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Abstract 

 In this paper, we have studied the kinetics of graphitization at 773K of thin diamond-

like carbon (DLC) films coated with minute amount of Ni metallic particles. DLC films are 

deposited at room temperature by pulsed laser deposition (PLD) on a transparent quartz 

substrate, and Ni is deposited on the surface of DLC using molecular beam epitaxy technique 

at room temperature. The ultra-high vacuum thermal (range 573-873K with 60 min annealing 

treatments) and kinetic (range 30-3760 min at 773K) behaviors of the deposited films are 

investigated. Surface and interface characterizations indicate that the growth of graphitic sp2 

clusters starts at temperatures lower than 573K. The kinetics of graphitization is recorded at 

773K. Thus, the continuous growth of graphitic clusters leads to a long-range kinetics. These 

clusters are responsible for the increase in the electrical conductivity and carrier mobility, 

reaching values of 6.103 Siemens/cm and 20 V/cm2s, respectively. This continuous change is 

not only explained by the nucleation and growth of graphitic clusters, but also by some 

reorientation of them alongside both the surface and the quartz substrate. The obtained results 

demonstrate that thermally post-treated catalytic metal/DLC films are promising materials for 

conductive electrodes and sensing applications. 

 

1. Introduction 

Graphene is a 2D planar material of hexagonal structure comparable to a honeycomb 

network [1]. This unique structure infers outstanding properties like very large electrical [2] 

and thermal [3] conductivities, a high planar Young modulus combined with a high flexibility 

[4] and optical transparency [5]. In addition, ultra-thin graphitic films (UTGF) exhibit 

properties close to those of the graphene monolayer, at least with graphitic layers less than 5 

monolayers [6]. However, applications of UTGF as transparent electrodes require new 

elaboration technique with large size, low-temperature and thickness control. Moreover, it is 

also recommended to grow UTGF films directly on an appropriate substrate to avoid any 

transfer step. To reach these objectives at a moderate cost, the growth of UTGF by chemical 

vapor deposition (CVD) and related processes using metallic catalyst appears promising 

technique. However, the elaborated graphene films using this technique contain undesirable 

impurities like hydrogen and impose other transfer steps, which can degrade the grapheme 

performance [7]. Another solution to avoid the transfer step is the formation of graphitic layers 
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from diamond-like carbon (DLC) films grown by pulsed laser deposition (PLD) at room 

temperature as well as by other PVD processes, followed by post-treatments. Under 

appropriate conditions, a tetrahedral amorphous carbon (ta-C) film is formed by PLD. These 

ta-C films exhibit many properties close to those of diamond, due to a high but tunable 

concentration of sp3-hybridized carbon [8]. Moreover, they initially exhibit a sp2-enriched 

surface [9, 10], that can be totally graphitized by subsequent thermal [11-14] or laser [15] 

treatments. A double process has been described in the literature including: 1) the 

clusterization into graphitic cycles of sp2 single or olefinic chain sites initially embedded in a 

large network of sp3 carbon at rather low temperatures (low activation energy) and 2) the direct 

transformation of sp3 carbon to sp2 carbon at higher temperatures (high activation energy). 

These post-treatments not only infer a drastic stress reduction, but also the films exhibit low 

surface conductivity. A derived elaboration process includes the incorporation of a catalytic 

transition metal like Ni, Pt… during or after the DLC deposition. It is presumed these metallic 

nanoparticles would act as catalytic centers accelerating the graphitization at lower 

temperatures. This effect has been early described in the literature with a conductivity variation 

of several orders of magnitude, but this result has thereafter no more received much attention 

[16]. The catalytic effect would indeed affect the graphitization process both on kinetic and 

thermodynamic viewpoints to elaborate high quality films, without structural or chemical 

modifications [14]. To the best of our knowledge, few studies have investigated the kinetics 

of graphitization of thin diamond-like carbon (DLC) films at a given temperature [17]. In this 

perspective, in this paper we report both thermal and kinetic studies of the graphitization of 

Ni/ta-C/quartz films to elaborate few graphitic layers on top of the ta-C film. Raman 

investigations, optical transmission and conductivity measurements have been carried out to 

investigate the optical and electrical properties of the elaborated films for eventual applications 

as transparent electrodes, biosensors and electrochemical cells [18, 19]. 

