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Chapter 1  

Introduction 

 

1.1 Background 

1.1.1 Various types of carbon film 

Carbon films are attractive materials because of their physical and 

chemical characteristics, i.e., high thermal conductivity, anti-corrosion, 

wear resistance, low friction, eco-friendly. The carbon exists in various 

forms depending on the bonding structure. It is well-known that graphite 

and diamond are composed only of carbon atom, but their structures are 

not the same. In addition to the graphite and the diamond, the carbon has 

more allotropes such as graphene, fullerenes, carbon nanotube, 

amorphous carbon (a-C) and so on.[1] The interesting point is that they 

have different characteristics due to their different structures. For 

example, the diamond and the graphite, typical allotropes of carbon, are 

composed of 100% sp3 and 100% sp2, respectively, and their 

characteristics are completely different. In the point of the electrical 

conductivity, the graphite is electrically conductive, whereas the 

diamond is insulating.  

Among the carbon’s allotropes, one of carbon film widely applied to 

the industry is a-C. The a-C is composed of the disordered network of 

the carbon atoms. Additionally, on the synthesis of a-C, the hydrogen is 
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involved in the carbon structure by the synthesis method. So, a-C and 

hydrogenated amorphous carbon (a-C:H) are classified by the content of 

sp2, sp3 and hydrogen as shown in Figure 1.1.[2] a-C and a-C:H with high 

sp3-bond content is called as diamond-like carbon (DLC). Since the DLC 

has a high sp3 content, the DLC has the high hardness and the high wear 

resistance. So, the DLC is mainly applied in the fields of tools, vehicle 

parts, dies, medical equipment and so on.[1,3-6] a-C and a-C:H with the 

high sp2-bond content is called as graphite-like carbon (GLC). Since 

GLC has the high sp2 content, the GLC has the low friction and the high 

electrical conductivity. Using its superior characteristics, the GLC film 

is mainly applied in the fields of electrode, battery, lubricative parts and 

so on.[7-20] the GLC has been developed for the next generation battery 

parts in two decades. On the lithium-ion battery, to enhance the anode 

 

 
Figure 1.1 Ternary phase diagram of hydrocarbon film.[2] 
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capacity, the GLC coated silicon has been reported. [7,11] For the 

application of hydrogen fuel cell, the GLC-coated metal has been 

evaluated. [8-10,12-14] 

 

1.1.2 Applications of high conductive carbon 

film 

Recently, the high conductive carbon film, kind of GLC, has been 

studied as the anode of the lithium-ion battery and the bipolar plate (BPP) 

of proton exchange membrane fuel cell (PEMFC).  

As the application for the anode of the lithium-ion battery, graphite 

is mainly used as a material for the anode, but its capacity is not enough 

to satisfy the market requirement. Among the numerous anode materials, 

silicon is attracting attention because it has 10 times higher charge 

capacity (4200 mAh/g) than that of the graphite. However, the silicon 

has difficulty in applying for the lithium-ion battery, because the volume 

of silicon expands when the silicon is lithiated and the cracks are induced 

in the silicon after repetitive charging and discharging as shown in Figure 

1.2. Due to the induced crack, the electrical contact between the particles 

is degraded, and the charge capacity is drastically reduced. The above 

issue can be solved by introducing conductive carbon film. The cracks 

by the volume expansion can be suppressed by high conductive carbon 

coating on the silicon surface. Furthermore, the high conductive carbon 
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coating improves the electrical conductivity between the Si particles and 

the electrochemical properties of the electrolyte and the durable 

repetition cycles.[21] The other method is encapsulation of Si particles 

by the thin carbon coating (5~10 nm thickness). The carbon film can 

increase the chemical safety and the life cycle of the silicon 

particles.[21,22]  

As a new technology of automobiles, PEMFC is expected as a new 

power generation system that will replace traditional internal combustion 

engine. The PEMFC has attractive features, i.e., eco-friend, high energy 

efficiency between 40% and 60%, and chemically safe characteristic. 

Figure 1.3 shows the structure of PEMFC and the power generation 

mechanism. The parts of PEMFC are separated into BPP, membranes, 

Figure 1.2 Ternary phase diagram of hydrocarbon film. 
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catalyst link & application, gas diffusion layer, membranes and electrode 

assemble gasket and others. The oxygen gas and the hydrogen gas are 

diffused from the BPP into the cathode and the anode, respectively. At 

the anode, the hydrogen is electrochemically oxidated, then H+ and 

electron are generated as follows, 

H2    →      2H+   +    2𝑒− .   (1.1) 

The H+ moves to the cathode through the membrane and electron moves 

to the cathode through the BPP and the electrical circuit. At the cathode, 

the oxygen is electrochemically reduced with H+ and electron through 

equation (1.2).  

Figure 1.3 PEMFC structure and redox reaction at anode and cathode. 
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1

2
O2  +  2H+  +   2𝑒−    →     H2O .           (1.2) 

The energy is produced by the movement of electrons in the 

electrochemical redox reaction that occurs at the anode and the cathode, 

and the electric power is generated by the flow of the electron from the 

anode to the cathode.  

So, the BPP plays various roles such as a current collector plate that 

conducts electrons generated in the anode toward the cathode, a skeleton 

that fixes and shields the membrane and the electrodes, a passage for 

supplying fuel gas to the electrodes and removing the water generated by 

reduction at the cathode. Therefore, the material of the BPP should have 

high electrical conductivity, low gas permeability, high mechanical 

strength, chemical stability, light weight and low price. US Department 

of Energy (DOE) proposes the specifications of the BPP as shown in 

table 1.1.[23] In present, most of the BPPs are made by graphite and fuel 

gas passages are fabricated by mechanically processing the graphite. 

However, the issue is the production cost in processing graphite, and C. 

Houchins et al.[24] has reported that the BBP production cost is higher 

than other part production costs. In their study, they introduced the total 

cost ratio of PEMFC production in the detail. The production cost ratio 

of the BPP is 21% of total cost, secondary higher cost of the PEMFC 

production. To reduce the cost of the BPP, various methods have been 

proposed to replace the graphite. Stainless steel, aluminum, titanium and 

nickel are considered as the alternative materials of the graphite because 
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they are easy to be processed while satisfying a lot of conditions 

suggested by DOE. However, corrosion resistance is the issue to use 

these materials as the BPP. So, the introduction of corrosion-resistant and 

high-conductive coatings is required as a solution to the lack of non-

corrosive metal bipolar plates. As the material which meets with these 

requirements, high conductive carbon is attractive, because it is 

chemically inert and has high electrical conductivity. The corrosion 

current density of high conductive carbon coated BPP is reported as 0.05 

~ 8 𝜇A cm-2.[23] 

  

