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Chapter 6 – Characterisation of pulsed-DC DLC films 

In the present chapter, the results concerning the characterization (microstructure, surface

properties) of DLC films deposited by pulsed-DC PECVD technique have been reported. 

The discussion is focused on the influence of the technological parameters (pulse 

frequency, peak voltage) on the physical properties. 

6.1. Deposition rate 

The preparation of DLC films from CH4 as precursor by pulsed-DC technology presents 

some advantages with respect to the RF-deposition. Figures 6.1, 6.2 and 6.3 show the

deposition rate of DLC films grown by pulsed plasma at 100, 125, 150 and 200 kHz, in

comparison with RF depositions.
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Figure 6.1: Deposition rate of RF-PECVD and pulsed-DC PECVD DLC films grown at different pulse
frequencies, as a function of power.

This major efficiency of pulsed plasmas can be explained by different causes [Andújar 

J.L., 2003]. One of them regards the enhancement of electron density and electron 

temperature in the glow discharge at the start of each pulse, as shown in chapter 5 by 

means of Langmuir probe measurements. Indeed, the increase of such parameters results in

a more chemically active plasma than in RF case and, thus, enables more species to be 

deposited. Another mechanism consists in the less intensity of chemical etching of film

surface by H atoms. This reduction in erosion process owes to the lower ion bombardment
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characteristic of pulsed plasmas. The third mechanism accounts for the poor efficiency of 

RF discharges at high powers. 

Figure 6.2 shows deposition rate versus signal power at different pulse frequencies. The

deposition of DLC films by pulsed-DC reaches 1 nm/s, which is a high rate for methane

discharges. It is worth noting that, for powers higher than 50 W, pulse-deposited samples 

grow up to 2 times faster than RF-deposited ones. Different correlations with pulse 

frequency are observed when one plots deposition rate as a function of peak voltage and 

intensity of the discharge. As exposed in figure 6.2, each series of a determined frequency 

shows a particular behaviour along with the electric parameters. This evolution is 

especially sensitive to the discharge intensity. Another study reported a linear increase of 

the deposition rate up to 20 nm/min, between -300 and -1100 V of peak voltage 

[Dekempeneer E.H.A., 1999]. Experimental points of such study are included in the rate 

vs. peak voltage plot (figure 6.2(a)). 
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Figure 6.2: Dependences of deposition rate with (a) peak voltage and (b) current intensity for DLC films
grown at different pulse frequencies. The open symbols correspond to the paper from Dekempeneer [1999].

The key parameter that controls the growth properties independently from the pulse 

frequency is the average energy per pulse, which is defined as the ratio of average power to 

pulse frequency. Figure 6.3 shows the correlation of the deposition rate with this

parameter, indicating its importance in this mechanism of DLC growth mechanism. A 

saturation of deposition rate occurs at approximately 1 mJ/pulse. This behaviour may be 

due to the consumption of species contributing to film growth, by either depositions on the 



Thin film structures of diamond-like carbon prepared by pulsed plasma techniques    169

walls or extraction from the vessel by pumping system. In this way, the deposition rate is 

limited by the inlet gas flow rate. 
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Figure 6.3: Deposition rate of DLC films prepared by pulsed-DC PECVD at different frequencies as a 
function of the average energy per pulse supplied by the generator.
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6.2. Raman spectroscopy 

The overview of DLC properties in chapter 2 remarked that the great versatility of this 

material is given by the strong connection between its physical properties and the sp3/sp2

ratio. The sp2 bonds confer graphite-like properties to carbon, whereas diamond-like

properties arise when sp3 phase is predominant. Raman spectroscopy consists of a

powerful technique to estimate the relative concentration of carbon bonding, as it is 

demonstrated by numerous reports [Siegal M.P., 2000] [Wei Q., 2000] [Robertson J., 

2002]. In this section, we analyze the results extracted from this spectroscopic technique 

applied to our DLC films. The interpretation of these results is subjected to the conclusions

of a previous and extensive study on Raman spectra performed on different forms of 

carbon [Ferrari A.C., 2004]: amorphous carbon (a-C), hydrogenated amorphous carbon 

(a-C:H), tetrahedral amorphous carbon (ta-C), and its hydrogenated analogue (ta-C:H). 

The visible Raman spectra of the deposited samples show the characteristic G and D 

vibrational modes of disordered carbon, which lie within different ranges frequencies, .

The graphitic carbon shows two Raman peaks: G peak, which is located in the range 1500-

1630 cm-1 and corresponds to the mode with E2g symmetry of graphite perfect crystal; and 

D peak, which is centred at 1350 cm-1 and corresponds to the breathing mode A1g, the one 

activated by disorder and forbidden in perfect graphite. Figure 6.4 schematizes the carbon 

motions in both vibrational modes.

(a) (b)

Figure 6.4: Carbon atoms moving in the (a) G and (b) D modes.

Figure 6.5 shows an example of Raman spectrum fitting. The simplest functions employed 

to adjust Raman spectra are two Lorentzians or two Gaussians. Furthermore, a multipeak
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fit has also been used. Our spectra were fitted by the most used alternative to Gaussian fit,

namely using a Breit-Wigner-Fano (BWF) line shape for the G peak, and a Lorentzian one

for the D peak. The BWF line is asymmetric-shaped:

2
0

2
00
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/21)( QII   (6.1) 

Here, I0 is the peak intensity, 0 is the peak position,  is the full width half maximum

(FWHM), and Q-1 is the BWF coupling coefficient. The Lorentzian line is recovered in the

limit Q-1 0.
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Figure 6.5: Example of fitting to D and G bands in a typical Raman spectrum of a-C:H.

The position and FWHM of the G and D peaks, as well as the intensity ratio of the D and 

G peaks heights, I(D)/I(G), were determined from the fittings. As plotted in figure 6.4, the 

G mode accounts for the stretching vibration of any pair of sp2 atoms in both chains and 

rings, whereas the D mode is related to the breathing vibration of sp2 sites in sixfold 

aromatic rings only [Ferrari A.C., 2000]. Thus, an increase in I(D)/I(G) ratio is ascribed to 

an increase in the number and/or size of sp2 clusters. Concretely, it is valid that for ordered 

rings or grain sizes smaller than 2 nm:

   (6.2) 2)(/)( aLMGIDI

where M is the number of aromatic rings in the cluster and La is the cluster diameter.