 

2. Materials and Methods 

Samples were prepared by a triple step process. First carbon was deposited on quartz 

(double-face polished) by PLD at room temperature with a vacuum base higher than 10-3 Pa. 

A KrF laser source (248 nm wavelength, 30 ns pulse frequency) was used with a nuclear-grade 

graphite target (purity 5N) at a substrate-target distance of 5 cm. The laser fluence was within 

the range 4-6 J/cm2, which corresponds to approximately 2108 W/cm2, a power density for 
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which we found a maximum of sp3 carbon formation [20]. The deposited ta-C film thickness 

was around 15 nm. Further experimental details on the preparation, the determination of the 

sp3/sp2 ratio and the carbon density of the films are reported in references [20, 21]. Samples 

studied here have a density of about 3 g/cm3 and 70% of sp3 content.  

Ni metal is subsequently deposited at room temperature by molecular beam epitaxy 

(MBE) on DLC/quartz samples at a minute amount of metal (around 0.15 nm of equivalent 

metal layer). The thickness of evaporated Ni was measured by Rutherford back scattering 

(RBS) as described in [22]. This is typically a deposition of less than one equivalent metallic 

monolayer, carried out 1) to avoid single layer formation and thus direct metallic surface 

conductivity and 2) to optimize the catalytic properties of small nanoparticles.  

The samples Ni/ta-C/quartz were finally subjected to thermo-catalytic treatments in 

ultra-high vacuum (UHV) furnace (base pressure 10-4 Pa). The samples were taken out of the 

UHV chamber after each treatment. Then new measurements (Raman spectroscopy, UV-vis 

transmission, conductivity) were carried out before a new thermo-catalytic treatment was 

implemented. The samples Ni-DLC-3 samples were treated from 573K up to 873K by steps 

of 100K (Table 1). After setting the samples into the UHV furnace, a heating rate of 10K/min 

was applied up to the desired temperatures. After treatment was achieved, samples were cooled 

down in UHV without instructions. Samples DLC-1 and DLC-2 were similarly treated at 773K 

from a first treatment of 30 min up to a cumulative time of 3765 minutes with variable 

increasing time sequence. Besides, a reference sample (DLC-4), similar to DLC-3 sample but 

without catalyst was investigated at 773K for 60 min. Table 1 summarizes the properties of 

the samples used in this work. Sample Ni-DLC-1 and Ni-DLC-2 exhibit similar characteristics, 

except the thickness values, which are slightly different. As it has been reported that the 

microstructure of ta-C films changes along the axis normal to the surface [23], it is expected 

that the thickness could be a significant parameter in affecting the film performance. In 

addition, we check by ERDA that the samples are free from hydrogen impurities.  

 

Sample Laser fluence 

(J/cm2) 

DLC thickness 

(nm) 

Ni thickness 

(nm) 

Annealing time 

(min) at 773K 

Annealing 

temperature T 

at 60 min 

Ni-DLC-1 5 16 0.16 30-3765 773 

Ni-DLC-2 5 13 0.13 30-3765 773 

Ni-DLC-3 4.1 9.5 0.13 60 573-873K 

DLC-4 5.6 9.5 - 60 873 

 

Table 1: Main characteristics of the Ni/DLC/quartz samples 



5 
 

 

SEM images were obtained on a Zeiss GeminiSEM 500 working at 3 keV with secondary 

electrons emission and total yield detection modes, to contrast the topographic from the 

chemical information. Atomic force microscopy (AFM) both on a NT-MDT Stand Alone 

SMENA set-up is used in the resonant semicontact mode. Raman spectroscopy and mapping 

measurements have been carried out using a LabRam/Aramis Jobin/Yvon spectrometer with 

the green laser at 532 nm. The light was filtered to get a laser power of 1.5 mW on the sample 

to avoid damages in the carbon layer, using a 50 µm hole (confocal configuration), a 

monochromator of 2400 lines/mm and a magnitude lens of 100. Raman spectra were recorded 

in the 300-3000 cm-1 range. For Raman mapping, a set of 2020 spectra distant each other by 

0.5 m was recorded. The spectra were then treated by removing the background and 

normalizing the signal to the intensity of the G signal. For some films, the light was focused 

either on the surface or at the interface with quartz. In the last case, the sample was turned with 

the light crossing the transparent quartz down to the interface. This was possible as the quartz 

samples were also polished on bottom face (RMS in the range 0.5-1.0 nm). Moreover, we 

tuned the intensity ratio of the G line with the Si line at 520 cm-1 to check the accuracy of the 

focalization. The conductivity measurements were performed using Hall effect technique 