Table 1.1 Performance requirements for bipolar plate of 

proton exchange membrane fuel cell 
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1.2 Deposition methods of high conductive 

carbon film  

So far, some typical methods have been reported for the high 

conductive carbon film deposition, i.e., physical vapor deposition 

(PVD)[25-29], chemical vapor deposition (CVD)[30-35], plasma 

enhanced chemical vapor deposition (PECVD)[36-45] and so on. Among 

various PVD methods, the sputtering method is mainly used for the 

carbon film deposition. To deposit the carbon film, the high-density 

plasma is generated near the carbon target by applying negative voltage 

to the target. The ions incident on the carbon target are controlled by the 

negative bias voltage, and the carbon atoms are sputtered. The sputtered 

carbon atom is deposited on the substrate. In the case of the carbon film 

deposition by the CVD method, the hydrocarbon gas is introduced and 

high temperatures from 500 ℃ to 1000 ℃ is applied to the substrate. The 

introduced hydrocarbon gas is dissociated on the high-temperature 

surface, and the carbon film is deposited on the substrate. In the PECVD 

method, the carbon film is deposited by introducing hydrocarbon gas into 

a vacuum chamber and the plasma is produced. The hydrocarbon gas is 

dissociated by the plasma without dissociating the hydrocarbon gas on 

the high temperature substrates. Therefore, the PECVD method enables 

us the carbon film deposition at substrate temperatures less than 400 ℃, 

which is much lower than that of the CVD method. 

In the deposition of a-C:H, there are typically two methods for 

increasing sp2 content in the structure of the carbon film. The first 
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method is to raise the temperature of the substrate when the carbon film 

is deposited. This method is mainly used in CVD and PECVD.[30-41] It 

has been reported that the sp2 content increases as the substrate 

temperature increases. At substrate temperatures around ~400 ℃, the sp2 

content is ~20%. With increasing the substrate temperature from 400 ℃ 

to 750 ℃, the sp2 content becomes up to 80%.[41] However, the 

application range of the CVD is limited because high substrate 

temperature gives a thermal damage to the substrate, i.e., crack, melting 

down and deformation of the substrate by thermal expansion. The second 

method is to apply ion bombardment to the substrate during the film 

deposition process.[42-46] By introducing the ion bombardment effect, 

high conductive carbon films can be deposited at relatively low 

temperatures compared to those of CVD methods. J. Robertson reported 

that the H content and band gap of the deposited a-C:H as a function of 

the substrate bias voltage.[46] The deposition pressure is 3 Pa. The 

carbon films are deposited by different precursor gases, benzene and 

methane respectively. The hydrogen content in the carbon film decreases 

from 40% to 22% by increasing the negative bias voltage of the substrate 

from 50 V to 1000 V. The band gap energy also decreases from 2.3 eV to 

1.0 eV by increasing the negative bias voltage of the substrate from 50 V 

to 1000 V. The bias voltage almost corresponds to the ion incident energy 

because the electrical potential across the sheath depends on the bias 

voltage of the substrate.  

The band gap energy 𝐸g is related with the sp2 cluster in carbon film 
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as following equation.[47] 

𝐸g ∝ 𝑀−1/2  eV .   (1.3) 

𝑀  is the number sixfold rings per single sp2 cluster. It is proved by 

experiment with Hückel approximation.[47] The above equation 

indicates that the change of the band gap energy is correlated with the 

sp2 content and the sp2 content increases by increasing the negative bias 

voltage.  

J. Robertson [45,46,48] suggested the mechanism of the sp2-bond 

increase by ion bombardment as the result of basic two reactions during 

the carbon film growth (Figure 1.4). At high bias voltages above 0.8 kV 

(low H content), the ion bombardment is used to dehydrogenation of the 

carbon film by reducing C-H bonds in the film and reforming the bonds 

between carbon atoms into double bonds as Figure 1.4(a). However, at 

the low bias voltages below 0.8 kV (intermediate hydrogen content), 

conversion of sp2 into sp3 occurs by ion subplantation as Figure 1.4(b) at 

the constant H content. At the low ion energies, he mentioned that ‘the 

ion range is only a few monolayers and ions loose energy by elastic 

collision with target nuclei. Such collisions produce permanent vacancy 

interstitial pairs if the energy transferred in the collision exceeds the 

displacement threshold energy.’.[46] It is considered why the sp3 state 

increases in the low bias voltages. As the result, he concluded that high 

energy ion bombardment is effective to increase sp2 bonds in carbon film. 
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1.3 Issue and purpose  

As was indicated above, the carbon films with the high sp2 content 

have various applications. However, a problem of the carbon film 

deposition with high sp2 content is very low deposition rate. For example, 

the typical deposition rate reported so far is less than 0.04 nm/s in the 

PVD process [29] and is less than 0.001 nm/s in the CVD process [35]. 

The PECVD showed the relatively high deposition rate ~1.0 nm/s 

compared to the PVD and the CVD [39] but the deposition rate is still 

not enough. The issue of the low deposition rate makes 

commercialization of the GLC films difficult. 

Purpose of this study is to explore new methods to enhance the 

deposition rate of high-sp2 content carbon film without degrading the 

electrical conductivity and to deposit high-sp2 content carbon film. For 

the application of the conductive carbon to the BPP of the PEMFC, the 

electrical conductivity higher than 100 Scm-1 is required (Table 1.1). The 

(a) 

(b) 

Figure 1.4 Reactions for growth of a-C:H. 
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deposition system for the target application, i.e., the conductive carbon 

deposition on the BPP, is Roll-to-Roll system or conveyor deposition 

system. Both deposition systems are suitable for mass production and 

widely used in industrial. Considering the supposed deposition system, 

the target deposition rate is over 10 times higher (>10 nm/s) than the 

surveyed deposition rates of conventional deposition methods as was 

indicated in the Chapter 1.2.  

To achieve the above goals, this study considers following three key 

points.  

(1) High plasma density in the deposition system  

Dissociation rate of the precursor gas increases by increasing 

plasma density. It means that the amount of the deposition precursor 

increases by increasing plasma density. Additionally, from the 

viewpoint of the ion bombardment effect, the ion flux increases by 

increasing plasma density. Therefore, increasing the plasma density 

increases the deposition rate. Furthermore, in the point of 

application to the mass production system supposing Roll-to-Roll 

or conveyer, the plasma system should be wide. The microwave 

plasma system is quite suitable on the high density plasma (>1017 

m-3) system with wide area (> 30 cm) than other plasma system.[49] 

So, in this study, the microwave surface-wave plasma and the 

microwave electron cyclotron resonance plasma, which are 

representative high density plasma systems with wide area, are 

introduced. 
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(2) Applying the highest bias voltage to the substrate 

As mentioned in Chapter 1.2, the sp2 content of the carbon film 

increases by increase negative bias voltage. In this study, high 

negative bias voltage supply is introduced. 

(3) Using benzene gas as the precursor gas.  

Robertson reported that benzene gas has the highest deposition 

rate of the carbon film among the hydrocarbon gases.[2] Among the 

ionization energies of hydrogen gases, the benzene has the lowest 

ionization energy (~9.2 eV) and high deposition rate (85 nm/min). 

The secondary highest deposition rate of the hydrogen gases is 40 

nm/min of the acetylene. The deposition rate decreases as number 

of carbons constituting the molecule decreased. 

