 

revealed the formation of nanocrystalline SiC at the carbon-silicon interface.46 When carbon is 

bonded with silicon, a significant sp1 peak (C1s-1 position) has been observed in the 

deconvoluted XPS C1s peak.59-61 It is likely that for an average ion kinetic energy of ~320 eV, a 

significant portion of the ion energy distribution is above the activation energy of SiC and, 

therefore, the sp1 hybridization is related to both carbon-carbon and carbon-silicon linear 

bonding. 

The roughness data shown in Fig. 7 provide information for the initial stage of surface 

modification and additional evidence of sp3 formation. In general, lower sp3 content is 

accompanied by higher surface roughness.11 However, for ultrathin films the surface roughness 

is controlled by the silicon substrate.62 In Fig. 7(a), the data point at zero process time 

corresponds to the Ar+ sputter-cleaned silicon substrate. Carbon atom adsorption and bonding at 

the sputter-roughened silicon surface is a spontaneous and highly exothermic process,63 

presumably resulting in the decrease of the initial roughness. The process time of 0.7 min may 

correspond to the transition from relatively low to high carbon concentration profile and the 
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greatest effect of surface smoothening by carbon atom adsorption. The roughness values for 

longer process time correspond to carbon profiles with increased sp3 contents. The decrease of 

the surface roughness with the increase of the process time may be related to the increase of the 

ion fluence, which promoted surface smoothening through the increase of the amount of carbon 

delivered to the surface. The low surface roughness for 0 and –50 V bias voltage shown in Fig. 

7(b) for fixed ion fluence may be attributed to a greater affinity of carbon atoms to adsorb and 

diffuse at the substrate surface, resulting in a smoothening effect. A local roughness peak is 

reached at a –100 V bias voltage due to deeper ion penetration and less carbon species at the 

surface resulting from the higher ion energy. The decrease in surface roughness for bias voltage 

between –100 and –200 V can be associated with the lower sp3 content of the film profiles 

causing a slight increase in resputtering and surface smoothening by low-degree surface 

diffusion. The significant roughening caused for bias voltage above –200 V is due to the intense 

bombardment of carbon ions that induced excessive atomic diffusion and surface damage.6,9,11,44  

C. Nanomechanical behavior 

Figure 8(a) shows a representative nanoindentation response for a sample processed at 

~120 eV ion kinetic energy and 3 min process time. The small residual displacement after 

unloading and force hysteresis defined by the loading and unloading paths of the nanoindentation 

response illustrates the resistance of the surface to plastic deformation. The significantly larger 

force hysteresis obtained with the original silicon substrate demonstrated the marked 

enhancement of the surface resistance to plastic deformation due to the formation of the carbon 

film. Using such force versus displacement curves, the maximum contact pressure was calculated 

by dividing the maximum indentation load by the projected area, determined from the tip shape 

function at the maximum displacement. Figure 8(b) shows that the variation of the maximum 
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pressure with the maximum displacement comprises two regions. In the first region, the contact 

pressure increases as plastic deformation accumulates below the tip. The decrease of the contact 

pressure in the second region is due to the more pronounced substrate effect at larger indentation 

depths. The peak of the maximum contact pressure represents the effective hardness of the 

processed material. The term effective hardness is used because it is a function of both the 

carbon film and substrate properties and reflects the surface resistance against plastic 

flow.21,23,47,50 The dependence of the effective hardness on process time and substrate bias is 

shown in Fig. 9. For fixed ion kinetic energy (~120 eV), the effective hardness increased with 

the process time [Fig. 9(a)]. This trend can be mostly attributed to the substrate effect, which 

becomes more significant with thinner films. For process time of 0.2 and 0.4 min, the highest 

effective hardness is obtained for bias voltage between –50 and –100 V [Fig. 9(b)]; however, 

higher effective hardness values were produced for 0.4 than 0.2 min process time due to the 

substrate effect. In addition to the substrate effect, the sp3 carbon hybridization may also affect 

the nanomechanical properties. For fixed carbon ion fluence, sp3 fraction was found to correlate 

to the effective hardness (Figs. 6 and Fig. 9). While high sp3 fraction results in high effective 

hardness, low carbon concentration due to deep penetration of high-energy carbon ions decreases 

the effective hardness. The trends shown in Fig. 9(b) are manifestations of two competing effects, 

namely sp3 carbon hybridization and carbon-silicon intermixing.  

