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Abstract 

A method for graphite-like carbon (GLC) deposition using Ar/C6H6 

surface-wave plasma (SWP) is proposed. Characteristic of the SWP, i,e, high 

plasma density with wide spatial uniformity realized uniform carbon film 

deposition at high deposition rates.  To increase sp2 ratio in carbon films, a 

pulsed negative bias voltage up to ~2 kV is applied to a substrate. Conductive 

carbon films of low sheet resistances below ~102 /sq is achieved at high 

deposition rates up to ~6 nm/s with good spatial uniformity (±5%) in an area 

of ~18×3 cm2. Film structure is evaluated by Raman spectroscopy, Fourier-

transform infra-red spectroscopy, X-ray diffraction, X-ray photoelectron 

spectroscopy, scanning transmission electron microscopy and electron 

energy loss spectroscopy. At high negative bias voltages, sp2-rich with 

reduced hydrogen content of the film is observed.   
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1. Introduction 

Graphite-like carbon film, a carbon film including high ratio of graphite-like 

structure (sp2 bond), is attractive material because of its superior properties 

such as its high electrical conductivity, anti-corrosion, low friction and so on. 

Because of such excellent properties, various industrial applications using 

GLC film have been reported in the last several decades.[1-9] To deposit 

GLC film, various deposition methods have been proposed such as chemical 

vapor deposition (CVD) [10-15] or physical vapor deposition (PVD) [16-20] 

and so on. However, these film deposition processes have difficulties in high 

deposition rate, high electrical conductivity, or uniform film deposition in 

large area. For example, typical deposition rate reported so far is less than 

0.04 nm/s in PVD process [20] and less than 0.001 nm/s in CVD process 

[10]. These issues make commercialization of the GLC films difficult. 

Another candidate deposition process for the GLC film deposition is plasma-

enhanced chemical vapor deposition (PECVD), which is promising due to 

its high productivity under low temperature condition.[21-25] Among 

various plasma sources, surface-wave plasma (SWP) has high plasma 

density (≥ 1017 m-3) with large-area plasma uniformity.[26~30]  Such 

properties enable us to deposit the GLC film at high deposition rate with 

good deposition uniformity. Kalita et al. reported nanographene film growth 

using the SWP at a deposition rate of 1.1 nm/s.[24] J. Kim et al.[28,29] 

reported wide-area diamond and graphene deposition by the SWP. 

To increase the graphite structure in the carbon film, it is known that 

ion bombardment is effective.[31~35] Change in the film structure by 
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varying ion bombardment energy has been reported using various film 

investigation techniques such as Raman spectroscopy, FT-IR, and so on.[31-

35] These studies showed the increase of the sp2 state in deposited carbon 

films with increasing the ion bombardment energy (>1.3 keV).  To achieve 

higher deposition rate without reducing higher film conductivity, however, 

not only high energy ions but also higher ion-flux to the substrate is required. 

Deposition precursor gas is important from the viewpoint of the deposition 

rate. Robertson compared carbon film deposition rates with different 

hydrocarbon molecules and pointed out benzene has the highest deposition 

rate in hydrocarbon gases due to its lowest ionization potential.[35]  

In this study, we demonstrate deposition of the GLC film by PECVD, 

that enables us to deposit films with higher film deposition rates.  For the 

enhancement of the electrical conductivity of the film, higher ion flux as well 

as higher ion energy is required.  To satisfy such conditions, the high-

density SWP with high negative bias voltage source (<2 kV) is used.  The 

SWP also enables us to produce large-area plasma with good spatial 

uniformity.  Spatial profiles of plasma density and film deposition 

characteristics such as deposition rate, thickness uniformity, electrical 

conductivity, and film structure are investigated.   