 

1.4 Content of the dissertation 

The present dissertation is composed of 5 Chapters. In Chapter 1, the 

background and issue of the high sp2 carbon film and objective of the 

dissertation are described. In Chapter 2, the plasma equipment used for 

the carbon film deposition and the evaluation method used for the 

properties and structure of the deposited carbon film are described. In 

Chapter 3 and 4, the high sp2 carbon film is deposited by two different 

plasma sources. In Chapter 3, the high sp2 carbon film is deposited by 

microwave surface wave plasma (SWP) source with high deposition rate 

(~6 nm/s) with the area of 18 × 3 cm2. The effects of the ion incident 
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energy on the carbon film properties and the carbon film structures are 

mainly discussed. In Chapter 4, the high-speed deposition of the high sp2 

carbon film is deposited by electron cyclotron resonance (ECR) plasma 

source with the high deposition rate (~5 nm/s). The effects of the ion flux 

on the carbon film properties and structures are discussed. Additionally, 

very interesting phenomenon of the bias voltage application, i.e., drastic 

increase of the plasma density with high bias voltage application to the 

substrate, is described. The increase of the plasma density is evaluated 

by experiment and simple power balance model. In Chapter 5, the 

conclusion of the present dissertation is stated. 
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Chapter 2 

Plasma sources, plasma diagnostics 

methods and carbon film evaluation 

methods 

  

2.1 Introduction 

In this chapter, plasma sources used for the carbon film deposition, 

evaluation methods of plasma properties, and carbon film evaluation 

method are briefly introduced. Firstly, features of two different plasma 

sources used in Chapter 3 and Chapter 4 are introduced. Secondly, 

Langmuir probe for the evaluation of the plasma parameters is 

introduced. Lastly, film evaluation methods, i.e., four terminal sensing 

method, Raman spectroscopy, Fourier transform infra-red spectroscopy, 

X-ray photoelectron spectroscopy, scanning and transmission electron 

microscope and electron energy-loss spectroscopy are introduced 

sequentially. 
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2.2 Plasma sources for the carbon film 

deposition 

2.2.1 Surface wave plasma 

Surface wave is the electromagnetic wave propagating at the 

interface between a dielectric and a plasma. When the surface wave 

amplitude decays in both directions from 0 to z and -z direction as shown 

in Figure 2.1, the magnetic field strength H is expressed as  

  𝐻𝑦
𝑑  =  𝐻𝑦0𝑒𝛼𝑑𝑥−𝑗𝑘𝑧𝑧   (z < 0)  ,         (2.1) 

   𝐻𝑦
𝑝

 =  𝐻𝑦0𝑒−𝛼𝑝𝑥−𝑗𝑘𝑧𝑧  (z > 0)  .         (2.2) 

Here, 𝛼𝑑  and 𝛼𝑝  are decay constants of the dielectric and plasma, 

respectively. 𝑘𝑧  is wavenumber along z-direction. 𝐻𝑦0  is arbitrary 

constant. H is continuous at the interface between the dielectric and the 

plasma (x = 0). From the wave equation, decay constant and kz are 

Figure 2.1 Surface-wave propagation. 
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expressed as  

   −𝛼𝑑
2 + 𝑘𝑧

2  =  𝜀𝑑
𝜔2

𝑐2
 ,             (2.3) 

   −𝛼𝑝
2 + 𝑘𝑧

2  =  𝜀𝑝
𝜔2

𝑐2
 .        (2.4) 

Here, 𝜀𝑑  and 𝜀𝑝  are relative permeabilities of dielectric and plasma, 

respectively. From the Maxwell equation (2.5), electrical components of 

𝐸𝑧
𝑑 and 𝐸𝑧

𝑝
 are expressed as equations (2.6) and (2.7),  

   ∇ × 𝐻 =  −𝜀
𝜕𝐸

𝜕𝑡
 ,                (2.5) 

   𝐸𝑧
𝑑  =  𝐻𝑦0

𝛼𝑑

𝑗𝜔𝜀0𝜀𝑑
𝑒𝛼𝑑𝑥−𝑗𝑘𝑧𝑧 ,          (2.6) 

   𝐸𝑧
𝑝

 =  𝐻𝑦0
𝛼𝑝

𝑗𝜔𝜀0𝜀𝑝
𝑒𝛼𝑑𝑥−𝑗𝑘𝑧𝑧 .          (2.7) 

𝜀0 is vacuum permittivity. As 𝐸𝑧 is continuous at x = 0, we can derive 

equation (2.8) from equations (2.6) and (2.7),  

𝛼𝑝

𝜀𝑝
 =  −

𝛼𝑑

𝜀𝑑
 .            (2.8) 

By substituting equations (2.3) and (2.4) to (2.8),  

𝜀𝑑
2 (𝑘𝑧

2 − 𝜀𝑑
𝜔2

𝑐2 )  =  𝜀𝑝
2 (𝑘𝑧

2 − 𝜀𝑝
𝜔2

𝑐2 )  .   (2.9) 

From equation (2.9), dispersion relation of the surface wave is expressed 

as  

𝑘𝑧  =  𝜀𝑑

1

2
𝜔

𝑐
(

𝜔𝑝
2−𝜔2

𝜔𝑝
2−(1+𝜀𝑑)𝜔2)

1

2
 .  (2.10) 
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Here, 𝜔p  is plasma frequency and is described as 𝜔p  =

 (𝑒2𝑛0 𝜀0𝑚𝑒⁄ )1/2, where e, 𝑛0 and 𝑚𝑒 are elementary charge, plasma 

density and electron mass, respectively. Wavenumber 𝑘𝑧 →  ∞  when 

𝜔𝑝
2  =  (1 + 𝜀𝑑)𝜔2, and this means the resonance of the surface wave. 

For example, when the 2.45 GHz microwave is introduced to the quartz 

( 𝜀𝑑 ≈ 3.8), the resonance of the surface wave occurs at the 𝑛0  ≈ 

3.6 × 10 17 m-3. In this situation, high density plasma is generated by 

microwave surface wave plasma. When the plasma density is high 

enough, i.e., 𝜔𝑝
2 ≥ (1 + 𝜀𝑑)𝜔2, the surface wave propagates between 

the dielectric and plasma.  

 

2.2.2 Electron cyclotron resonance plasma 

Electron cyclotron resonance (ECR) plasma is a representative 

plasma generation method using microwave. When the electron moves 

under the existence of the magnetic field B, the electron feels the Lorentz 

force and moves in a circular orbit perpendicular to B. The angular 

frequency ( 𝜔c ) of the cyclotron motion is expressed by following 

equation, 

𝜔c  =  
𝑒𝐵

𝑚e
 .    (2.11) 

Here, 𝑚e  is the mass of the electron. When the frequency of power 

supply and 𝜔c  is matched, the electron is resonantly accelerated and 

electromagnetic power is transferred to the electron. It is called cyclotron 
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damping of the wave. Sugai [1] experimentally showed cyclotron 

damping. When the ratio of 𝜔c  and electromagnetic wave angular 

frequency 𝜔  is as close as 1, the electromagnetic wave is damped. 