(ECOPIA HMS-5000 set up) in the Van der Pauw configuration. Electric conductivity, in the 

planar orientation, as well as the nature, the mobility and the density of the carriers were 

determined. Knowing the thickness t (cm) of the conductive layer, the conductivity  (S/cm) 

of the film can be expressed as: 

 

                                  = w / (t  L Rs)     (1) 

 

where w and L are the width and the length of the sample, respectively, and Rs (/) denotes 

the sheet resistance.  

The optical transmission of the films has been measured using a NIR Perkin ELMER 

spectrophotometer Lambda 19. The spectra were recorded from 250 to 850 nm, using a sweep 

rate of 120 nm/min. The slit width was fixed to 2 nm. Moreover, the recorded spectra were 

analyzed according to the approach described in [24], derived from Tauc’s analysis, which can 

separately determine the nature of the optical transition and deduce the optical band gap Eg.  

 

3. Results and discussion  
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A) Structural characterization 

 

   A      B 

           
              

 

C      D 

 
 

Fig.1 A) and B) SEM images of the Ni-DLC-1 sample after 3765 min of cumulative 

thermocatalytic treatment at two magnitudes; C) Histogram of the size distribution of set of 

nanoparticles displayed in Fig.1A on more than 2 500 nanoparticles using ImageJ 

software; D) AFM image of sample DLC-1 (without nickel). 

 

A SEM image of the Ni-DLC-1 sample after 3765 min of cumulative thermocatalytic 

treatment at 773K is displayed at two magnitudes in Fig. 1A and B, respectively. The low 

magnitude spectrum shows a large and homogeneous spread of particles on the substrate. 

However, images recorded with a higher magnitude reveal that these spots are split into many 

single nanoparticles with a mean size of about 20-30 nm. This splitting can be the result of a 

possible carburization of the Ni particles. Ni in the presence of carbon can form a carbide 

phase Ni3C which is thermodynamically stable within the temperature range 473-673K [25]. 

The decomposition of unstable Ni3C particles above 673K might lead to such configuration 
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for the nanoparticles. The Ni nature of the nanoparticles is validated by energy-dispersive X-

ray spectroscopy. The size distribution of the set of nanoparticles displayed in Fig. 1C and 

obtained over 2500 particles over a surface area of 208 μm2 is randomly distributed with a 

maximum around 0.3 μm (Fig. 1C). The surface roughness was measured from AFM to 0.6 

nm on sample DLC-1 (without nickel) (Fig. 1D). 

 

B) Temperature treatment by Raman spectroscopy 

We first investigated by Raman spectroscopy the effect of UHV thermal post-

treatments. The sequence of Raman spectra (Ni-DLC-3 sample) are plotted on the surface and 

at the interface, respectively, as initially prepared and then after subsequent thermocatalytic 

treatments from 573 to 873K (Fig. 2A and B). From these figures, a broad complex band within 

the 1100-1650 cm-1 range characteristic of carbon contributions is recorded. These Raman 

spectra are roughly similar with previous reports on ta-C films prepared by PLD using the 

same nanosecond KrF source [9] or under similar conditions [26]. This broad band points out 

a D band centered around 1360 cm-1 and a G band centered at 1560-1590 cm-1. The intense G 

band is due to the stretching 6E2g mode of sp2-hybridized carbon whatever the nature (single, 

chain, cycle, …) of sp2 carbon sites. By contrast, the D band is due to a multiphotonic process 

of sp2 carbons and involves defects like edge sites of graphitic cycles. Thus, the ratio ID/IG of 

the intensities of these bands is a measurement of the cyclisation of the sp2 carbon of nanometer 

size when starting from a highly defective carbon material like ta-C prepared at room 

temperature [27]. A careful analysis at the initial spectra focused on the surface shows that a 

D contribution is initially present at a low concentration. Thus, very small graphitic-like 

fragments are formed in the initial DLC structure. Nevertheless, it should be highlighted that 

the DLC structure consists in a sp3-rich carbon network surrounding small sp2-rich carbon 

fragments [8]. Therefore, other very weak contributions arise at around 1060 cm-1 (T mode), 

1190 cm-1 (1) and 1480 cm-1. (3) carbon vibration modes at the interface between the 

graphitic clusters in growth or in formation and the carbon sp3 network. The two latter lines 

are characteristic of disordered sp3 hybridization state of carbon [8, 28], like sp3-hybridized 

carbons in close vicinity of the sp2 clusters. It is generally reported that the Raman ratio 

between sp3 and sp2 carbon is very weak [29], but in our case with a laser source at 2.33 eV 

and band gap around 1 eV, we may have some sp3 carbon vibration modes. 