 

 

2. Experimental setup 

Figure 1(a) shows schematic of experimental apparatus. A vacuum vessel of 

50 cm in length, 26 cm in width, and 16 cm in height is equipped with a 
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quartz plate (50×17 m2) and is evacuated by a dry pump down to a base 

pressures less than 0.1 Pa. A slot plate with two arrays of 3 slot antennas and 

a waveguide are attached to the quartz plate. Based on an electromagnetic 

field simulation, the slot position is optimized to enhance the microwave 

radiation. The waveguide is terminated with a plunger to control node 

position of standing wave in the waveguide. In this study, Cartesian 

coordinates (x, y, z) with its origin on the center of the quartz plate are defined 

as shown Fig.1(a). Argon gas is introduced into the vessel through a mass 

flow controller at a flow rate of 65 sccm. Apart from the Argon gas feed, 

vaporized benzene (C6H6) is fed through a gas manifold at z=3 cm toward a 

water-cooled substrate stage (26×7 cm2). The center of the stage is located at 

x=-7.5 cm off center of the vessel and another coordinate (x2) on the stage 

surface is introduced with its origin on the stage center. A total pressure is 

kept at 13 Pa by a conductance valve. Microwave power (2.45 GHz, 1.3 kW) 

is applied to the waveguide and the SWP is produced in front of the quartz 

plate. The deposited film tends to produce sp3 bonds and to be insulative if 

the ion bombardment is not enough. This results in charging-up of the film 

surface by positive charge and unipolar arcing on the film surface.  Such 

situation can be avoided by using pulsed DC biasing, where accumulated 

charge is released during the pulse-off phase. In this study, the stage is 

negatively biased by a high impulse voltage generator (maximum voltage: -

2 kV, pulse frequency: 500 Hz, pulse-on time: 0.2 ms). Hereafter, stage bias 

voltage (VB) is indicated by its absolute value. The voltage and current are 

measured by a high voltage probe and a current probe, respectively. At the 



6 

 

same stage position and the microwave power, the stage current is almost the 

same irrespective to the bias voltage. Electrically conductive (n-doped) 

silicon (100) substrate (size: 18 × 3 cm2, resistivity: 10.5 Ω∙m, sheet 

resistance: 150 Ω/sq) is placed on the stage surface. Prior to the film 

deposition, the silicon substrates are cleaned by an ultrasonic cleaner with 

acetone and are pre-sputtered by Argon plasma for 2 min at VB=1 kV. After 

the pre-sputter of substrates, benzene gas at a flow rate of 50 sccm is 

introduced through the gas manifold, and the film is deposited on the 

substrate. Film thickness is measured by a step profiler and electrical 

resistivity is measured by a four-terminal sensing method. The deposited film 

thickness is ~ 400 nm in all experiments. A distance from the quartz plate to 

the stage and bias voltage are varied. Film quality is investigated by Raman 

spectroscopy, Fourier-transform infrared spectroscopy (FT-IR), X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning 

transmission electron microscopy (STEM) and electron energy loss 

spectroscopy (EELS). 

Spatial profiles of Ar plasma density are measured using wire 

Langumuir probes made of tungsten (diameter: 0.1 mm, length: 10 mm). 

Two identical Langmuir probes are moved along the z axis at x=0 cm and 

along the x-axis at z=8 cm. 

 

3. Results and Discussions 

As mentioned above, ion bombardment during the film deposition plays 

important role to obtain the GLC film. To evaluate the ion flux to the 
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substrate, bias voltage and current on the stage are measured. Figure 2 shows 

voltage and current waveforms at VB=2.0 kV. Just after turning on the pulse 

at t=0, ringing is observed (<5s) with a maximum bias voltage and a current 

of 3.5 kV and 2 A, respectively. After then, steady state voltage and current 

at 2.0 kV and 0.75 A, respectively, are observed. By turning off the pulse 

power at t=0.2 ms, a long falling time is observed.  This is due to the charge 

reduction of the power source capacitor by the current flowing from the 

plasma.   