Tuinstra and Koenig measured a different correlation for rings larger than 2 nm [Tuinstra

F., 1970]: 

(6.3)1)(/)( aLGIDI
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The spectra corresponding to DLC films prepared at frequencies of 100 and 200 kHz using 

different peak voltage amplitudes are presented in figure 6.6. 
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Figure 6.6: Visible Raman spectra of pulsed-DC DLC films grown at different peak voltage amplitudes using
different frequencies.

Figure 6.7 shows the variations of I(D)/I(G), and of the G and D peak positions as a 

function of film deposition rate. In all cases, the position of G and D peaks lies in the 

1520-1540 and 1240-1320 cm-1 ranges, respectively. Moreover, I(D)/I(G) oscillates

between 0.1 and 0.2. These values are characteristic of a-C:H films having diamond-like

properties. In the case of RF-deposited DLC films, the positions of D and G peaks shift 

upwards and the I(D)/I(G) ratio rises with increasing the deposition rate. This suggests a 

clustering (La<2 nm) of sp2 sites into ordered rings. Furthermore, in a-C:H films, the 

increase in I(D)/I(G) and the up-shift in G peak position are associated with a decrease in 

both the sp3 content and the optical gap energy [Tamor M.A., 1994] [Ferrari A.C., 2004]. 

In other words, progressive graphitization of C takes place at high deposition rates. In 

contrast, this trend with deposition rate is not generally observed in the pulsed-DC 

samples, since, depending on the pulsing deposition conditions (pulse frequency), it is 
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possible to increase the growth rate without inducing significant changes in D and G peak 

positions and the I(D)/I(G) ratio. 
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Figure 6.7: Variation of wavenumber positions of (a) D and (b) G bands, and of (c) Raman intensity of D and
G bands with film deposition rate. 

The relationship between the Raman parameters and the average electric charge transferred

by the generator in each pulse is shown in figure 6.8. The observed behaviour suggests that

this injected charge per pulse is a key factor controlling the configuration of sp2 sites in the 

films [Andújar J.L., 2003]. 
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Figure 6.8: Wavenumber position of (a) D and (b) G bands, and (c) Raman intensity of D band to G band, as
a function of the average electrical charge transferred in each pulse by the generator.

G and D peak widths have shown a correlation with the supplied power, as it is appreciated

in figure 6.9. The width of the D peak, related to a distribution of clusters with different 

orders and sizes, appears to rise with increasing power if a RF signal is driven. However, 

this tendency is not observed in the pulsed-DC samples obtained at the lowest pulse 

frequency of 100 kHz. The G peak width is a measure of the bond angle disorder at sp2

sites, and its dependence with power is similar for both pulsed-DC- and RF-deposited DLC 

films. The width initially rises up to around 100 W, and then decreases. This registered 

maximum corresponds to the samples with the most diamond-like properties. The ulterior 

decrease in G peak width is accompanied by the increase in the I(D)/I(G) ratio and G 

position shown in figure 6.8, which indicates that samples deposited at higher power 

values are more graphitic, as observed above in the influence of deposition rate on sp3/sp2

ratio.
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Figure 6.9: Power dependence of the widths of the G and D bands of pulsed-DC and RF-PECVD DLC films.
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6.3. X-ray reflectivity: structure 

XRR technique is a grazing-incidence XRD often used as an accurate and non-destructive 

method of thin film and multilayer analysis. Solids present a refractive index smaller than 

the unity for X-rays. Therefore, this radiation presents a critical angle, c, for total external

reflection. In fact, the refractive index of a material, n, is given by [James R.W., 1962]: 

in 1 (6.4)

where 1-  and  account for dispersive and absorbing effects on radiation, respectively. If 

 is small, we can obtain c by applying the Snell’s law in the small angle approximation:

2c (6.5)

Above c, the reflected waves from the top of the film surface and the film/substrate

interface produce interference fringes, whose periodicity gives the film thickness, d.

Figure 6.10 shows X-rays trajectories in a thin film XRR analysis.

d

REFLECTED BEAMS

THIN FILM

SUBSTRATE TRANSMITTED BEAMS 

Figure 6.10: Scheme of the reflection of X-rays under grazing-incidence from a single layer deposited on a 
substrate.

The spacing between two consecutive fringes of an XRR diffractogram is: 

d2/     (6.6) 

Here, we have employed this technique to obtain information about surface and interface 

roughness, density, thickness, composition and internal layering of the DLC samples. The

following relationship is valid for a medium with carbon and hydrogen, by applying 

Snell’s law at the air/film interface [LiBassi A, 2000]: 

HHCC

HHHCCCA
C MXMX

fZXfZXrN ''0   (6.7) 
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where r0 is the classical electron radius (2.82·10-15 m),  is the X-ray wavelength, NA is the 

Avogadro number (6.02·1023/mol), MC and MH are the carbon and hydrogen molar masses,

f’C and f’H account for dispersive corrections, is the mass density, XC and XH are the 

carbon and hydrogen atomic fractions in the sample, and ZC and ZH are the corresponding 

atomic numbers. At the value of  used for the analysis, dispersive corrections are around 

10-2, so they have been neglected. Thus, the material information can be obtained by fitting

the XRR spectra to simulation curves generated by varying the above parameters. The film

thickness was determined by using the Fresnel equations, and the results were in good 

agreement with those measured by profilometry.

Figure 6.11 shows a typical XRR curve for the deposited samples. A double critical angle 

is clearly distinguishable as evidenced by the first and second XRR maxima. The lower 

angle corresponds to the hydrogenated carbon film, and the second one corresponds to the

silicon substrate. This means that the density of the DLC films is lower than that of c-Si 

(2.33 g/cm3). The differentiation between both critical angles is more difficult for ta-C:H

films, since they exhibit a density closer to silicon. In such case, the shape of the reflection

edge is not split, but perturbed by the presence of dense DLC. 
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Figure 6.11: XRR spectrum (solid line) corresponding to the sample DLC 020625-1 along with fit curve
(dashed line).