Finally, the attribution of the T mode at 1060 cm-1 is more discussed, as being due 

either to carbyne chains or to diamond nanocrystalline form [28]. Besides, these lines are much 

more intense on the spectra recorded at the interface, which means that a higher level of sp3 
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carbon is formed at the interface (Fig 2B). This suggests a gradient of sp2/sp3 carbon across 

the film, in agreement with the subplantation model of carbon DLC film growth [30-32]. By 

contrast the assignment of these lines to some Si-C bonds can be excluded [33]. 

 

   A      B 

    

     C 

 

Figure 2: Raman spectra of Ni-DLC-3 sample after consecutive thermocatalytic 

treatments from 573 to 873K (100K stepwise, 60 min). A) surface and B) Interface 

analysis, respectively; C) Ni-DLC-3 (black) and DLC-4 samples (red) at 873K, 60 min. 

 

Notable changes occur after successive thermocatalytic treatments from 573 to 873K. The 

intensity of the D band increases, the position of the G band shifts towards higher wavenumbers, 

from 1570 cm-1 to 1575-1580 cm-1, and a narrowing of both D and G (from 170cm-1 to 130 cm-

1) bands occurs. By comparison, the ratio ID/IG is around 0.6 on the sample DLC-4 (without Ni) 
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instead of 0.75 on the sample Ni-DLC-3 after 60 min at 873K (Figure 2-C). This is an indication 

of the catalytic effect of the Ni particle for sp2 carbon cyclization. These two effects are 

explained by the process of cyclization of carbon sp2 fragments aggregating carbon sp2 sites. 

Also, the arising at high temperature (T = 873K) of a weak 2D band at around 2700 cm-1 can 

be noticed (Fig.2 A). This 2D band is a multiphotonic process, and its occurrence can be 

considered as a signature of some weak organization of the graphitic fragments in the direction 

normal to the planar graphene plane. In contrast, sp3 carbon bands do not change in intensity 

and remains weak. The lower wavenumber lines at around 500 and 800 cm-1 are due to Si-O 

and Si-Si vibrations and do not evaluate in intensity.  

However, it is important to note that the DL films are not in an equilibrium state, and thus 

evolution of the carbon structure is not only temperature-dependent, but also may be time-

dependent. This is why we performed a comprehensive kinetics study at a given temperature 

equals to 773K. 

C) Kinetics of graphitization 

1) Raman spectroscopy  

The sequences of Raman spectra, recorded at both the surface and at the interface, are 

displayed as a function of the cumulative time of thermocatalytic treatment (from 30 to 3765 

min) in Fig. 3A and B, respectively. From these figures, we observe a progressive increase of 

the D line compared to the G line. At the interface, we note also some weak but significant 

carbon sp3 and T bands (with some dispersion of the intensities due to the error in the 

focalization at the interface), whereas the D and G bands characteristics of sp2 carbon remains 

unchanged. We have calculated the ratio of intensities (surface areas) ID/IG according to a 

process analysis that has been described in more details in literature [21] and which is 

summarized here. The whole Raman lines in the range 1000-1650 cm-1 is fitted with five 

gaussian –shape contributions which are the G, D, 3, 1 and T lines around 1560-1590 cm-1, 

1360 cm-1, 1470-1495 cm-1, 1180 cm-1 and 1060 cm-1, respectively. The baseline was first 

subtracted from Raman spectra before starting the analysis. Fig. 3 is an example of 

deconvolution of the Raman spectrum of the sample DLC-04 (773K-60 min). This analysis 

provides important information about each peak (FWHM, wavenumber, area and peak 

intensities). The intensity ratio of the two peaks D and G is used to evaluate the crystallite size 

of the sp2-hybridized carbons [27]. The surface ID/IG curves are plotted in Figure 3A for the 

Ni-DLC-1 and Ni-DLC-2 samples. For both samples, Ni-DLC-1 and Ni-DLC-2, this ratio 

starts with a slow raise, and then the increase becomes more pronounced above 200-300 



10 
 

minutes. The saturation apparently does not occur, even after near 4 000 minutes of thermal 

treatment. As these samples have rather similar characteristics, both curves give a good 

indication of the experimental dispersion of the results.  