Spatial distributions of the plasma density and the electron 

temperature are measured by Langumuir probes. In this measurement, C6H6 

is not introduced to avoid film deposition on the probe surface. Figure 3(a) 

and (b) show spatial profiles of the plasma densities along z axis at x=0 and 

along x axis at z=8 cm, respectively. Ar gas pressure and microwave power 

are 13 Pa and 1.3 kW, respectively. In Fig. 3(a), the plasma density 

monotonically decreases with increasing the distance from the quartz plate. 

Such spatial variation of the plasma density is almost similar with other 

SWPs.[26,27,30] In Fig. 3(b), uniform plasma along x direction at a density 

of ~ 4.1×1017 m-3 is observed.  Uniformity of electron temperature at Te~1.4 

eV is also confirmed, although not shown in the figure.  

 To evaluate spatial uniformity of the film deposition rate, carbon film 

is deposited at a stage position of z=8 cm by introducing the benzene gas. 

Figure 4 shows spatial profiles of (a) deposition rate and (b) sheet resistance 

at various bias voltages. Both the deposition rate and the sheet resistance are 

almost uniform along x2 direction irrespective of the bias voltage. Figure 5(a) 
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and (b) show spatially-averaged deposition rate and sheet resistance, 

respectively, as a function of the VB. Both the deposition rate and the sheet 

resistance decrease with increasing in the VB . At high bias voltages (VB≥1.5 

kV), measured sheet resistance is lower than that of the silicon substrate. At 

VB=2.0 kV, the deposition rate and the sheet resistance are 6 nm/s and 80 

/sq, respectively. These results are better than those of previous studies[10-

25] and suggest that energetic ions accelerated by the negative bias voltage 

contribute to the deposition of sp2-rich GLC film.  

From viewpoint of film structure, it is known that the film 

conductivity is increased by the increase of the sp2 state, and the ion flux and 

ion energy play important roles to control the film conductivity.[31-34] Ion 

current is proportional to the plasma density and, in this study, the plasma 

density monotonically decreases with increasing the distance from the 

dielectric plate.  To give an insight into the influence of the ion flux to the 

film conductivity, GLC film is deposited by changing stage position from 

z=8 to 16 cm. Figure 6 shows (a) stage bias current, (b) deposition rate and 

(c) sheet resistance of the deposited film with bias voltage VB=2.0 kV, as a 

function of the stage position. Stage bias current monotonically decreases 

with increasing the z position, which is almost similar with the spatial 

variation of the plasma density (Fig. 3(a)).  Deposition rate monotonically 

decreases with increasing the z position. This is presumably due to decrease 

of precursor diffusing to the substrate with increasing the distance between 

the gas feed and the stage. It is also notable that the sheet resistance increases 

with increasing stage position. As was indicated in fig. 3(a), the plasma 
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density monotonically decreases with increasing the z position.  As is 

known that ion flux to the substrate is proportional to the plasma density, the 

plasma density profile of fig. 3(a) means that ion flux drastically decreases 

with increasing the distance from the quartz plate.  Decrease in the film 

conductivity is due to the decrease in the ion flux, and this also indicates that 

the importance of the ion flux as well as the ion energy to the film surface 

for the conductive film deposition.      

In addition to the dependence of the film quality on the substrate 

position, C6H6 flow rate ratio was also varied from 25 sccm to 140 sccm at 

Ar flow rate, total pressure and bias voltage of 65 sccm, 13 Pa. and 2.0 kV, 

respectively. Deposition rate monotonically increased from 4.6 nm/s to 7.9 

nm/s with increasing C6H6 flow rate, i.e., partial pressure. However, the film 

sheet resistance also increased from 76 Ω/sq to 138 Ω/sq. The result suggests 

that, to reduce the sheet resistance, ion energy deposited to the film should 

be higher at higher deposition rates.  