An important feature observed in the XRR spectrum of figure 6.11 is that only one fringe 

period is seen, showing the absence of internal layering in the films. Film uniformity is 

usually lost when film growth is not subjected to a stationary process, as for instance when 

deposition is eventually interrupted and restarted. Furthermore, a-C films present
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commonly a layered structure due to the subplantation process during growth [Lifshitz Y., 

2003].

The output parameters from two XRR diffractograms analysis are listed in table 6.1. From 

equations 6.5 and 6.7, the variation of  values points to an increase of mass density along 

with peak voltage values. The reason of the increase in RMS roughness as the peak voltage 

grows will be discussed in section 6.5. Hydrogen content behaviour marks also a trend that 

will be analyzed in the next section.

Sample
(peak V)  (10-6)  (10-6)

Roughness
Si (nm)

Roughness
Film (nm) 

Thickness
(nm)

XC

(% at) 
XH

(% at) 
DLC 020621-3

(100 kHz, -800 V) 6.70983 0.1155 0.2 2.149 206.56 51.6 48.4

DLC 020625-1
(100 kHz, -1000 V) 6.99255 0.09927 0.2 2.396 220.14 65.9 34.1

Table 6.1: Film parameters corresponding to two pulsed-DC PECVD DLC samples from the simulated XRR
spectra. The surface roughness of Si is an input parameter.

XRR analysis on DLC samples deposited at different pulse frequencies and peak voltages

have also been performed. However, the corresponding XRR spectra did not exhibit the 

interference fringes observed in figure 6.11. If the presence of grading in composition and 

in density within the coatings is discarded, it may be a consequence of thickness 

inhomogeneities. The grading of interferential colours accounts for them. In fact, XRR is a 

technique highly sensitive to the film thickness. This difficulty is reflected by the 

complexity of the resulting curve and the difficult to simulate it. Nevertheless, mass

density has been still calculated through the critical angle. Figure 6.12 shows an XRR 

spectrum without fringes. 

Figure 6.12: XRR spectrum from sample DLC 020627-2 (100 kHz, -1200 V).

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

(º)

in
te

n
si

ty
 (

a.
u

.)



Thin film structures of diamond-like carbon prepared by pulsed plasma techniques    179

As shows figure 6.13, the mass density has varied between 1.8 and 2 g/cm3, which is 

smaller than the superior limit found for any form of a-C:H, 2.4 g/cm3, and much smaller

when compared with typical values of ta-C, 3.3 g/cm3 [Robertson J., 2002]. The density

of the films generally increased in direct proportion with the peak voltage of the pulses for

all frequencies tried. This fact can be attributed to a higher sp3 fraction as the peak voltage

increases. However, it is not consistent with Raman spectroscopy results, which predicted 

a major presence of sp2 bonds when peak voltage amplitude acquires high values. 

Nevertheless, this result could be also indicative of lower hydrogen incorporation in the 

films. This issue agrees with the variation of hydrogen content in table 6.1, and will be 

treated in more detail in the following section. 
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Figure 6.13: Behaviour of mass density of DLC films vs. peak voltage at three different pulse frequencies.

From density data, we can estimate sp3 fraction of the DLC samples. The sp3 content in our 

films varies from 25% to 30% using the general relationship between sp3 and mass density, 

established by LiBassi et al. by comparing XRR and EELS measurements for ta-C and 

ta-C:H [LiBassi A., 2000]. This comparison is considered by assuming that a-C:H and 

low-density ta-C:H do not present significant differences in their respective

microstructures.
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6.4. Chemical composition: hydrogen content

The properties of DLC films are strongly connected to their hydrogen concentration, which 

plays an important role in the microstructure of film matrix. Thus, the study of hydrogen 

content is of great relevance to achieve a good control of optical, electric, mechanical and 

surface properties of DLC. Among the different techniques to detect the presence of such 

element, we have employed FTIR and EA. The first method provides qualitative 

information and presents the advantage to be non-destructing. On the other hand, although 

EA requires the samples to be submitted to a burning process, hydrogen abundance is

quantified as a result of combustion reactions. 

The prepared DLC films are highly transparent in the IR range. Within the studied range,

one detects that the most active vibrational mode is the stretching absorption band, which 

is centred on 3000 cm-1. Rocking and twisting modes are so weak that they can be 

confused with phonon modes of background. Thus, they have not been considered in our 

analysis. A typical IR transmittance spectrum, which corresponds to a film grown at 

150 kHz of pulse frequency and -1000 V of negative peak amplitude, is shown in figure 

6.14. The inset shows the effect of peak voltage increase on the evolution of the C-H 

stretching absorption band. 

1600 2000 2400 2800 3200 3600
0

30

60

90

120

150

IR
 T

ra
n

sm
it

ta
n

ce
(%

)

Wavenumber (cm-1)

 150 KHz
- 1000 V

2600 2800 3000 3200
0

200

400

600
  - 600 V
 - 1000 V
 - 1200 V

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
 (

cm
-1
)

Figure 6.14: IR transmittance spectrum measured by FTIR. The inset shows the evolution of the C-H 
stretching absorption band with the peak voltage amplitude in DLC films prepared at 150 kHz.
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The resulting peaks of absorption spectra appear centred approximately at 2920 cm-1,

wavenumber that is associated with the major presence of hydrogen bonds in the form of 

sp3-CH and sp3-CH2 groups, as listed in table 6.2 [Robertson J., 2002]. The decrease of the 

peak intensity (figure 6.14) from 600 to 300 cm-1 as the peak voltage increases from -600 

to -1200 V indicates a reduction in hydrogen bonding in the amorphous network. On the 

other hand, an important polymeric phase is present in any DLC grown at lower bias 

values. This result is interpreted as a lowering of hydrogen content in DLC samples, since

the integrated absorption in the C-H stretching band is correlated with the real hydrogen 

density in DLC. This statement comes justified by a comparative study between IR data 

and the total hydrogen density, which was carried out in the past by mass selected thermal

effusion experiments [Ristein J., 1998]. 