 

 A B 

   
 

  C       D 

 
 

Fig 3 A) Sequence of Raman spectra as a function of cumulative thermocatalytic 

treatments at 773K in the range time 0-4000 minutes. Ni-DLC-1 sample. A) on the 

surface; B) at the interface; C) Fitting of DLC-4 at surface, 773K, 60 min and D) 

Variation of the Raman intensity (surface areas) ratio ID/IG as a function of cumulative 

thermocatalytic treatment at 773K. Ni-DLC-1 and Ni-DLC-2 samples.  

 

If we consider that the variations of the D band are mainly due to the nucleation and 

growth of graphitic cycles, the increase of the ID/IG ratio is an indication of the formation and 

growth of graphitic cycles in the course of the thermocatalytic treatments. This formation of 
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graphitic cycles clearly takes a long time before completing stabilization and is not even 

achieved at 773K after 4 000 minutes of cumulative thermal treatments. Meanwhile, the G 

band remains stable around 1575 cm-1 and the FWHM of the G band decreases from 164 cm-

1 to 137 cm-1. It is expected however that the process involves not only the formation and 

growth of graphitic rings, but also ordering of the graphitic cycles and a reorientation of them 

in a direction parallel to the surface [28]. The occurrence of a weak 2D band at 2700 cm-1 

above around 700 min of cumulative treatment, even if it remains invariably low, is an 

indication of a starting ordering of the graphitic layers. 

 

2) Raman mapping  

The Figs. 4A and B display the Raman surface mapping of the normalized intensities 

ratio ID/IG and I2D/IG obtained on the sample Ni-DLC-1 after thermocatalytic treatment of 3765 

min at 773K, respectively, associated with the optical image on the same area (Fig. 4C). The 

two ID/IG images (Fig. 4A and D) are displayed with the same color amplitude of 0.3 (0.5-0.8 

and 0.9-1.2 range, respectively, with mean values 0.65 and 0.95, in agreement with the ID/IG 

intensities reported in Fig. 3D of 0.75 and 0.95 at 180 min and 3765 minutes, respectively). 

Clearly, the last image displays bright areas contrasted with darker zones. The limited 

resolution of the camera however precludes to assign these areas to catalytic particles which 

are in the nanometer scale. The size of the catalytic domains (Fig 1B) is however of the same 

order of magnitude than the bright spots delivered by the optical image in Fig. 4C. Therefore, 

it is tempting to assign the small dark red domains with high ID/IG ratio values (1.15-1.20 in 

the intensity scale of Fig.4A) to the Ni large domains observed in Fig. 1. These areas can be 

assigned to preferential graphitic areas. In contrast, the areas with the lower ID/IG ratio values 

are considered as carbon sp3-enriched domains. The mapping at 180 min exhibits much less 

contrast indicating that between 180 and 3765 min both nucleation and growth of domains 

with high ID/IG occur. Reversely, we fail to find a matching between the (I2D/IG) and the (ID/IG) 

mappings (Fig. 4A and 4B, respectively), or a matching between the (I2D/IG) mapping and the 

optical image (Fig 4B and 4C, respectively). The reason may be due to the very weak intensity 

of the 2D line, even after a long treatment at 773K. Moreover, it is likely that local conditions 

like roughness, orientation of the sp2 cycles are more important at this level. 

 

   A       B 
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                        C  

 

 

 

  

D 

 

Fig. 4: A) and B): Raman images with a surface area of 100 μm² of the Ni-DLC-1 sample 

showing the ratio of normalized intensities (ID / IG) and (I2D / IG), respectively, after a 

thermocatalytic treatment of 3765 min at 773K.  C) optical image of the same area. D) (ID/ 

IG) image of the same sample after thermocatalytic treatment of 180 min at 773K with the 

same amplitude (different area). 