 To elucidate the mechanism of the film conductivity increase, films 

are evaluated by Raman spectroscopy using visible light at a wavelength of 

532 nm. It is known that Raman spectrum of carbon film is composed of two 

peaks, i.e., G-peak (graphite peak: 1520 ~ 1600 cm-1) and D-peak (disorder 

peak: 1340 ~ 1380 cm-1), and that G-peak shift and I(D)/I(G) ratio are good 

indexes to evaluate the film structure.[1,4,6,8,10-25,27,28,32-36]  Figure 

7(a) shows normalized Raman spectra of deposited films at bias voltages 

from 0.5 to 2.0 kV.  By increasing the bias voltage, increase of the D-peak 

relative intensity and of G-peak shift to higher wavenumbers are observed. 
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To evaluate the G-peak position and I(D)/I(G) ratio more precisely, G- and 

D-peaks are separated with Gaussian curve fitting. Figure 7(b) and (c) show 

the bias voltage dependence of the G peak position and the I(D)/I(G) ratio, 

respectively. Both the G-peak position and the I(D)/I(G) ratio monotonically 

increases with increasing the bias voltage. Ferrari and Robertson[35,36] 

reported the relation between Raman spectrum and carbon structures 

(tetrahedral amorphous carbon (ta-C), amorphous carbon (a-C), 

nanocrystalline graphite (NCG), and graphite) from the viewpoint of the G-

peak position and the I(D)/I(G) ratio. Among carbon structures, G-peak shift 

to lower wavenumber is apparent in the case of a-C and the I(D)/I(G) ratio 

has its maximum in the case of NCG.  From these facts, we can conclude 

that the deposited film structure changes from a-C to NCG with increasing 

the bias voltage. This also suggests that increase of the sp2 composition in 

the film with increasing the bias voltage and this is qualitatively consistent 

with the result of Fig. 5(b), i.e., decrease in the sheet resistance at higher bias 

voltages.   

 FT-IR is one of convenient techniques to evaluate hydrogen content 

in the film because C-H bond absorbs infra-red light at wavenumbers from 

2800~3200 cm-1.[35,37,38] Figure 8(a) shows the C-H stretching absorption 

coefficient spectra of carbon films at VB=0.5-2.0 kV. The peak absorption 

coefficient monotonically decreases with increasing the VB. M. Veres et 

al.[37] reported detailed analysis of the C-H absorption spectrum 

considering vibration modes such as CH3 sp3-asymmetric (2873 cm-1), CH2 

sp3-asymmetric (2928 cm-1), CH2 sp2-symmetric (2973 cm-1), CH sp2-olefin 
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(3026 cm-1) and CH2 sp2-asymmetric (3058 cm-1). The H content in the film 

is obtained from following equation (2), 

𝑛H = 𝐴s ∫
𝛼(𝜈)

𝜈
𝑑𝜈 .    (1) 

Here, ,  and As are wavenumber, absorption coefficient and coefficient of 

CH absorption, respectively. As value is reported as 8.7× 1020 cm-2.[38]  

Bias voltage dependence of the H content is shown in Fig. 8(b).  Similar to 

ref. 34, the H content monotonically decreases with increasing the VB, 

suggesting the effect of the ion bombardment on the H reduction in the film.  

At bias voltages above 1.5 kV, the H content is less than 6×1021 cm-3 which 

corresponds to the H atomic composition less than ~5%. This shows 

deposited film mostly consists of carbon atoms at higher VB. 

 GLC film composition is evaluated by X-ray photoelectron 

spectroscopy (XPS). Monochromatized Al Kα is used for excitation source. 

Electron emission angle is 0°. Ar ion at an energy of 0.5 keV is injected to 

sample surface with 50° incident angle before XPS analysis. Chamber for 

XPS measurement is pumped down to pressure 10-7 Pa. Figure 9(a) shows 

XPS wide-range spectrum (binding energy: 200 ~ 1350 eV) for GLC film 

deposited at a bias voltage of 2.0 kV. From the spectrum, no apparent peak 

except for carbon is observed. Figure 9(b) shows XPS spectra of the films 

deposited at bias voltages from 0.5 to 2.0 kV. Each spectrum is composed of 

3 peaks, i.e., sp2 (284.5±0.1 eV), sp3 (285.3±0.1 eV) and C-O bond 

(286.5±0.1eV)[20,23,32,40]. These components are also indicated in the 

figure.  The sp2 bond obviously increases by increasing the bias voltage 

from Fig. 9(b). Figure 9(c) shows sp2/sp3 content ratio as a function of the 
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bias voltage. The sp2/sp3 content ratio monotonically increases from ~1.0 to 