When microwave power with typical frequency of 2.45 GHz is used, 

magnetic field density for the ECR is 87.5 mT. Typical feature of the 

ECR plasma is its high plasma density (≧1× 1017𝑚−3 ) even at low 

pressures of 0.05~0.5 Pa. 

 

2.2.3 Magnetic mirror effect 

In addition to ECR, magnetic mirror effect sometimes plays an 

important role in the discharge and is explained briefly. The magnetic 

mirror effect occurs when a charged particle travels from low magnetic 

field region toward high magnetic field region, as shown in Figure 2.2. 

Figure 2.2 Traveling electron with cyclotron motion. 
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Due to gyro motion of charged particles, radius of an electron in 

cyclotron motion (𝜌𝑐) is 

𝜌𝑐  =  𝑣⊥/𝜔c .   (2.12) 

Here, 𝑣⊥  is the velocity perpendicular to the magnetic field. Area 

surrounded by electron circular trajectory (𝐴𝑐) is 𝜋𝜌𝑐
2 and the current 

of cyclotron electron is 𝐼𝑐  =  𝑒𝜔c/2𝜋. In magnetized plasma, plasma 

becomes slightly unti-magnetic and magnetic moment (𝜇) of cyclotron 

electron is expressed as 

𝜇 =  𝐼𝑐𝐴𝑐  =  𝑚e𝑣⊥
2/2𝐵 .  (2.13) 

From equations. (2.11) and (2.12), 𝜌𝑐 decreases and 𝐵 increases when 

the electron moves from low magnetic field to high magnetic field, 

conserving 𝜇 at its constant value. Due to the increase of 𝑣⊥, however, 

velocity component parallel to the magnetic field 𝑣∥  is decreased 

conserving total kinetic energy 
1

2
𝑚e𝑣𝑒

2, i.e.,  

1

2
𝑚e𝑣𝑒

2  =   
1

2
𝑚e𝑣∥

2 +
1

2
𝑚e𝑣⊥

2 . (2.14)  

Here, 𝑣𝑒  is the electron velocity. At a strong magnetic field position 

where 
1

2
𝑚e𝑣𝑒

2  =   
1

2
𝑚e𝑣⊥

2 , 𝑣∥  becomes zero and the electron is 

reflected toward low magnetic fields. This phenomenon is called 

magnetic mirror effect. 
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2.3 Langmuir probe method 

One of the most representative indicators of the plasma state is 

plasma density. As mentioned in Chapter 1, the plasma density in this 

PECVD process is an indicator of the film deposition rate and the ion 

flux incident to the stage surface. 

There are a lot of methods to diagnose the plasma state such as probe 

method, optical emission spectroscopy and so on. Among the probe 

methods, Langmuir probe method is representative diagnosis method of 

plasma parameters such as plasma density (n0), electron temperature (Te), 

plasma potential (Vp) and floating potential (Vf). Figure 2.3 shows simple 

diagram of Langmuir probe measurement.[2] A metal probe is inserted 

into a point of discharge area, and the characteristic of probe voltage  

(VPRB)-current (IPRB) is evaluated by scanning VPRB. Figure 2.4 shows 

Figure 2.3 Simple diagram of Langmuir probe. 
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typical VPRB-IPRB characteristic graph. The plasma parameters are 

evaluated from this graph. The VPRB at IPRB = 0 A where ion flux and 

electron flux are same is defined as floating potential Vf. At the region A 

and C in Figure 2.4, IPRB is dominated by ion current for region A and by 

electron current for region C. So, the IPRB at the region A and C are called 

as ion saturation current Iis and electron saturation current Ies, respectively. 

Iis and Ies are described by following equations 

   𝐼is  =  −0.605𝑒𝑛0 (
𝜅𝑇e

𝑚i
)

1

2
𝑆 ,  (2.15) 

𝐼es  =  
𝑛0𝑒〈𝑣e〉

4
𝑆 .    (2.16) 

Here, 𝜅 is Boltzmann constant, 𝑚i is mass of ion, 𝑆 is the exposed 

Figure 2.4 typical VPRB-IPRB characteristic of Langmuir probe.  
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area of the metal probe in the plasma, 𝑣e is thermal velocity of electron. 

At the region B (𝑉PRB ≤ 𝑉P), IPRB is the sum of electron current Ie and 

ion current Iis ;   

   𝐼e  =   𝐼𝑃𝑅𝐵 − 𝐼is .     (2.17) 

𝐼e in the region B is described by following equation, 

   𝐼e  =   𝐼𝑒𝑠𝑒𝑒(𝑉𝑃𝑅𝐵−𝑉𝑃)/𝜅𝑇𝑒.    (2.18) 

From equation (2.18), 𝑙𝑜𝑔𝐼e ∝ 𝑒(𝑉𝑃𝑅𝐵 − 𝑉𝑃)/𝜅𝑇𝑒 . Accordingly, 𝑇𝑒  is 

evaluated from slope of 𝐼e -𝑉𝑃𝑅𝐵  graph in semi-logarithmic scale as 

𝑒/𝜅𝑇𝑒. Furthermore, n0 is evaluated from equations (2.15) and (2.16). 

 

2.4 Evaluation methods for a-C and a-C:H     

film 

2.4.1 Four-terminal sensing method 

Four-terminal sensing, or 4-point probes method, is one of typical 

methods for the electrical impedance evaluation of the thin film. The 

impedance is evaluated by 4 probes, 2 pairs of voltage and current 

electrodes as shown in Figure 2.5. The reason why 4 probes are used in 

the measurement is because contact resistance at current-flowing point 

can be neglected by separating current and voltage electrodes. When the 

current is applied to the sample by a pair of probes 1 and 4, the voltage-

drop between probe 2 and 3 is measured. From the Ohm’s law, the 
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impedance of the sample is evaluated. The unit of the impedance 

measured by four-terminal sensing, called sheet resistance, is Ω/sq 

because the thickness of the sample is not considered for evaluation of it. 

The sheet resistance means the impedance on infinite area of the sample. 

Additionally, resistivity (𝜌) of the sample is evaluated by convolution of 

sheet resistance and thickness. 

 

2.4.2 Raman spectroscopy 

In the evaluation of carbon thin film structure, Raman spectroscopy 

is a typical and widely used analysis method. When a molecule is 

irradiated with light, the molecule goes into an excited state and then 

returns to the ground state. When the state returns to the ground state 

without changing the vibrational level, it is called Rayleigh scattering as 

Figure 2.5 Diagram of Four-terminal sensing method.  
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shown in Figure 2.6 (a). When vibrational energy level is shifted (∆𝐸 =

ℎ𝜈1) by inelastic scattering as shown in Figure 2.6 (b) and (c), it is called 

Raman scattering. ∆𝐸  depends on the bonding structure and the 

vibration mode. Therefore, it is possible to evaluate the structure of 

molecule by Raman spectroscopy. 

In the Raman spectrum, the signal of C-H bond and sp3 bond are very 

weak compared to the signal of sp2 bond.[3] There are two types of the 

sp2 bond signal, i.e., breathing mode and stretching mode as shown in 

Figure 2.7. The signal by stretching mode is called as graphite (G) peak. 