 

  3) UV-vis transmission  

The Fig 5A plots some optical transmission curves of the Ni-DLC-1 sample with successive 

thermocatalytic post-treatments at 773K in the UV-visible range 250-800 nm. The transmission 

of the quartz alone remains constant, at around 93%. In this figure, it is clearly shown the 

transmittance is decreased to 65% at 550 nm for Ni-DLC-1 sample. The influence of the metal 

deposition on the transmission spectrum of the untreated sample (not shown) is negligible. After 

a first treatment, at 773K for 30 min, the transmittance is slightly decreased to 55% at 550 nm. 

Then, some saturation is attended after approximately 1000 min (Fig. 5C in which the  
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A       B 

   
 

 
   C            D 

             
 

Fig.5: A) sequence of optical transmission on samples Ni-DLC-1 with cumulative 

thermocatalytic treatment. The transmission curve of the quartz is also reported. Scan rate 

of 120 nm/min; B) UV-Vis spectra of Ni-DLC3 (red) and DLC4 (black) at 873K, 60 min; C) 

Transmission (%) at 550 nm as a function of time (corrected from the quartz absorption); 

D) Band gap as a function of time (extracted from the transmission curves according to 

[24]. 

 

transmissions at 550 nm are corrected for the quartz absorption). These results are in good 

agreement with the progressive formation of graphitic aromatic clusters. However, a close 

inspection in the near-UV range reveals some slight changes in the transmittance behavior. Fig 

5D plots the variation of optical band gap Eg as function of time extracted according to [24]. Eg 

is initially measured on DLC-01 and DLC-02 samples at 1.1 eV. It drops to 0.95 eV with 

deposition of nickel. Starting the thermal treatment at 773K, it drops again to slightly less than 

0.8 eV. It is shown in Fig.5D that the optical band gap increases first with time to reach a 
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maximum value of 0.85-088 eV for an annealing time equals to 60 min. After 60 min, the optical 

band gap is decreased to near 06-065 eV with some trend to saturation. This signifies that the 

cumulative annealing time has a significant impact on the DLC film electrical behavior.  

We finally compare the samples Ni-DLC-3 and DLC-4 (without Ni) of same thickness and 

both treated 60 min at 873K (Fig. 5B). The sample DLC-4 exhibits a transmission of around 

90% at 550 nm, much higher than the transmission on Ni-DLC-3 sample around 65%. This is 

a clear evidence of the catalytic behavior of Ni which accelerates the formation of aromatic 

domains, highly absorbing the light.  

 

4) Transport measurements 

We have first checked that the untreated Ni-DLC-01 and Ni-DLC-02 samples exhibit 

no conductivity within the detection limits (less than 10-3 S/cm). The same behavior is observed 

for the DLC-4 sample without catalyst annealed at 773K for 60 min. 

 
A      B 
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Fig. 6: Logarithmic plots of A) Conductivity (S/cm) measured in the Van der Pauw 

configuration (the linear correlations display the two first regimes as discussed in the text); 

B) Carrier mobility as a function of the cumulative annealing time (Ni-DLC-2 sample). 

 

Fig 6A illustrates the variation of the electrical conductivity, , versus the cumulative 

annealing time. From this figure, it is clearly shown that the samples Ni-DLC-1 and Ni-DLC-2 

exhibit high conductivity values in the 103-104 S/cm range. The conductivity behavior shows 

three power regimes in a logarithmic scale. The first one, up to 200 min, displays a small 

increase with a linear slope of 0.32, the second one occurs in the range 200-1500 min with a 
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steeper increase (linear slope of 0.7) and finally a saturation or even a slight decrease is observed 

above 1000 min. The overall increase is larger than one order of magnitude (Fig. 6A), from 

initially around 8.102 S/cm to 7.103 S/cm after 1245 min of cumulative thermocatalytic 

treatment. The two samples yield very similar conductivities, except for the third regime. The 

main conclusion is that the transport conductivity of Ni-DLC samples is never stabilized at 

773K of annealing temperature over a large range time.  

We compared the conductivities of Ni-DLC-3 and DLC-4 samples treated under the 

same conditions (873K, 30 min). We find 1.9 103 S/cm for the metal-loaded sample and we do 

not observe any conductivity on the unloaded sample. The catalytic effect of the metal on 

conductivity is clearly observed. 

The mobilities of the carriers are reported in Fig. 6B for Ni-DLC-2 sample. The Hall 

effect measurements indicate that conductivity of thin layers graphite was both due to positive 

(holes) and negative charge carriers (electrons). This affects the determination of the Hall 

constant of the carrier mobility and of the carrier concentration.  

