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Abstract. The properties of thin carbon films obtained by the deposition of carbon in CH4 - 

plasma on the surface of various substrates (Si, SiO2 and quartz glass) and subsequent annealing 

at 650 to 800 °C were investigated. The sizes of graphene domains from 5 to 15 nm from Raman 

spectra were determined which increases with rising temperature on synthesis of carbon films. 

Also, sizes of graphene domains were estimated based on the electrical conductivities of obtained 

carbon films, and their values were equal ~10.8 nm. The Efros-Shklovskii variable-range 

hopping (ES-VRH) conduction mechanism is replaced by percolation conductivity with 

increasing temperature from 650 to 800° C. When using Si substrates, the hopping mechanism 

was not observed at all temperatures.  

1.  Introduction 

In recent years, interest of researchers around the world in thin carbon films has increased significantly. 

First of all, this is due to the possibility of obtaining two-dimensional carbon structures [1]. Such films 

have unique physicochemical properties and are of interest for many practical applications. Of particular 

interest is the use as active elements in electronic devices [2-6], and sensors [7,8].  

One of the important parameters in such applications is the electrical conductivity of the material and 

its dependence on temperature. Mechanism of charge carrier transport is changed [9,10] with decreasing 

temperature in semiconductor materials. At high temperatures, temperature dependence of the resistance 

is determined by the thermal activation mechanism 

                                                 
0( ) exp( / )A BR T R E k T ,                                                           (1) 

where R0 - constant factor, EA - activation energy, kB - Boltzmann constant. With decreasing 

temperature, this mechanism is replaced by variable range hopping (VRH) mechanism, which is 

determined by Mott's law [11]: 

                  
0 0exp[ ( / ) ]nT T   ,                                                            (2) 

where σ0 - preexponential factor, T0 - characteristic temperature. Degree of the exponent is n=(d+1)-1, 

where d=1/3 or 1/2, depending on the spatial dimension of the sample. n=1/2 corresponds to the Efros-

Shklovskii (ES-VRH) conduction mechanism, which takes into account the presence of the Coulomb 

interaction between electrons in localized states. In this case, the preexponential factor, depending on 

the properties of the material, is determined by the expression [12]: 
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where e is the electron charge, ε0 is the electric constant, ε is the relative dielectric constant, ξ is the 

length of the localization region of the electron wave function. 

It is difficult to distinguish experimentally some variants of VRH mechanism corresponding, for 

example, n=1/2 and 1/3 via using expression (2). This requires significant changes in electrical 

conductivity and accurate consideration of the preexponential factor [10]. Therefore, the differential 

method of analysis of the Arrhenius equation for electrical conductivity, proposed in [13], used to solve 

this problem. According to this method, a value of n can be determined from the equation LnW = A - 

nLnT, where W - reduced activation energy, determined from this expression: 
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In carbon structures, VRH conductivity was observed at temperatures close to room temperature and 

lower [14-17]. In this case, the mechanisms of electrical conductivity were described both by the Mott 

law [14-17] and Efros-Shklovskii [18]. According to other authors, predominance of a particular type 

of electrical conductivity mechanism depends on the mobility of charge carriers, domain sizes, defect 

density [19] and temperature [15]. It should be noted that there is currently no unambiguous universally 

accepted opinion on this issue. 

To study the electrical conductivity, we used carbon films obtained by the technique described in 

[20]. Preliminary studies have shown that when using SiO2 substrates and a temperature for annealing 

of 650 °C, a VRH conduction mechanism is observed at temperatures below 200 °K [21]. The resulting 

materials had small graphene flakes (<2 nm) and relatively large resistances (10-100 of kΩ/sq) [21]. It 

is possible to increase the size of graphene domains and the electrical conductivity by rise an annealing 

temperature. At the same time, it is possible to study the effect of the structure of a material on electrical 

conductivity by using substrates of varying degrees of disordering. While annealing, the structure of a 

substrate will have a significant effect on formation of crystalline structure of the carbon film. Thus, the 

aim of this work was to establish the effect of substrates on the electrical conductivity of carbon films 

formed at various processing temperatures. 