The G peak is observed between 1520 and 1600 cm-1. The signal from 

breathing mode is called as disorder (D) peak. The D peak is observed 

between 1330 and 1370 cm-1. The feature of D peak is not observed in 

ordered aromatic ring. D peak occurs by the disorder of aromatic ring or 

the unchained aromatic ring. Therefore, D peak is strong at the 

polycrystalline structure. Due to the difference in the occurrence of the 

Figure 2.6 Vibrational energy shift by Raman scattering.  
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G and D peaks, the Raman spectrum of the carbon film appears 

differently depending on the bonding structure. D.R. Tallant [4] reported 

the Raman spectra of the diamond, DLC, glassy carbon (high sp2 a-C) 

and graphite. The Raman spectrum of the diamond shows a sharp peak 

at the Raman shift 1315 cm-1. The Raman spectrum of the DLC shows a 

broad peak at the Raman shift 1331 cm-1. The Raman spectrum of the 

glassy carbon shows the two broad peaks at the Raman shift 1360 cm-1 

and 1590 cm-1. The Raman spectrum of the graphite shows a sharp high 

peak at a Raman shift wavenumber of 1580 cm-1 and a small peak at a 

wavenumber of 1350 cm-1. Ferrari [3] shows that the G peak position and 

the intensity ratio of the G and D peaks (I(G) and I(D)) are different 

depending on the carbon bond structures of the hydrogen-free carbon 

film. The I(D)/I(G) ratio increases from 0.2 to 2.0 and G peak position 

increases from 1520 cm-1 to 1600 cm-1 by the graphitization of high sp3 

carbon (sp3 content decreases from 85% to 0%). Ferrari [3] also 

explained the I(D)/I(G) ratio and G peak position in a-C:H. The H 

Figure 2.7 Vibration mode of sp2 bond. 
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content affects to the structure of carbon film. When the H content 

increases in a-C:H, the sp3 content increases by H saturating C=C bonds 

as ≡CHx groups rather than increasing sp3 content by C-C bond. So, in 

the low H content of a-C:H, sp2 bond dominates. In the intermediate H 

content of a-C:H, sp3 content by the C-C bonds becomes its maximum 

and the film becomes similar to DLC. In the high H content of a-C:H, 

the carbon film is polymeric. The optical gap is related with the sp2 and 

sp3 fractions. So, the optical gap (Tauc gap) is different by the different 

H content, i.e., low sp2 content (≤1 eV), intermediate H content (1 eV ~ 

1.8 eV) and high H content (≥ 1.8 eV). Raman results of a-C:H, i.e., 

I(D)/I(G) ratio and G peak position are plotted as a function of Tauc gap 

energy.[3] The I(D)/I(G) ratio decreases from 3.5 to 0.1 and G peak 

position decreases from 1585 cm-1 to 1520 cm-1 with increasing the Tauc 

gap energy. To summarize the trend of Raman spectrum in the a-C and 

a-C:H, both the I(D)/I(G) peak ratio and G peak position increase by 

increasing sp2 content.  

 

2.4.3 Fourier transform infrared spectroscopy 

Fourier transform infra-red (FTIR) spectroscopy is an evaluation 

method that transmits infra-red light to a matter and confirms the bonding 

state of the material through the absorption rate of the infra-red light. 

When the light of intensity 𝐼0 pass through a sample of thickness L, the 

light intensity decreases as it passes through the sample from 𝐼0 to 𝐼𝑎. 

Beer-Lambert law defines the relation between the transmittance and 
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absorbance 𝑘 and is expressed as (2.19) 

  𝑙𝑛
𝐼𝑎

𝐼0
=  −𝑘𝐿 .     (2.19) 

The 𝐼𝑎 of frequency 𝑣 is expressed as 

𝐼𝑎(𝑣) = 𝐼0(𝑣)exp (−𝑘(𝑣)𝐿) ,  (2.20) 

   𝑘(𝑣) = 𝑘𝛼(𝑣)  .    (2.21) 

𝑘(𝑣)  is expressed as absorbed line profile, 𝛼(𝑣)  is profile of the 

absorption coefficient as a function of frequency 𝑣 . From the FTIR 

spectroscopy, the profile of 𝛼(𝑣) is evaluated.  

The FTIR spectroscopy is useful to evaluate C-H bonds in the 

hydrogenated carbon film. M. Veres [5] introduces that the stretching 

mode of C-H bond is ranged in the wavenumber 2750 ~ 3250 cm-1 as 

shown in Table 2.1. Figure 2.8 show the FTIR spectra of a-C:H deposited 

by different bias voltages of 250, 500, 750, and 1000 V. The peaks and 

areas of FTIR absorption intensity is decreased by increasing the bias 

voltage. It means that C-H bonds decrease in a-C:H by increasing ion 

bombardment. Furthermore, the H content (𝑛H) in a-C:H is evaluated by 

FTIR spectrum. 𝑛H  in the film is obtained from following equation 

(2.22), 

 𝑛H = 𝐴s ∫
𝛼(𝜈)

𝜈
𝑑𝜈 .    (2.22) 

Here, 𝜈, 𝛼 and As are wavenumber, absorption coefficient and coefficient 

of C-H absorption, respectively. As value is reported as 8.7×1020 cm-2.[7] 



33 

 

The IR spectrum of the C-H bond should be seperated by each peaks to 

evaluate 𝑛H.  

 

Table 2.1 FTIR Peak locations by the absorption of C-H bond [5].   

Figure 2.8 FTIR spectra of C-H bond by different bias voltage.  
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2.4.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a method to evaluate the 

bonding state of matter as well as quantitative analysis of elements on 

the surface of a material in a few nm. X-ray has enough energy to eject 

electron in the matter. So, by irradiating X-rays on a matter, the binding 

energy of molecules of a matter is evaluated as the difference in kinetic 

energy between the incident X-rays and the ejected electron.  

Figure 2.9 shows simple concept to evaluate the ejected electron 

energy. When the X-ray with the high energy ℎ𝜈 is radiated from the X-

ray source to the matter, the electron in the matter is ejected by X-ray. 

The ejected electron is called photoelectron. The kinetic energy of the 

photoelectron Ekin is detected by the energy analyzer. So, the binding 

energy of the electron Eb is calculated as Eb = ℎ𝜈-Ekin-Wf, where Wf is 

work function and is negligibly small. As elements have unique Ebs 

Figure 2.9 Principle of XPS. 
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depending on their chemical binding states, the XPS is very useful to 

evaluate the elements and binding states in the matter.  

In the carbon film structure evaluation, XPS is useful to evaluate the 

sp2 and sp3 ratio. The XPS spectrum of C1s is located at binding energies 

of 284 ~ 286 eV, and the spectrum of C1s can be separated into sp2 

(284.5±0.1 eV), sp3 (285.3±0.1 eV) and C-O (286.5±0.1 eV) peaks.[8] 

The C-O peak usually indicates the oxidized surface of the sample since 

the sample is exposed to the atmosphere. The ratio of sp2 and sp3 is 

evaluated through the area ratio of each separated spectrum.  