~3.1 by increasing the bias voltage. This result is similar trend with that of 

Raman spectra. From the detailed investigation of C1s XPS peak, monotonic 

increase of sp2/sp3 ratio was observed up to ~3 at VB=2.0 kV. 

In addition to the above film evaluation, film structure was 

investigated by X-ray diffraction (XRD). Cu K radiation is used for XRD 

analysis. Anode power is 1.2 kW. Incident angle is changed from 0.1° to 5° 

with 0.1° interval. But no apparent peak was observed both from in-plane 

and from 2θ methods from 15° to 80°. From the above measurements, 

conductive carbon film deposited in this study is considered to be sp2-rich 

carbon film presumably with sp2 clusters in the film which has been 

introduced by Robertson in Ref [35].  

To investigate the structure of deposited carbon film at VB=2.0 kV in 

more detail, we also performed aberration-corrected scanning transmission 

electron microscopy (STEM) and electron energy loss spectroscopy (EELS) 

at an electron beam energy of 200 kV and an EELS energy dispersion of 0.1 

eV/channel. The EELS is set to dual EELS mode with zero-loss peak. As 

shown in Fig. 10(a), there is no distinguished crystal structure from the TEM 

image. Figure 10(b) shows EELS spectrum of carbon K-edge. The EELS 

spectrum is close to the graphitized carbon spectrum in Ref.[41]. Figure 10(c) 

shows mapping of CK edge sp2 bonding intensity (284.9±0.7 eV). The white 

pixels with red arrows in Fig. 10(c) indicate sp2 clusters in the carbon film. 

This means that nano-sized sp2 clusters are distributed in the carbon film. As 

the result, the carbon film in this study has an amorphous structure with a 
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large amount of nano-sized sp2 clusters.  

 In the previous study of carbon film deposition by ion beam, sp3 bond 

become dominant when the carbon ion energy is ~100 eV, and sp2 bond is 

increased when the ion energy is higher than 100 eV.[39] This result suggests 

that sp2-rich film can be deposited at higher ion energies.  In the case of the 

PECVD of sp2-rich film, however, hydrogen atoms incorporated in the film 

also hinders the sp2-bond formation and ion bombardment is required also 

for the hydrogen removal from the film. This means that the enhancement of 

the ion bombardment not only by the ion flux, but also by the ion energy is 

required for the sp2-rich film deposition by the PECVD.  In this study, the 

SWP, a high-density microwave plasma, enables us to increase the ion flux 

to the substrate.  From the plasma density no and Bohm velocity 

uB=(kTe/M)1/2, ion flux i is evaluated to be  

i = no uB ,     (2) 

where, k, Te and M are Boltzmann constant, electron temperature and ion 

mass, respectively. The ion flux estimated from the plasma density is 

1.2x1021 1/m2s. Supposing ion incident energy of 1.5 keV, energy deposition 

flux to the film is ~2x1023 eV/m2s taking into account the pulse duty ratio. 

Considering carbon atom deposition flux (7x1020 C/m2s) evaluated from the 

deposition rate (~6 nm/s), ion energy deposition per one depositing carbon 

atom is estimated to be ~300 eV/C, and this energy is much higher than the 

ion energy to produce sp3 and the result is consistent with the previous work 

showing that higher ion energy produces sp2 bonds rather than sp3 bonds.  

In conventional RF plasma sources, plasma density is one or two orders of 
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magnitude lower than that of the SWP and energy deposition to the surface 

with a few 100 eV/C cannot be achieved at high deposition rates (~a few 

nm/s) with bias voltages of a few keV. This is presumably the reason why 

the GLC is deposited in the combination of the SWP and the high voltage 

bias power source. 