The Hall constant RH is then expressed as 

 

RH = (1/e)(p – nb2) / (p + (nb))2    (2) 

 

where p and n are the positive and negative carrier concentrations, respectively, and b = e/h 

is the ratio of the mobility values. The total density of charge carriers n+p can then be expressed 

as: 

n+p = (1+R)  (1-Rb2) / eRH  (1+Rb)2   (3) 

 

The electron and hole mobilities e and h, respectively, defined as  = (een + hep), can 

be expressed as: 

 

e = RH b / (1-Rb2)      (4)  

 

and  

h = e / b = RH / (1-Rb2)     (5) 

 

where R = n/p is the ratio of charge densities. Neglecting again the contribution of 

impurities, we take this ratio as R = 1.33 obtained on pyrolytic graphite [34]. To support this 
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assumption, it has been checked by a statistical analysis (more than 100 independent Hall 

measurements) that the ratio of major n type over p type conductivity is 1.24. Fig. 6B reveals 

that the electron mobility increases with time to reach a maximum mobility value of 20 

cm2/(Vs) for a thermocatalytic time equals to 2000 min. The carrier density given by equation 

(3) is quoted to around 1020-1021 cm-3. It must be noted that the transport properties obtained, 

with mobility of around 20 cm2/V.s at the best, are quite comparable with a recent publication 

on ta-C:H samples annealed at higher temperatures [35]. 

 

Discussion 

It is worthy to mention that the kinetics of surface conductivity is rather complex and 

its interpretation needs further investigation. However, it is possible to rely such behavior with 

the Raman analysis.  

The relation between the conductivity and the nanostructure has been often studied in 

ta-C films, but only the thermal effect has been investigated on ta-C [17, 36, 37] and ta-C-H 

films [38]. Two processes occur that contributes in improving the conductivity with time or 

temperature: 1) clustering of the sp2 phase into sp2 cyclic domains and 2) carbon sp3 to carbon 

sp2 conversion. However, owing to high activation energy we can rule out this last process that 

occurs only at high temperatures. Moreover, the sp2 cluster orientation is also important in the 

surface conductivity, with an optimum configuration for surface conductivity when the cluster 

domains are oriented parallel to the surface. At room temperature, transport in ta-C films can 

be described by hopping between near neighbor sp2 clusters and the conductivity . The latter 

is expressed as [36, 37]: 

 

 = K(d2/T)  exp{-[E / (kT)] – (2d)/a]}  (6) 

 

where a is the localization radius of the conducting states, d is the distance between the near 

neighbor sp2 clusters, E expresses the activation energy of the transport process and K is a 

constant. Assuming a random and homogeneous distribution of graphitic spherical clusters, the 

localization radius a can be assigned to the cluster radius. The hopping distance d can be 

expressed as d = D – 2a, where D is the mean distance between two near-neighbor sp2 clusters. 

Then D can be expressed as a function of the cluster density N as D = k / N1/2, where N 

represents the cluster density. Thus, the hopping distance d can be expressed as a function of 

the cluster density N and the cluster mean size as:  
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d = (k / N1/2) – 2a      (7) 

 

at a fixed temperature and from expressions (6) and (7), the conductivity can be given by: 

 

 = K’(T)  [(k / N1/2) – 2a]2  exp{- [2k / (aN1/2)]  (8) 

 

where K’(T) is a constant that involves all the temperature-dependent parameters. In the 

absence of any more data about the independent time variations of the localization radius a(t) 

and the cluster density N(t), it is difficult to go further in the analysis without supplementary 

assumptions. However, the localization radius is correlated to the cluster size La in a hopping 

transport model as: 

 

a = C  La / [Eπ(La) - E]1/2     (9) 

 

where Eπ(La) and E are the electronic gaps between π-π* and  -* states, respectively. Eπ(La) 

is strictly depending on the cluster size as reported by Robertson [39]. For large clusters 

however, like here as ascertained by large Raman ID/IG ratio, Eπ(La) is constant, so a  C1  La 

with C1 = C / [Eπ - E]1/2. In the phase of graphitic clusters growth with increasing ID/IG, ID/IG 

 La
2 [27]. Moreover, we can assume that the density N(t) is rapidly constant as the metal 

particle acts as a nucleation center for graphitic clusters, then N(t)  N0. Then equation {8} 

reduces to: 

 

Ln  = C(T) – (D / (ID/IG)1/2)     (10) 

 

A plot of Ln  = versus (ID/IG)-1/2 is displayed in Figure 7 for both samples Ni-DLC-1 

and Ni-DLC 2 samples. It shows a reasonable agreement with a negative linear slope of -1/2, 

considering the error on ID/IG.  