The peak of the C1s spectrum shifts to lower binding energies by 

increasing the sp2 content. Increase of the sp2 content by the ion 

bombardment is also reported from the XPS measurement.[9] The 

carbon film is deposited by different bias voltages from -500 V to 0 V. 

The peak energy of the C1s spectrum decreases from the binding energy 

of 285 eV to 283 eV by increasing the negative bias voltage from 0 V to 

-500 V.  
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2.4.5 Scanning and transmission electron 

microscope and electron energy-loss 

spectroscopy 

Scanning and transmission electron microscope (STEM) is an 

electron microscope that combines the high resolution of the 

transmission electron microscope (TEM) with the stereoscopic image of 

the scanning electron microscope (SEM). In the STEM measurement, the 

electron beam is focused to a fine spot, typical spot size 0.05 ~ 0.2 nm, 

to acquire high-resolution images. Therefore, the nano-size structure of 

matter can be illuminated by STEM. Electron energy loss spectroscopy 

(EELS) measures the energy loss of inelastically scattered electrons 

those occur when accelerated electrons are irradiated into a thin matter 

(sample thickness <100 nm). By detecting energy loss of electrons, the 

element, composition and chemical bonding state of a matter are 

evaluated.  

STEM pictures and EELS spectra by different carbon structure in N. 

Jiana’s study.[10] In the STEM picture of the graphitized carbon, the 

patterns with intervals of 0.34 nm, which is the length between the 

graphite layers, is confirmed. However, in the a-C, there is no pattern to 

confirm crystalline structure. To evaluate the carbon film structure, sp2 

and sp3 are evaluated by EELS. The peak of the sp2 bond is located at the 

285.5 eV. The peak of the sp3 bond is located at the 290 eV. The EELS 

spectra of carbon annealed at each temperature, from 25 ℃ to 1000 ℃, 

are introduced.[10] As the carbon film is graphitized, the peak of C1s-𝜋 
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corresponding to the sp2 bond gradually increases. Additionally, L. 

Ponsonnet et al.[11] introduced EELS spectra of the graphitized carbon 

and a-C like DLC. From this report, the carbon structure is estimated by 

EELS spectrum. For the diamond, the peak of 285 eV doesn’t appear. 
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Chapter 3 

Carbon deposition with surface wave 

plasma 
  

3.1 Introduction 

As was mentioned in Chapter 1, to increase electrical conductivity of 

carbon films, the high ion energy with high ion-flux density is important. 

Furthermore, from the viewpoint of the productivity, high deposition rate 

with large processing area is also important. As for the high ion-flux and 

the high deposition rate, high density plasma is required because the 

production rate of reactive species and ion flux to the substrate are 

determined by the plasma density. As for the uniformity of the deposition 

rate and the film quality, the plasma density must be spatially uniform 

because the plasma density distribution determines the spatial profile of 

the deposition precursor and the ion flux. Accordingly, to realize high-

speed deposition of the conductive carbon film with large area, high 

density plasma source with good spatial uniformity is required, in 

addition to the high-voltage biasing of the substrate.   

In this chapter, the high conductive carbon deposition with wide-area 

and high deposition speed is demonstrated by combination of surface 

wave plasma (SWP) and high impulse power generator. The SWP 

produces high density plasma ( ≥ 1017 m-3) with good spatial 
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uniformity.[1-5] The high impulse power source realizes film biasing 

with high negative voltages up to 2 kV. By combination of the SWP and 

high-impulse power source, both the high incident energy and high flux 

of ion is realized with good spatial uniformity of the deposition rate and 

the film quality. Influence of the bias voltage on various film properties 

such as electrical conductivity of the film or film structure are introduced.   

 

3.2 Experimental apparatus 

Schematic of experimental apparatus is shown in Figure 3.1. A 

vacuum vessel (length: 50 cm, width: 26 cm, height:16 cm) is equipped 

with a quartz plate (length: 50 cm, width: 17 cm, thickness: 1 cm). A 

vacuum chamber is evacuated by a dry pump down to base pressures less 

than 0.1 Pa. The quartz plate is attached with a waveguide and a slot plate 

involving two arrays of three slot antennas. The waveguide is terminated 

with a plunger to control node position of the 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 Figure 3.1. Argon gas 

is introduced into the vessel through a mass flow controller at a flow rate 

of 65 sccm. Apart from the Argon (Ar) 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. The total pressure 

is kept at 13 Pa by a conductance valve.  
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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 

Figure 3.1 Schematic of experimental apparatus. 
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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 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-sputtering 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 the step profiler and electrical resistivity is 

measured by the 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, FTIR, X-ray 

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

transmission electron microscopy (STEM) and electron energy loss 

spectroscopy (EELS). 

 



43 

 

3.3 Measurement of plasma density and 

stage current 

3.3.1 Bias voltage and current of the stage 

As mentioned above, ion bombardment during the film deposition 

plays important role to obtain the high conductive carbon film. To 

evaluate the ion flux to the substrate, bias voltage and current on the stage 

are measured. Figure 3.2 shows voltage and current waveforms at VB = 

2.0 kV. Ar gas pressure without benzene gas, and microwave power are 

13 Pa and 1.3 kW, respectively. Just after turning on the pulse at t = 0, 

ringing is observed (<5s) 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. In the present study, 

the high-voltage pulse power generator does not have a short-circuiting 

transistor to release the output capacitor charge during the pulse-off 

phase. Long falling time is because the charge reduction of the capacitor 

is conducted only by the current from the plasma.  
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Figure 3.2 Typical (a) voltage and (b) current waveforms of the stage. 
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3.3.2 Spatial distribution of plasma density 

Spatial profile of Ar plasma density is measured using wire Langmuir 

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. Spatial distributions of the plasma density 

and the electron temperature are measured by Langmuir probes. Ar gas 

pressure and microwave power are 13 Pa and 1.3 kW, respectively. In 

this measurement, C6H6 is not introduced to avoid film deposition on the 

probe surface. Figures 3.3(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. 

In Figure 3.3(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 those of other SWPs.[1,5] In 

Figure 3.3(b), uniform plasma density (~ 4.1×1017 m-3) along x direction 

is observed at x<+15 cm. Uniformity of electron temperature at Te~1.4 

eV is also confirmed, although not shown in the figure.  
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Figure 3.3 Spatial profiles of (a) plasma density along z-axis at x=0 and 

(b) along x-axis at z=8 cm (stage surface position). 
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3.4 Deposition rate and electrical conductivity 

3.4.1 Spatial uniformity  

Carbon film is deposited at a stage position of z = 8 cm by introducing 

the benzene gas, and spatial uniformity of the film properties, i.e., 

deposition rate and sheet resistance, are evaluated. Figures 3.4(a) and (b) 

show spatial profiles of deposition rate and sheet resistance, respectively, 

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

are almost uniform along x2 direction irrespective of the bias voltage. 