2.  Materials and methods 

In this work, carbon films were synthesized by the deposition of carbon in methane (CH4) plasma on a 

surface of various substrates (Si, SiO2, quartz glass) and subsequent annealing from 650 to 800 °C for 

up to 45 min [11-12]. The conditions of deposition of carbon in plasma chamber on a surface of samples 

are shown in table 1. Reactions was carried out in the chamber pumped under to 0.0015 mbar. Processing 

time in plasma was up to 9 min. After plasma treatment, samples were annealed at temperatures ranging 

from 650 to 800 °C for up to 45 min in argon atmosphere. Then, obtained films were studied by Raman 

spectroscopy at a wavelength of 473 nm (NTegra Spectra, NT MDT). In addition, energy dispersive X-

ray spectroscopy (EDS) (INCA Energy, Oxford Instruments) and temperature dependences of the 

current-voltage (I-V) characteristics in a two-probe method measured in the range from 80 to 300 °K.  

Table 1. Conditions for synthesized thin carbon films. 

Substrate 

(samples) 

Power of plasma 

source [W] 

Exposure time 

[min] 

Annealing 

temperature [°C] 

Annealing time 

[min] 

SiO2 200 (13.56MHz) 6 650, 700, 750, 800 30, 45 

Si 200 (13.56MHz) 6 650, 700, 750, 800 30, 45 

Quartz glass  200 (13.56MHz) 6 and 9 650, 700, 750 30, 45 
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3.  Results and discussion 

The Ntegra Spectra atomic force microscope (AFM) was used to determine the thickness of the 

quartz/plasma-deposited film interface. Figure 1a show the threshold height at this place is around 65 

nm. Measurements at other points showed values from 45 to 65 nm. The film thickness increases with 

rising power and exposure time of the plasma source. Figure 1b show the EDS spectra corresponding to 

the selected region on the surface of the carbon film on SiO2-substrate (750 °C, 30 min). The quantitative 

content of the elements is shown in table 2. Carbon atoms could form bonds with oxygen during plasma 

deposition and when interacting with air.  

 

Table 2. The content of the elements in the 

areas “Spectra 1” in Figure 1b. 

Elements Elements content, at. 

C ~85 

O ~15 

Si - 

Summary 100 

Figure 1. (a) Thickness of the quartz/plasma-deposited film interface (6 min, 750 °C); (b) EDS spectra 

of the sample surface after methane plasma exposure at a power of 200 W for 6 min. 

Figure 2a shows graphs of the Raman spectra of samples on various substrates (750 °C, 30 min). It 

can be seen that D- and G-peaks are observed in the vicinity of frequencies corresponding to the typical 

responses of the formed graphene structures [13, 14]. As can be seen, the intensities of the G- and D-

bands increase with decreasing degree of lattice disordering from amorphous quartz to crystalline 

silicon. It can be assumed that more honeycomb lattice forms on surface of ordered structure (G-band 

intensity increases) and, accordingly, number of disordering in it increases (D-band intensity increases). 

The integrated intensities of the bands were calculated from the obtained spectra. The calculations of 

the ID/IG - peaks ratio were carried out in accordance with the method proposed in [28]. Figure 2b shows 

the dependence of the ID/IG ratios vs substrate materials. It follows from the figure that for a crystal 

structure of Si this ratio is a smallest. This confirms above about a number of dependence and/or size of 

graphene domains in the carbon film on the structure of the substrate. Graphene domain sizes can be 

estimated via the ID/IG ratio [29]:  

   ,)104.2()(

1

410
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where λlaser-laser radiation wavelengths. The calculations showed that the size of graphene domains 

became approximately equal to ~ 5-15 nm. It should be noted that the domain sizes in Si were obtained 

approximately 1.5 times larger than in quartz. 
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Figure 2. (a) Raman spectra of samples on various substrates under a same conditions of plasma 

deposition (200W, 6 min) and annealing (750 °C, 30 min); (b) dependency of the ratio of ID and IG – 

peaks depending on a substrate.  

Figure 3 shows the dependences of the electrical conductivity of the samples on different substrates 

obtained by the two-probe method under the same annealing condition (750 °C, 45 min). Typical values 

of electrical conductivities are given in table 3. From the above dependence it follows that the electrical 

conductivity of the obtained films strongly depends on the substrate material. The lowest values were 

obtained for the sample on a quartz substrate. This can be explained by fact that the substrate itself is a 

more amorphous structure than SiO2 and Si. 

 

 

Table 3. The value of the conductivity of carbon 

films on various substrates at different 

temperatures. 
 

T [K] Quartz [mS] SiO2 [mS] Si [mS] 

80 0.00093 0.00219 0.0194 

100 0.00136 0.00379 0.0259 

200 0.00954 0.01995 0.039 

300 0.02433 0.047 0.109 

Figure 3. Values of electrical conductivities of 

samples on different substrates under the same 

annealing condition (750 °C, 45 min). 