 

4. Conclusion 

In conclusion, GLC film deposition with high speed was studied using 

surface wave plasma, benzene precursor gas, and high negative bias voltage. 

Electrically conductive carbon film at sheet resistance less than 80 /sq was 

deposited at bias voltages above 1.5 kV.  High deposition rate (~6 nm/s) 

with good spatial uniformity in 16 cm along the waveguide direction was 

confirmed. Deposited films were investigated by Raman spectroscopy, infra-

red spectroscopy, X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), scanning transmission electron microscopy (STEM) 

and electron energy loss spectroscopy (EELS). At higher bias voltages, sp2-

rich carbon film formation was confirmed and this was consistent with the 

decreases in the sheet resistance. Film has nano-size sp2 clusters from XRD, 

TEM and EELS. 

Mechanism of the GLC film formation was discussed from the viewpoint of 

energy deposition per depositing carbon atom.  From estimated energy flux 

(~2x1023 eV/m2s) and depositing carbon flux (~7x1020 C/m2s), energy 

deposition per one carbon atom was estimated to be ~300 eV, which was high 

enough to produce sp2 bonds in the films. This suggested that high density 
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plasma source and high voltage biasing was effective to deposit GLC films 

at higher deposition rates. 
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Figure Captions 

 

Fig. 1.  Schematic of experimental apparatus. 

Fig. 2.  Typical (a) voltage and (b) current waveforms of the stage.  

Fig. 3.  Spatial profiles of (a) plasma density along z-axis at x=0 and (b) 

along x-axis at z=8 cm.  

Fig. 4.  Spatial uniformities of (a) deposition rate and (b) sheet resistance 

on the stage. 

Fig. 5. Bias voltage dependences of (a) deposition rate and (b) sheet 

resistance. 

Fig. 6. (a) Stage current, (b) deposition rate and (c) sheet resistance as a 

function of the stage position along z axis. 

Fig. 7. Bias voltage dependences of (a) Raman spectra, (b) G peak 

position and (c) I(D)/I(G) ratio. 

Fig. 8. Bias voltage dependences of (a) FT-IR spectra and (b) H content. 

Fig. 9.   (a) XPS survey data of GLC film (VB: 2.0 kV). (b) Bias voltage 

dependence of XPS spectra with C1s peak separation (sp2, sp3 and 

C-O). (c) Bias voltage dependence of sp2/sp3 content ratio.  

Fig. 10.  (a) TEM image of carbon film (VB = 2.0 kV), (b) EELS spectrum 

and (c) CK edge sp2 mapping. 
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Fig. 1. Schematic of experimental apparatus. 
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Fig. 2. Typical (a) voltage and (b) current waveforms of the stage.   
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Fig. 3. Spatial profiles of (a) plasma density along z-axis at x=0 and (b) 

along x-axis at z=8 cm. 
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Fig. 4. Spatial uniformities of (a) deposition rate and (b) sheet resistance 

on the stage. 
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Fig. 5. Bias voltage dependences of (a) deposition rate and (b) sheet 

resistance. 
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Fig. 6. (a) Stage current, (b) deposition rate and (c) sheet resistance as a 

function of the stage position along z axis.  
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Fig. 7. Bias voltage dependences of (a) Raman spectra, (b) G peak position 

and (c) I(D)/I(G) ratio.  
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Fig. 8. Bias voltage dependences of (a) FT-IR spectra and (b) H content.  
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Fig. 9. (a) XPS survey data of GLC film (VB: 2.0 kV). (b) Bias voltage 

dependence of XPS spectra with C1s peak separation (sp2, sp3 and C-O). 

(c) Bias voltage dependence of sp2/sp3 content ratio.  
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Fig. 10. (a) TEM image of carbon film (VB = 2.0 kV), (b) EELS spectrum 

and (c) CK edge sp2 mapping.  