Deposition rate decreases from 13 to 5 nm/s with increasing the bias 

voltage from 0.5 to 1.75 kV. Carbon film is almost insulative at low bias 

voltages. However, electrical conductivity of the film drastically 

decreases at bias voltages above 1.35 kV. 

 

3.4.2 Bias voltage dependence 

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

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

flux and the ion energy play important roles to control the film 

conductivity.[7-10] Firstly, the effect of the ion energy to the carbon film 

is investigated by changing the bias voltage (VB). As was mentioned, the 

stage current is almost independent of the VB and ion flux is constant with 

respect to the VB.  
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Figure 3.4 Spatial uniformities of (a) deposition rate and 

(b) sheet resistance on the stage. 
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Figures 3.5(a) 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), 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. The conductivity is 

possible to be evaluated by the convolution of sheet resistance and film 

thickness. The problem is the sheet resistance is affected by the carbon 

film and silicon substrate. To estimate conductivity of the carbon film, 

the sheet resistance lower than silicon substrate is considered (VB>1.5 

kV). In this case, the estimated conductivity of the carbon film is 200 

S/cm, which is low enough to satisfy DOE requirements of the BPP, as 

shown in Chapter 1. These results are better than those of previous 

studies[11-26] and suggest that energetic ions accelerated by the negative 

bias voltage contribute to the deposition of conductive carbon film.  

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

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

increases when the ion energy is higher than 100 eV.[27] This result 

suggests that high conductive film can be deposited at higher ion energies.  

In the case of the PECVD of high conductive film, however, hydrogen 

atoms incorporated in the film also hinders the sp2-bond formation and 

the 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 high 
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Figure 3.5 Bias voltage dependences of (a) deposition rate and 

(b) sheet resistance. 
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conductive film deposition by the PECVD. 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 .    (3.1) 

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 an 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 of 7x1020 

1/m2s from the deposition rate (~6 nm/s), ion energy deposition per one 

depositing carbon atom is estimated to be ~300 eV, 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 magnitude lower than that 

of the SWP and energy deposition to one depositing carbon with a few 

100 eV 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 high 

conductive carbon is deposited by the combination of the SWP and the 

high voltage bias power source.  

As possible reasons why the deposition rate is decreased at high VB 

may be due to the change of carbon structure or due to the film sputtering. 
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The change of the carbon structure will be discussed later in Chapter 3.5. 

In this section, sputtering rate of carbon is approximately evaluated based 

on the ion flux and the sputtering yield. The deposition rate at the non-

bias application is 13.5 nm/s and the specific gravity is 1.3 as the carbon 

film is similar with a-C:H.[28] From these values, deposited carbon atom 

flux without the bias (𝛤C
SWP) is calculated to be ~9 × 1016 1/cm2s. At a 

bias voltage of 2.0 kV, where deposition rate is ~6 nm/s, specific gravity 

is 2.2 as the deposited carbon film is similar with graphite.[29] In this 

case, deposited carbon flux at VB~2kV (𝛤C
SWP_PLS

) is ~7× 1016 1/cm2s. 

From these values, the difference of the carbon deposition flux 𝛤C
DEC (=  

𝛤C
SWP - 𝛤C

SWP_PLS
 ) is ~2× 1016  1/cm2s. On the other hand, sputtered 

carbon flux 𝛤C
SPU is evaluated from the ion flux and carbon sputtering 

yield by Argon ion (𝛾Ar−C ). Stage current density (~2.8 mA/cm2) is 

evaluated from stage current of the Figure 3.2 and the stage surface area, 

and 𝛤C
SPU  is obtained to be ~1.7× 1016  1/cm2s, taking into account 

𝛾Ar−C~1.0 at an Ar incident energy of 2.0 kV.[30] Evaluated 𝛤C
DEC and 

𝛤C
SPU  are similar and it can be concluded that the decrease of the 

deposition rate is mainly caused by the sputtering effect. 
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3.4.3 Stage position dependence 

The effect of the ion energy on the film property was evaluated in 

chapter 3.3.2, showing that the high energy ion contributes to the 

enhancement of the electrical conductivity. In this section, effect of the 

stage position on the electrical conductivity is investigated changing the 

stage position from z = 8 to 16 cm. Figures 3.6(a), (b) and (c) show stage 

bias current, deposition rate, and sheet resistance, of the deposited film, 

respectively, as a function of the stage position at VB = 2.0 kV. Stage bias 

current monotonically decreases with increasing the z position, which is 

almost similar with the spatial variation of the plasma density (Figure 

3.3(a)). Deposition rate monotonically decreases with increasing the z 

position. This is presumably due to the decrease of the deposition 

precursor diffusing to the substrate with increasing the distance. It is also 

notable that the sheet resistance increases with increasing stage position. 

As shown in Figure 3.6(a), the stage current, which is proportional to the 

ion flux, monotonically decreases with increasing the z position. This 

result suggests the importance of the ion flux as well as the ion energy to 

the film surface for the conductive film deposition. 
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Figure 3.6 (a) Stage current, (b) deposition rate and 

(c) sheet resistance as a function of the stage position 

along z axis.  
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3.4.4 Benzene admixture-ratio dependence 

C6H6 flow rate ratio is also varied from 25 sccm to 140 sccm at an Ar 

flow rate of 65 sccm. Total pressure and bias voltage are at 13 Pa and 2.0 

kV, respectively. Figure 3.7 shows C6H6 flow-rate dependence of (a) 

stage bias current, (b) deposition rate and (c) sheet resistance of the 

deposited carbon film. It is known that addition of molecular gas into 

rare gas plasma decreases the plasma density due to increase of the power 

loss by dissociation, vibrational and rotational excitation of molecular 

gases. Decrease of the stage current with the C6H6 flow rate is 

presumably due to the decrease of the plasma density by adding C6H6. In 

Figure 3.7(b), deposition rate increases with increasing the C6H6 flow 

rate. The result suggests that, even though the plasma density decreases 

with the C6H6 addition, production rate of the deposition precursor from 

C6H6 is increased. In Figure 3.7(c), the sheet resistance increases at 

higher C6H6 flow rates above ~100 sccm. This result suggests that both 

the deposition rate increase and the ion flux decrease degrades the 

electrical conductivity of the carbon film. 
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Figure 3.7 (a) Stage current, (b) deposition rate and (c) 

sheet resistance as a function of the stage position along 

z axis.  
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3.5 Change of carbon structure by ion 

bombardment 

In chapter 3.3, influence of ion energy, flux, stage position or C6H6 

flow rate on the electrical conductivity of the carbon film is investigated. 

The increase of the electrical conductivity implies the change of the film 

structure, i.e., increase of the sp2 structure in the film. In this section, the 

change of the carbon structure is evaluated by various methods, i.e., 

Raman spectroscopy, FTIR, XRD, XPS, STEM and EELS. 