The trend of H content reduction in DLC as peak voltage increases has also been observed

in films deposited at 125 kHz. This evolution is shown in figure 6.15. Although peak areas 

corresponding to samples prepared at -665 and -1000 V are quite similar, this absorption 

band becomes less important at a peak voltage of -1200 V. Thus, progressive 

dehydrogenation seems not to depend on pulse frequency. 
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Figure 6.15: IR transmittance spectrum and absorption coefficients corresponding to DLC samples deposited
at 125 kHz.
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EA on DLC films deposited at 100 kHz has provided an estimation of their carbon-to-

hydrogen ratio. Three replicates of each sample have been burned in order to control the 

data dispersion. The results confirm the reduction in hydrogen content stated by both FTIR

and XRR analysis. Indeed, the hydrogen amount of samples deposited at higher peak 

voltage decreases with respect to less powerful discharges. Concretely, the DLC film

deposited at -600 V contains approximately 50 at.% H, whereas for the sample prepared at 

-1400 V, a composition about 30 at.% H has been detected. Despite the great accuracy of 

this method for element detection, error bars of  ±10 at.% have been adopted because 

elements quantity was of the order of the detection threshold. This justifies XRR as a more

adequate technique to characterize the composition of thin films.

We have observed that a progressive dehydrogenation of DLC films is produced as a 

response of increasing peak voltage in the glow discharge. An explanation is found if one 

attends to plasma chemistry. The increase of power applied to the discharge promotes CH4

dissociation, whose rate was quantified by Tachibana et al. [Tachibana K., 1984]. This 

dissociation is carried out through electron impact reactions and ionisation processes, 

which suppose an important source of hydrogen and methyl radicals in plasma [Masi M., 

1998]. The dissociation processes in which CH4 molecules lose their H atoms are shown in 

table 5.1 from chapter 5. As a result, deposited films at high supplied powers show an 

important lack of hydrogen due to the enhancement of dissociation and ionisation rates in 

the precursor gas. Figure 6.16 shows a schematic of this process. 
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Figure 6.16: Supplied power values influence on methane dissociation. This situation leads to (a) H-rich or
(b) H-poor DLC films depending on whether peak voltage is low or high, respectively.
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A different mechanism of dehydrogenation of DLC films is found attending to gas-film 

interaction processes. Von Keudell et al. proposed the hypothesis of a two-layer growth

model, which consists in a background formed, firstly, by a chemistry-dominated growth 

zone directly at film surface, and secondly, by an ion-dominated growth zone underneath 

the surface with thickness matching to the ion penetration range [von Keudell A., 2002]. If 

a CH4 discharge is in course, its greater ionisation due to a high power supply leads to a 

larger contribution of H+, H2
+ and H3

+ ions to the growth flux. Their penetration ranges are 

large enough to govern the H content in the subsurface region. Indeed, such bombarding

ions displace H atoms bonded in the atomic network. These expelled atoms recombine to 

form H2 molecules, which diffuse to the surface and finally desorb, resulting in 

hydrogen-poor and denser DLC films. Thus, the H content in a growing DLC film can be 

efficiently lowered by enhancing the ion bombardment with the energetic light ions. 

Figure 6.17 schematizes the discussed dehydrogenation process. 
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Figure 6.17: Deposition of a hydrogen-poor DLC film. Dehydrogenation takes place in both gas phase (CH4
dissociation) and film structure (H depletion).
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C-H stretching 
modes

Wavenumber
(cm-1)

Characteristics C-H bending 
modes

Wavenumber
(cm-1)

Characteristics 

sp1 3300 sp3-CH3 1480 Asymmetric 

sp2-CH2 3085 Olefinic,
asymmetric sp3-CH2 1450 Asymmetric 

sp2-CH 3035 Aromatic sp2-CH 1430 Aromatic 

sp2-CH 2990-3000 Olefinic,
symmetric sp2-CH2 1415 Olefinic 

sp2-CH2 2975 Olefinic,
symmetric sp3-(CH3)3 1398 Symmetric 

sp3-CH3 2955 Asymmetric sp3-CH3 1375 Symmetric 

sp3-CH2 2920 Asymmetric 

sp3-CH 2920 

sp3-CH3 2885 Symmetric 

sp3-CH2 2855 Symmetric 

Table 6.2: Assignment of IR vibrational frequencies in a-C:H [Robertson J., 2002] 
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6.5. Surface characterization: roughness and wettability 

In this section, we discuss how the surface properties of DLC coatings are affected by the 

deposition parameters. The achievement of hard films with smooth surfaces is a critical 

issue in applications that require materials exhibiting low friction coefficients and low 

wear rates. Moreover, as reviewed in chapter 2, coatings addressed to magnetic storage 

units and optical systems cannot achieve great roughness values. Otherwise, such layers 

would difficult an acceptable functionality of the devices [Casiraghi C., 2004]. We have 

recognized RMS surface roughness as a figure of demerit for surface quality. The study of 

roughness of DLC films has been carried out by AFM in tapping mode in order to avoid 

surface scratch during measure. A figure of merit in this study was contact angle, which 

quantifies wettability, i.e. how much hydrophobic/hydrophilic is the sample. Along with 

chemical inertness, low wettability of DLC films permits their application in impermeable 

coatings for biological applications like biomedical implants [Hauert R., 2004]. We have 

measured such parameter by dynamic contact angle technique, namely Wilhelmy plate 

method. 

6.5.1. Surface roughness 

Surface roughness of thin films is a thickness-dependent parameter, since their morphology 

varies during growth process. Roughness of DLC coatings shows a strong variation at the 

initial stages of growth [Baranov A.M., 2004]. Logothetidis et al. [1997] reported a 

monotonic increase of surface roughness for thin films up to 35 nm thick, and Casiraghi et 

al. [2004] found out a scaling law for ultra-thin films deposited by filtered cathodic 

vacuum arc. Since thickness of our DLC films overcomes this range, we have not 

considered thickness-dependence. On the other hand, a progressive smoothing of DLC 

films as thickness increases has been also observed [Maharizi M., 1999]. 

The most important variables that affect the surface roughness are ion energy, substrate 

temperature, substrate material and film composition [Peng X.L., 2001]. It is known that 

the increase of cathode voltage does not only lead to higher ion energies, but affects 

plasma chemistry in a complex way. For instance, it increases also ion and radical 
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precursor densities. For simplicity, we will discuss the roughness behaviour depending on 

peak voltage. 