IV.    CONCLUSIONS 

Ultrathin carbon films were synthesized onto silicon substrates using the FCVA 

technique. Carbon films with different compositions, roughness, and nanomechanical behaviors 

were obtained by varying the carbon ion kinetic energy (substrate bias) and ion fluence (process 

time).The carbon film profiles were simulated with the T-DYN code and validated by XRR 
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measurements. Results from XPS, AFM, and SFM analyses yielded insight into the 

microstructure, roughness, and nanohardness characteristics of the synthesized carbon films and 

mechanisms of carbon atom hybridization. Carbon films synthesized without substrate bias (~20 

eV ion energy) produced high carbon concentrations at the surface but relatively low sp3 contents, 

while high ion kinetic energies (>200 eV) degraded the film strength and increased the surface 

roughness. In the case of ultrathin films (<5 nm), i.e., 0.4 and 0.2 min process time, the highest 

sp3 content was obtained for substrate bias voltage of –150 and –50 V, respectively. The surface 

roughness was found to depend on the surface carbon concentration, and was also influenced by 

two competing mechanisms – surface diffusion that induced surface smoothening and intense ion 

bombardment that caused surface damage. The effective hardness for relatively short process 

time (i.e., 0.2 and 0.4 min) was influenced by the substrate deformation, sp3 fraction, and carbon 

concentration in the film. 
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List of Figures 

FIG. 1. Carbon depth profiles simulated with the T-DYN code for 120 eV kinetic energy of 

carbon ions impinging perpendicular to a silicon substrate surface.  

FIG. 2. Carbon depth profiles simulated with the T-DYN code for 20–320 eV kinetic energy of 

carbon ions impinging perpendicular to a silicon substrate surface and carbon ion fluence 

equal to (a) 3.6×1016 and (b) 1.8×1016 ions/cm2 corresponding to 0.4 and 0.2 min process 

time.  

FIG. 3. XRR results for 0.2–3 min process time, ~120 eV carbon ion kinetic energy (–100 V bias 

voltage of 25 kHz frequency) and ~1.48 ×  1015 ions/cm2·s ion flux. 

FIG. 4. C1s XPS spectrum of C1s core level peak for ~170 eV carbon ion kinetic energy (–150 V 

bias voltage of 25 kHz frequency) and 0.4 min process time (3.6× 1016 ions/cm2 ion 

fluence). The spectrum was fitted by six Gaussian curves after inelastic background 

subtraction.  

FIG. 5. (a) Binding energies of characteristic Guassian fits of C1s core level peak and (b) 

fraction of carbon constituents of deconvoluted C1s core level peak vs process time for 

~120 eV carbon ion kinetic energy (–100 V bias voltage of 25 kHz frequency).  

FIG. 6. Carbon constituents of deconvoluted C1s core level peak vs substrate bias voltage of 25 

kHz frequency for (a) 0.4 and (b) 0.2 min process time corresponding to 3.6 and 1.8 

×1016 ions/cm2 ion fluence.  

FIG. 7. (a) Surface roughness vs process time for ~120 eV ion kinetic energy (–100 V bias 

voltage of 25 kHz frequency) and (b) surface roughness vs substrate bias voltage of 25 

kHz frequency for 0.4 and 0.2 min process time corresponding to 3.6 and 1.8 ×1016 
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ions/cm2 ion fluence. The zero-time data point in (a) corresponds to the roughness of the 

Ar+ sputter-cleaned Si(100) substrate surface. 

FIG. 8. (a) Representative nanoindentation curve and (b) maximum contact pressure vs 

maximum displacement for a sample processed at ~120 eV ion kinetic energy (–100 V 

bias voltage of 25 kHz frequency) and 3 min process time. 

FIG. 9. (a) Effective hardness vs process time for ~120 eV ion kinetic energy (–100 V bias 

voltage of 25 kHz frequency), and (b) effective hardness vs substrate bias voltage of 25 

kHz frequency for 0.4 and 0.2 min process time corresponding to 3.6 and 1.8 × 1016 

ions/cm2 ion fluence.  
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