Another explanation can be found in close insight on the variations of the Raman ratio 

ID/IG with time. This ratio is expected to be dependent on both the density and on the size of the 

cluster radius, and clearly supports the increase of the conductivity with time. Moreover, the 

power laws with time distinguish two regimes. We propose that the first regime is a nucleation 

kinetics domain, where the conductivity is mainly governed by the variations of N1/2, whereas 
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the second regime is a growth kinetics regime which is mainly governed by the variations of 

the mean size a. This could be related to the slope ratio between the first and the second regime 

around 0.32 / 0.7  0.46, not far from ½ as expected from equation (8). Moreover, the 

improvement of the conductivity at a given temperature may be also the result of a reorientation 

of the sp2 clusters from the normal direction to the surface to an orientation parallel to the 

substrate. In the PLD process under our conditions it is believed that carbon ions impinge the 

surface with kinetic energy around 100 eV or more. Within these kinetic energies sp2 carbon 

may be formed with a preferential orientation along the pathway of carbon ions inside the ta-C 

film, thus rather perpendicular to the surface. This has been shown for example for the 

formation of graphitic clusters normal to the surface during the diamond nucleation assisted by 

carbon ion bombardment [40]. It is expected that the graphitic clusters will tend to reorient 

themselves with time or temperature in the direction parallel to the surface or the interface with 

substrate to minimize the bi-axial stress of the graphitic cluster sheets.  
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Fig. 7: Correlation between the conductivity variation and the Raman ID/IG ratio 

according to the equation (10).  

 

Therefore, the improvement of the conductivity at a given temperature may be also the 

result of a reorientation of the sp2 clusters from a direction normal to the surface to an 

orientation parallel to the substrate. This is supported by the literature report where 

conductivities were recorded in both direction, perpendicular and parallel directions to the 

surface as a function of thermal treatment. A cross is clearly observed between two 
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measurements [37]. This process is expected to be a slow process as it involves the movement 

of the carbon atoms of the graphitic cluster. Finally, the last regime is a saturation/degradation 

of the conductivity. It is proposed that in this regime the density and/or the size of the graphitic 

clusters become so high that their coalescence starts.  

 

4. Conclusions 

In this work, we have studied the kinetics of graphitization at 773K of thin diamond-

like carbon (DLC) films coated with Ni metallic nanoparticles. DLC films are deposited at room 

temperature by pulse laser deposition (PLD) on a transparent quartz substrate. Moreover, a Ni 

metal (less than one equivalent monolayer) is deposited on the surface of DLC using molecular 

beam epitaxy technique at room temperature in order to create Ni nanoparticles. Ultra-high 

vacuum annealing treatments (range 573-873K with 60 min) show a transformation of carbon 

sp2 single or chain sites into cyclic aromatic domains which is probed by the Raman ID/IG ratio. 

Studied for the first time to our knowledge, a comprehensive kinetic study of thermocatalytic 

treatments on Ni-DLC samples in the range 30-3760 min at 773K shows a continuous process 

of sp2 clusters formation and growth using Raman spectroscopy, optical transmission and 

electrical conductivity measurements. The kinetic behavior is analyzed in terms of nucleation 

and growth of graphitic sp2 clusters, probably encompassed by a long-range kinetics of 

reorientation of the graphene layers of the graphitic clusters moving from normal to parallel 

direction to the surface and the interface. A correlation is found between the Raman ID/IG ratio 

and the conductivity in agreement with the nucleation and growth of graphitic clusters. Further 

studies are however required to monitor independently the kinetic of graphitic cluster 

formation, growth, orientation and coalescence. High surface electrical conductivities are 

reached accordingly, at more than 6103 S/cm, with carrier mobility equals to 20 V/cm2s and 

a high density of carriers which are almost equally positive and negative. These characteristics 

make the elaborated DLC film potentially suitable for developing new high performance 

conductive electrodes and optoelectronic sensors.  
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