Figure 6.18 shows the surface topography of a DLC film grown at 150 kHz and -600 V 

bias. AFM scan area is 1 m x 1 m. The planar view of this sample is displayed in figure

6.18(a), whereas the corresponding 3-D image appears in figure 6.18(b). This is to show 

that DLC samples are smooth and homogeneous in surface. Concretely, we have measured

an RMS surface roughness of 0.17 nm. 

      (a)    (b) 

200nm

Figure 6.18: AFM topography images in (a) planar and (b) 3-D views of a DLC film grown at a pulse
frequency of 150 kHz and -600 V peak voltage (DLC 020726-3).

Figure 6.19 shows the RMS roughness of DLC films, which has been measured by AFM 

scanning of 1 m x 1 m squares, as a function of the peak voltage of the pulse signal. In 

general, surfaces keep smooth from -600 to -1000 V. They show a RMS roughness that

varies between 0.1 and 0.5 nm. For higher negative voltages, roughness tends to increase: 

RMS value from the sample prepared at 100 kHz and -1400 V approaches 1 nm [Corbella 

C., 2004b]. 
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Figure 6.19: RMS surface roughness values of DLC films deposited at different frequencies, as a function of
peak voltage amplitude of the pulsed signal.

Figures 6.20(a) and 6.20(b) show the differences between surface features corresponding

to smooth and rough films, respectively. Both samples were deposited at 100 kHz. The one 

presented in figure 6.20(a) was grown at -1000 V, and the one in figure 6.20(b), at

-1400 V. This increase in roughness at higher peak voltages is a consequence of an

enlargement of both grain diameter and peak-to-valley distance. 

200nm200nm

          (a)        (b) 
Figure 6.20: Comparison between surfaces of DLC samples deposited at 100 kHz pulse frequency, which
were grown at (a) -1000 V (DLC 020625-1) and (b) -1400 V (DLC 020722-3).
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The roughness of DLC films prepared by low-pressure plasma techniques can be enhanced 

by many factors. In the context of the subplantation model [Lifshitz Y., 1990], we discuss 

the effect of peak voltage increase on the surface roughening. The energy of the impinging

species, Ei, presents an average value directly related to the peak voltage amplitude. The 

critical energy for atomic displacement, Ed, is a threshold value that limits the 

accommodation of incoming species from the gas phase within the film structure.

Impinging ions with lower energy than Ed remain in surface. There, they are responsible of 

surface diffusion phenomena, which lead to a major clustering of ordered sp2 (graphitic)

sites and promote DLC roughness. Nevertheless, this surface diffusion is quenched 

because of the low-temperature of the substrate. It is the case Ei<Ed. Oppositely, if Ei>Ed,

incoming ions are able to penetrate below the DLC surface. The abundance of sp2

hybridisation is thus diminished in front of sp3, and, therefore, the DLC surface becomes

smoother [Peng X.L., 2001]. 

Figure 6.21 schematizes the effect of ion implantation in both cases. This description 

predicts that roughness decreases as ion energy, or peak voltage, grows within this energy 

range. Hence, this level of description is not enough to explain our results and we need a 

more complete scenario.

Ei > Ed

film
surface

incoming
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3
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Figure 6.21: (a) Enhancement of surface roughness by diffusion mechanism sites at low incoming ion energy.
(b) Surface smoothing and densification of DLC at higher energies. 

From anterior works one knows that the degree of dissociation of methane molecules is 

elevated in high energetic hydrocarbon plasmas. Indeed, they are characterised by an

H-rich environment [Masi M., 1998]. The significant quantity of atomic hydrogen tends to 
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produce a surface attack onto DLC surface, whose response consists in an immediate

roughening. However, this etching mechanism is selective and affects mainly sp2-rich sites.

Since this hybridisation generates roughness, it is expected that the surface smoothing due

to removing of sp2 bonds will occur in parallel to hydrogen etching and, therefore, in

competition with surface roughening [Peng X.L., 2001]. As confirmed by our

measurements, a progressive roughening is the predominant effect from etching of a 

pulsed-DC CH4 discharge. Moreover, Raman spectroscopy assess for an increase of sp2

sites along with deposition rate, which is consistent with surface roughening when the 

amplitude of peak voltage increases. The reactions that govern surface roughening by H 

interaction by means of reemission, etching and adsorbed layer processes are listed in 

table 5.2. 

6.5.2. Contact angle 

Wettability measurements by Wilhelmy plate method provided the contact angle of the 

films in water. The prepared plates have been dipped forwards and backwards at a rate of

0.5 mm/min in H2Omq (Milli-Q water), whose surface tension was 71.8 N/mm.

Figure 6.22 plots the wetting force vs. immersion depth of two DLC samples as their 

surfaces moved either in or out of water. The wetting force, Fwet, has been measured by an

electrobalance and has two components:

bouysamplewet FFF    (6.8) 

The acting forces on the immersed sample, F, are described as follows: 

sampleFMgF             (6.9) 

For simplicity, the electrobalance is reset to zero before the sample is dipped, so we

neglect the weight, Mg, to obtain the first term of equation 6.8, Fsample. The other term of

equation 6.8 is the archimedean buoyancy force, Fbouy:

gtHdFbouy (6.10)

where  is the liquid density, g is the gravitational acceleration, t is the plate thickness, H is 

the plate width, and d is the immersion depth. Fsample is calculated from the linear fit

analysis of Fwet in the stable regime of the advancing zone. Its value is the Fwet at null 

depth, as circled in figure 6.22. By means of this procedure, we discard Fbuoy, which causes 

the linear behaviour of the measured force during the advancing and receding stages. 
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Figure 6.22: Wilhelmy plate wetting curves of DLC samples deposited at different pulse frequencies and
peak voltages. Each cycle defines a hysteresis, which accounts for film surface features.

Figure 6.22 shows that the paths of advancing and receding curves corresponding to

DLC-coated plates do not coincide. Therefore, the wetting force defines a hysteresis, 

which can vary over the performed cycles. The most important factors that can induce this 

hysteresis are surface roughness, chemical heterogeneity, surface deformation, surface-

configuration change, and adsorption-desorption [Wang J.-H., 1994]. Since the hysteresis 

is negligible when roughness is below 100 nm and no modification in surface state was

observed, the hysteresis may owe to chemical heterogeneity and to adsorption-desorption 

processes.