Normalized values a conductivity of the samples based on obtained I-V characteristics were 

calculated. Figure 4a shows the dependences of electrical conductivity on inverse temperature for carbon 

films deposited on various substrates after annealing in 750°C. As can be seen, at low 

temperatures (80-250 °K) changes is nonlinear (non-Arrenius). Difference is more than 2 orders of 

magnitude with decreasing temperature to 80 °K for quartz and SiO2 substrates. At the same time, 

change in electrical conductivity on the Si substrate is only one order.  
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Figure 4. a) Temperature dependencies of the electrical conductivity of carbon films on various 

substrates after annealing of 750 °C; b) dependency of relative conductivities versus T-1/2 and T-1/3 for 

sample on the quartz substrate; c) reduced activation energy (W) of sample on a quartz substrate 

(700 °C, 45 min) plotted versus temperature (T) in a log-log scale; d) temperature dependencies of the 

electrical conductivity of carbon films on a SiO2-substrate at various temperatures (t = 30 min). 

The linear dependences σ(T-1/2) and σ(T-1/3) were obtained for samples on a quartz substrate 

(figure 4b). As can be seen from this figure, carbon films synthesized on Si and SiO2 substrates also had 

a non-Arrenius form. Thus, electrical conductivity of these samples is not VRH and is possibly 

associated with the percolation conductivity of the polycrystalline structure [30]. Thus, the results 

obtained made it possible to calculate VRH conductivity only for films on quartz substrates. 

Dependences of lnW on lnT were constructed (figure 4c) via formula (4). As can be seen from Figure 

4c, the value of degree n=1/2 in expression (2) quite accurately corresponds to the obtained dependence. 

Value of the characteristic temperature T0≈ 2200oK was determined from the slope of lnT from T-1/2 

(figure 4c). Using by formula (3) and accepting for the value of the dielectric constant =4 [25], we 

determined the sizes of electron localization region ξ≈5.4 nm was found. Thus, a size of the graphene 

domain (sp2-region), equal to d ~ 2ξ, is about 10.8 nm. These values are in good agreement with the 

values obtained from the ID/IG -ratio of the Raman peaks.  

Figure 4d show the dependences of the relative conductivity of samples on SiO2 substrates at various 

temperatures. As can be seen, electrical conductivity of the films strongly depends on annealing 

conditions. The change in conductivity exceeds 3 orders of magnitude for samples treated at a 

temperature of 650°C. At the same time, for samples processed at 800 °C, difference is less than one 

order of magnitude. Thus, VRH conductivity, which was observed at T=650°C [20,21], is not observed 

with an increase in the synthesis temperature of samples to 750°C. 

4.  Conclusion 

The properties of thin carbon films obtained by deposition of carbon in a methane plasma and 

subsequently annealed at temperatures from 650 to 800 °C were studied. Analysis of the Raman spectra 

showed that for the samples obtained, the ratio of intensities ID/IG depends on the degree of ordering of 

the substrate structure. The sizes of graphene domains from 5 to 15 nm were determined from Raman 
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spectra. The sizes of graphene domains on a silicon substrate are approximately 1.5 times larger than on 

quartz glass.   

The electrical conductivity of the obtained films strongly depends on annealing conditions and a 

substrate material. The hopping conductivity at T>650 °C was investigated only for samples on a quartz 

substrate. It was also observed for samples on SiO2 substrates at temperature T=650 °C. It was found 

that an electrical conductivity mechanism corresponds to the Efros-Shklovskii VRH mechanism law for 

localized states in graphene domains from based on measurements of the temperature dependences of 

the electrical conductivities for films synthesized on a quartz substrate at T=750 °C. Thus, a size of 

graphene domains (d~10.8nm) was obtained. These values are approximately 5 times larger than the 

domain sizes obtained for samples synthesized on a SiO2 substrate at T=650 °C. The results obtained 

suggest that the use of ordered crystalline structures as substrates for a synthesis of carbon films by 

deposition of carbon in CH4-plasma and subsequent annealing lead to an increase in the size of the 

formed graphene domains. A similar increase occurs with an increase in the synthesis temperature from 

650 °C and higher. The rise in a size of domains leads to a change in the mechanism of electrical 

conductivity from hopping to percolation or thermal activation.  
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