Due to the sample morphology, the two DLC-coated surfaces and laterals are wetted by 

water. These laterals are irregular but we assume a constant perturbation. Hence, Fsample

can be decomposed in two terms:

filmlateralsample FFF    (6.11) 

Here, the force exercised by the film, Ffilm, provides us the contact angle, :

cosLfilm PF             (6.12) 

where P is the plate perimeter, L is the liquid surface tension and  is the contact angle. 

The lateral force, Flateral, was evaluated by measuring wetting forces of three plates with 

identical coatings but with different widths. If we plot Fsample vs. P, we obtain Flateral as the 

extrapolation of Fsample at null perimeter by means of a linear fit analysis. This force has 

been systematically subtracted to all measured Fsamples.
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Table 6.3 lists  and its hysteresis, , which is defined as the difference between 

immersion and emersion contact angles. 

Sample (º) º)

DLC 020625-1 
100 kHz, -1000 V 86.9 26.5 

DLC 020627-1 
150 kHz, -900 V 82.8 21.0 

DLC 020722-1 
150 kHz, -1200 V 85.1 24.5 

DLC 020726-3 
150 kHz, -600 V 83.8 26.7 

DLC 020625-2 
200 kHz, -1200 V 83.1 25.6 

Table 6.3: Contact angle measurements on pulsed-DC DLC samples prepared at different frequencies and 
peak voltages. 

Contact angle values lie between 82º and 87º, which reveal no obvious dependence with 

the various peak voltages and are higher than the normal interval (55º-70º) [Robertson J., 

2002]. This could be due to a decrease of the chemical affinity of the a-C:H with water, 

related to an aging effect during storage of the samples, which leads to passivation of the 

surface [Leezenberg P.B., 2001]. The presence of C-H groups on the sample surfaces is the 

origin of the DLC typical high hydrophobicity. Such groups have been detected by FTIR 

measurements, as explained in section 5.4. The water-repellency did not change 

significantly with deposition conditions, which has also been observed in RF-prepared 

samples [Kim J.-D., 2002]. Surface roughness is known to be a decisive factor acting on 

wettability. However, the roughness variations in these smooth films are so discrete that no 

relevant changes in  were measured. 
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6.6. Mechanical properties and tribology

High hardness, low friction coefficient and low wear rate are typical mechanical properties 

of DLC films, which involve this material in several applications for surface protection 

against corrosion and impact. The hardest form of DLC is ta-C with 85-90% sp3 bonding 

[Robertson J., 2002], which points to values of up to 90 GPa [Martínez E., 2001], whereas 

friction coefficient in low humidity regime can be found below 0.05 [Donnet C., 1998] and 

depends on the gas precursor [Erdemir A., 2000]. Intrinsic stress supposes the main 

drawback in preparing thick DLC coatings, since stress limits film thickness. 

6.6.1. Intrinsic stress 

The effect of the technological parameters, as well as deposition rate, on the film 

compressive stress is shown in figure 6.23. The general trend is a reduction in stress via 

increase of both peak voltage and deposition rate. It is expected that higher peak voltages 

lead to less stressed films because increasing of particle energy favours surface heating. It 

should be noted that the pulsed-DC PECVD films showed lower compressive stress values 

(between 1.0 and 1.5 GPa) than those of RF-deposited PECVD films. The relaxation of 

carbon atoms and ions adsorbed onto the film surface during the low voltage positive 

pulses (T+) might account for this stress relief. Moreover, the films grown at the lowest 

pulse frequency of 100 kHz showed a low and almost constant compressive stress of 

approximately 1 GPa. 

This remarkable stress reduction at 100 kHz frequency may occur because particles have 

more time to reach stable sites. Then, the relaxation of the DLC network is more efficient 

than at higher frequencies. This result permits enabling the growth of well-adhered 1 m

thick films for their performance as protective coatings. 
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Figure 6.23: Variation of film compressive stress as a function of negative pulse voltage amplitude (peak
voltage) and deposition rate.

6.6.2. Hardness 

An example of load and unload curves obtained from hardness measurements is plotted in 

figure 6.24(a). This cycle is constructed from data of a nanoindentation test. Maximal

depth, hmax, is the indentation depth at the end of the loading stage. Such value is 

decomposed into sink-in depth, hs, and contact depth, hc, which are defined as shown in 

figures 6.24(a) and 6.24(b). The remaining depth, hr, gives account of the indenter mark on 

surface after the test. 
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Figure 6.24: (a) Loading and unloading curves from a nanoindentation test performed to a DLC film, (b) 
together with the three stages of indentation.
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Several nanoindentation measurements at different maximum depths have been performed

to each DLC sample for statistical data processing. Figure 6.25 shows the behaviour of 

such experimental data as a function of the indentation depth. The most accepted criterion

consists of considering hardness values located within the first stable region, which is 

located between depths of 40 and 80 nm. Data from places near to surface show a large 

dispersion, and the second stable regime includes influence of the c-Si substrate due to the 

penetration range of the nanoindenter into the sample. 
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Figure 6.25: A typical depth-dependence on hardness values of hard coatings. This curve corresponds to a 
DLC film (DLC 020603-5) grown by RF-PECVD.

Figure 6.26 plots the dependence of peak voltage on hardness. This comparative plot 

shows data with a standard deviation of 1 GPa due to the statistical treatment. The range of 

hardness for pulsed-DC DLC films was 17-24 GPa, whereas the hardness of RF films

remained below 20 GPa [Corbella C., 2005b]. These values are similar to the 

corresponding to DLC samples also grown in a pulsed-DC methane discharge by Michler 

et al. [1998]. It is worth noting that the influence of peak voltage is stronger, the lower the 

thickness of the samples is. Though this dependence on thickness could be masked by the

substrate influence during the load cycles, this possibility was discarded because of the

statistical nanoindentation method applied. Indeed, the measured values are considerably 

higher than the characteristic hardness of c-Si substrate (~ 11 GPa).
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Figure 6.26: Variation of hardness of the DLC films, grown either by RF or pulsed-DC PECVD, with respect
to peak voltage for samples with different thicknesses.

6.6.3. Friction 

Friction characterization has been performed by the microscratch test method. This test

uses a 200 m-diameter diamond spherical tip, which performs a 2 mm-long scratch path 

with an increasing normal load along the scratch (0.1 N - 20 N). Figure 6.27 gives an 

example of the recorded friction signal during a scratched path. After the endpoint, the

DLC film surface breaks because the load reaches a critical value, which is a measure of 

the film adhesion. It is remarkable that the maximum load values for all the pulsed-DC 

DLC samples range around 20 N. These values are higher than our RF DLC samples, and 

also higher than the value of 10 N reported for RF-prepared films with very low friction

coefficient by Sheeja et al. [2003]. Correlated with stress reduction, once again it seems

that the particular ion bombardment conditions present in pulsed-DC discharges improve 

adherence to the substrate. 
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Figure 6.27: Example of the recorded signal during a scratching path (DLC 040126-3). The endpoint defines
a critical load of almost 20 N.

Figure 6.28 shows the soft dependence of the friction coefficient on the peak voltage of 

DLC films grown at 100 kHz pulse frequency. This dependence seems to be connected to 

the enhancement of surface roughness as bias increases, as presented in section 5.5. As

shows figure 6.27, an evolution of the friction coefficient takes place during the scratching

procedure. The experimental data plotted in figure 6.28 correspond to the middle point 

within the linear region of figure 6.27. Therefore, we can conclude that a friction 

coefficient of around 0.05 at 10 N of load has been measured.
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Figure 6.28: Friction coefficient values, which were determined by scratch test method, versus the peak
voltage of pulsed-DC DLC samples grown at 100 kHz of pulse frequency.



Thin film structures of diamond-like carbon prepared by pulsed plasma techniques    197

Despite the stability of the measured friction force, friction coefficient is influenced by 

many factors. Thus, its values may vary significantly when modifying some parameters as 

for instance the contact geometry and temperature [Blau P.J., 2001]. Such dependences on 

friction coefficient will be evidenced in the tribological analysis performed with LFM in 

section 6.7. Nevertheless, the lowest friction in DLC films can only be observed between 

two sliding surfaces of DLC. In fact, a transfer layer on DLC surface is formed and acts as 

solid lubricant. This layer consists of a low shear strength material, whose origin is 

ascribed to a local annealing due to friction [Voevodin A.A., 1996b]. 

6.6.4. Wear rate 

Wear rate of some pulsed-DC DLC samples has been determined by abrading tests with a

Calo-test. Such instrument operates as a tribometer if the abrading sphere does not reach

the substrate. Then, as described in chapter 4, wear rate is related to the crater depth and 

other test-variables. Figure 6.29 plots the crater-profile after a Calo-wear test from

profilometry. The steel ball, which had a radius of 1.5 cm, exercised a normal force of 

0.54 N to the sample surface and operated at 60 r.p.m. for 3 minutes. Figure 6.30 plots 

wear rate results vs. peak voltage, where data measured in the Fraunhofer IST have been 

added. Calo-wear tests were performed three times on each film to set the error bars.
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Figure 6.29: Crater-profile in a DLC film due to Calo-wear test. The depth of the crater is a measure of the 
wear rate of the sample.
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Figure 6.30: Wear rate of the DLC samples measured by Calo-wear test. 

Typical wear rates of DLC are approximately 5·10-16 m3m-1N-1, which are lower than those 

of other corrosion-resistant materials like TiN (4·10-15 m3m-1N-1), CrN (4.9·10-15 m3m-1N-1)

and Ti-C:H (6.9·10-15 m3m-1N-1). There is a tendency of wear to increase as peak voltage 

grows, which is more marked at -1400 V domain (4.8·10-15 m3m-1N-1). This behaviour is 

connected to the surface roughness enhancement at high substrate bias.

Such results, along with hardness and friction coefficient, permits us conclude that 

pulsed-DC DLC films exhibit diamond-like mechanical properties. 
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6.7. Lateral force microscopy: nano-tribology 

In section 6.5 we have dealt with the topography of DLC films through AFM analysis. 

Tapping mode was selected to scan the surfaces without damaging them with the cantilever 

tip. However, AFM is a versatile technique capable to provide more insight data 

concerning surface properties in the nanometric range. Thus, the operation mode has been 

changed from tapping to contact in order to perform LFM, which is a scanning routine that 

provides tribological information. The nano-tribological properties were then evaluated by 

the same AFM calibrated for frictional forces measurements [Ogletree D., 1996]. 

If the contact mode is enabled, the sample surface may be modified by the tip during a 

scan, leading even to wear tracks and film release from the substrate in case of soft 

materials. For hard materials like DLC, the problem is opposite: LFM tip is the “soft” 

material, Si3N4, and its sharpness is not preserved any longer during the analysis. 

Therefore, such progressive wear of the LFM tip provides data trends that are not related to 

film features but to the result of tip blunting. One solution consists in a scaling factor 

assignment to the results of each friction test, in order to obtain comparable data from 

measurements performed with a varying tip radius [Sundararajan S., 1999]. Another 

solution, the one adopted here, is the abrasion of the LFM tip against mica to obtain a 

smoother tip surface. This was important in obtaining reproducible results [Qian L., 2000] 

and a quasi-invariable tip radius during the experiments [Ogletree D., 1996]. 

Figure 6.31 shows the effect of the number of scans on the LFM tip radius, which has been 

measured through SEM imaging. The inset schematizes an AFM cantilever and shows a 

zoom of the round tip. The nominal tip radius was 10 nm, but it evolved up to a value 

around 80 nm, which was reached after performing 20 scans. 
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Figure 6.31: AFM tip blunting: tip radius as a function of number of abrading scans against mica.

The tribological properties show generally a strong dependence on environment. Some

preliminary measurements of friction coefficient have been carried out at controlled 

temperature (23ºC) and relative humidity, RH (0% and 70%). As LFM tip was not

calibrated, the friction coefficient data of these measurements are given in relative values.

Figure 6.32 shows the effect of deposition conditions on the relative values of friction 

coefficient.
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Figure 6.32: Evolution of the friction coefficient (in relative values) of a set of samples, evaluated at dry and
moist conditions.

No significant changes are observed when analysing in dry atmosphere DLC samples 

prepared at different peak voltage and pulse frequency. The average friction coefficient is 

0.36 with an error smaller than 0.05 (in relative units). However, moisture enhances the
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dispersion of friction data, as shows the deviation of data points with respect to the dry 

conditions. As a consequence of this larger dispersion, the sample deposited at 200 kHz 

even shows a coefficient close to 0.9. When the scan takes place in moist conditions, a 

meniscus bridge is formed between the hydrophilic Si3N4 tip and the microscopic water 

drops condensed on the hydrophobic surface of DLC. This configuration may increase the 

lateral force during the scans, hypothesis that explains the increase of the friction

coefficient. In-situ studies have also measured an enhancement of the macro-friction

coefficient when relative humidity increases, and showed that such variation arose from

the water in the atmosphere [Donnet C., 1998]. This behaviour is confirmed by the study of 

Ohana et al. [2004], where friction in aqueous environment was found to be higher than in 

dry conditions owing to the penetration of water into cracks generated by the high stress. 

Since relative humidity leads to a large data scattering, measurements of nano-tribological 

data in a dry atmosphere (0% RH) were preferred. Measurements carried out by a 

calibrated LFM cantilever of Si3N4 provided the absolute values of the nano-friction 

coefficient corresponding to DLC films. The temperature during measurements oscillated 

between 23 and 25ºC. Figure 6.33 plots the lateral or frictional signal vs. load signal. As 

shown in this graph, these parameters have adopted force units. This was feasible after a 

previous calibration of normal and lateral forces through the spring constant of the

cantilever.
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Figure 6.33: Plot of the lateral force vs. load force from a set of DLC films obtained from LFM, i.e. from
AFM measurements in friction mode.
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The tribological behaviour of surfaces measured at the nanoscale can be modelled by the 

modified form of Amonton’s Law [Beake B.D., 2000]: 

)( 0FFF LF       (6.13) 

where FF is the friction or lateral force,  is the friction coefficient, FL is the load force and 

F0 is a constant. Thus, the friction coefficient was calculated from the linear fit analysis of

the lateral force vs. load force plot. 

As shown in figure 6.33, the independent term F0 varies between 0.5 and 2 nN. This

lateral force at zero load has been detected in all the samples, and it has been attributed to 

the tip adhesion on the surface due several residual forces, originated by water from the 

capillary condensation, by the interaction with other contaminants, and by interatomic

attractive forces like Van der Waals attraction. This sticking force equals to the negative 

spring force necessary to overcome such attraction [Tsukruk V.V., 1998]. 

Figure 6.34 shows the behaviour of the friction coefficient against the peak voltage values. 

The measured values range from 0.2 to 0.3. 
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Figure 6.34: Nano-friction coefficient of DLC films as a function of peak voltage during deposition.

The relatively low friction coefficient for pulsed-DC DLC films reported in section 6.6 

corresponded to the friction between DLC and diamond surfaces. Those values are around 

6 times lower than the friction coefficient determined by LFM (figure 6.34). This 

discrepancy is related to the contact areas of the sliding surfaces. An LFM performs a scan



Thin film structures of diamond-like carbon prepared by pulsed plasma techniques    203

DLC surface 

AFM tip 

with a tip of 10 nm of nominal radius, which acquires data from detailed topographical 

features, whereas the diamond ball for micro-scratch tests scans a very smooth surface in 

average (figure 6.35). Thus, lower coefficients are registered in the latter case because of 

the lower resultant lateral force.

(a) (b)

diamond ball

DLC surface

Figure 6.35: Contact geometry in friction force measurements by (a) micro-scratch test (diamond ball) and
(b) LFM (AFM tip). 

In general, a minimum of friction coefficient appears around -1000 V. Furthermore, the 

friction coefficient of films prepared at 100 kHz of frequency shows a comparable 

evolution with the surface roughness, as show figures 6.19 and 6.34. One also notes the 

smoother variation of nano-tribological properties when the pulse frequency of deposition 

increases, which is also a characteristic feature of roughness. In summary, the peak voltage 

becomes a good control parameter for these surface properties at low pulse frequencies. 



204 6 – Characterisation of pulsed-DC DLC films

Summary and conclusions 

1) Well-adhered, low-stressed 1- m-thick a-C:H films with a diamond-like character 

(DLC) were deposited at growth rates up to 60 nm/min in pulsed-DC methane discharges 

at 10 Pa. Pulse frequencies of 100, 125, 150 and 200 kHz were used at a constant positive 

pulse time of 2 s, whereas the peak voltage ranged between -400 and -1400 V. 

2) FTIR and Raman analysis revealed the diamond-like character of the films. 

3) The mass densities of the films, computed from XRR diffractograms analysis, are 

comprised between 1.8 and 2 g/cm3 and present a variation with the peak voltage that may 

be related to the hydrogen content and the sp3 fraction. 

4) The dehydrogenation of DLC films as the peak voltage amplitude increases has been 

related to major plasma dissociation and to hydrogen removing from DLC sublayers. This 

phenomenon has been monitored by FTIR spectroscopy and EA. 

5) Roughness and friction coefficient were evaluated by AFM. They appear correlated and 

both show a dependence on peak voltage and pulse frequency. Film surfaces are smooth 

and roughen up to 1 nm RMS at high peak voltage, probably due to a greater atomic 

hydrogen etching. 

6) Contact angle is higher than 80º and shows that surface energy does not vary 

appreciably with the deposition parameters. 

7) The high hardness (24 GPa), low compressive stress (1-1.5 GPa), low friction 

coefficient (~ 0.05), high critical load (> 20 N) and low wear rate (~ 5·10-16 m3m-1N-1)

achieved by these films constitute mechanical properties adequate for protective coatings. 

8) The results indicate that the asymmetric bipolar pulsed-DC technique is an 

advantageous technology for the PECVD of DLC films, and provides an alternative to the 

conventional RF-PECVD. The dependence of the film properties on pulse parameters 

permits the optimization of the DLC characteristics with a view to specific applications. 