 

3.5.1 Raman spectroscopy 

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 the G-peak 

shift and the I(D)/I(G) ratio are good indexes to evaluate the film 

structure.[3,6,8-26,31] To evaluate the G-peak shift and the I(D)/I(G) 

ratio, the Raman spectrum is separated into I(D) and I(G) peaks as shown 

in Figure 3.8. Figure 3.9(a) shows normalized Raman spectra of 

deposited films at bias voltages from 0.5 to 2.0 kV. By increasing the bias 

voltage, both increase of the D-peak relative intensity and G-peak shift 

to higher wavenumbers are observed. To evaluate the G-peak position 

and the I(D)/I(G) ratio more precisely, G- and D-peaks are separated  
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Figure 3.8 The peak separation of Raman spectrum by I(D) peak and I(G) peak.  
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Figure 3.9 Bias voltage dependences of (a) Raman spectra, 

(b) G peak position and (c) I(D)/I(G) ratio.  
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using Gaussian curve fitting. Figures 3.9(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[6,31] have 

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. The change of the film structure 

from a-C to NCG suggests the increase of the sp2 composition. This is 

qualitatively consistent with the result of Figure 3.5(b), i.e., decrease in 

the sheet resistance at higher bias voltages.   

Furthermore, it is possible to estimate the size of the sp2 cluster in the 

carbon film. Ferrari and Robertson[31] introduced the model between the 

I(D)/I(G) ratio and the sp2 cluster size La as follows, 

    
𝐼(𝐷)

𝐼(𝐺)
 =  𝐶′(𝜆)𝐿𝑎

2 .   (3.2) 

Here, 𝐶′(𝜆)  is the Raman coupling coefficient, and is ≈ 0.0055 at a 

laser wavelength of 514 nm. This value of 𝐶′(514 𝑛𝑚) is adopted for 

the present La calculation because the wavelength of Raman 

spectroscopy used in this study (532 nm) is very close to 514 nm. The 
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evaluated La is ~15 Å, and the result suggests that the nano-sized sp2 

cluster exists in the carbon film.  

 

3.5.2 Fourier transform infrared spectroscopy  

FTIR is one of convenient techniques to evaluate hydrogen content 

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

2800~3200 cm-1.[6,32,33] In Figure 3.10(a), absorption coefficient 

spectra are shown for the carbon films deposited at VB = 0.5, 1.0, 1.5 and 

2.0 kV. The peak absorption coefficient monotonically decreases with 

increasing the VB as shown in the figure. The C-H bond absorption peak 

is composed of various vibration modes and can be separated. M. Veres 

et al.[32] 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 (3026 cm-1) and CH2 sp2-asymmetric (3058 cm-1). Figure 

3.10(b) shows separated absorption spectra from Figure 3.10(a) based on 

their report.  

It is possible to calculate hydrogen content 𝑛H in the carbon film by 

FTIR. The H content 𝑛H in the film is obtained from following equation, 

𝑛H  =  𝐴s ∫
𝛼(𝜈)

𝜈
𝑑𝜈 .   (3.3) 

Here, ,  and As are wavenumber, absorption coefficient and coefficient 

of CH absorption, respectively. As value is reported as 8.7×1020 cm-2.[33] 

To evaluate 𝑛H, the FTIR spectrum of the carbon film is separated by 
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each C-H bonds peak as Figure 3.10(b). Figure 3.11(a) shows the C-H 

stretching absorption coefficient spectra of carbon films at VB = 0.5-2.0 

kV. Bias voltage dependence of the H content is shown in Figure 3.11(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 that the deposited carbon film mostly consists of carbon 

atoms at higher VB. 

 

Figure 3.10 (a) C-H stretching absorption coefficient spectra 

of carbon films at VB=0.5-2.0 kV. (b) Peak separation of FTIR 

spectrum by CH vibration modes. 
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Figure 3.11 Bias voltage dependences of (a) peak absorption 

coefficient of each C-H bonds and (b) H content. 
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3.5.3 X-ray photoelectron spectroscopy and X-ray 

diffraction  

High conductive film composition is evaluated by XPS. 

Monochromatized Al Kα is used for excitation source. The XPS chamber 

is pumped down to ~10-7 Pa. Before the XPS analysis, surface is cleaned 

by Ar ion sputtering at an energy of 0.5 keV with 50° incident angle. 

Electron emission angle is 0°. Figure 3.12(a) shows XPS wide-range 

spectrum (binding energy: 200 ~ 1350 eV) for high conductive film 

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

peak except for carbon is observed. Figure 3.12(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)[8,21,24,34]. These components are also indicated 

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

voltage from Figure 3.12(b). Figure 3.13 shows sp2/sp3 content ratio as a 

function of the bias voltage. The sp2/sp3 content ratio monotonically 

increases from ~1.0 to ~3.1 by increasing the bias voltage. This result is 

consistent with the sp2 bond variation evaluated by Raman spectroscopy. 

From the detailed investigation of C1s XPS peak, monotonic increase of 

sp2/sp3 ratio is observed up to ~3 at VB = 2.0 kV, as shown in Figure 3. 

13. 
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Figure 3.12 (a) XPS survey data of high conductive film (VB=2.0 kV). 

(b) Bias voltage dependence of XPS spectra with C1s peak separation 

(sp2, sp3 and C-O).  
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Figure 3.13 Bias voltage dependence of sp2/sp3 content ratio. 
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In addition to the above film evaluation, film structure was 

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

XRD analysis. Anode power was 1.2 kW. Incident angle was 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 was 

considered to be high conductive carbon film presumably with very small 

sp2 clusters in the film which has been introduced by Robertson in Ref 

[6].  

 

3.5.4 Scanning transmission electron microscopy 

and electron energy loss spectroscopy  

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

in more detail, I 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. Figure 3.14(a) shows typical TEM image, and no 

distinguished crystal structure is observed in the figure. Figure 3.14(b) 

shows EELS spectrum of carbon K-edge. The EELS spectrum is close to 

the graphitized carbon spectrum in Ref.[35]. Figure 3.14(c) shows 

mapping of CK edge sp2 bonding intensity (284.9 ± 0.7 eV). The 
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Figure 3.14 (a) TEM image of carbon film (VB=2.0 kV), 

(b) EELS spectrum and (c) CK edge sp2 mapping.  

Figure 3.15 Pixel ratio by lightness. 



69 

 

white lightness of the pixels in Figure 3.14(c) indicates relative intensity 

of sp2 bond in the carbon film. To investigate sp2 cluster distribution by 

the EELS mapping, the mapping picture is separated by lightness as 

shown in Figure 3.15. The lightness is ranged from 0 (black: 0 of the 

counts) to 255 (white: the maximum of the counts). The region over the 

light number 127, a half of the count peak, is considered as the sp2 cluster 

dominant region. And the ratio of pixels to the sum of the lightness 

number >127 is ≈ 73%. So, it is considered that a lot of nano-sized sp2 

clusters are distributed in the carbon film deposited at high bias voltage.  

 

3.6 Conclusion 

A method of high conductive carbon film deposition using the SWP 

source with high-voltage pulse power supply was proposed. The plasma 

properties, as well as deposited carbon film properties, were evaluated. 

The spatial distribution of the plasma density was evaluated using the 

Langmuir probe. High density plasma (~4 × 1017 /m3) with spatially 

uniformity along with the width of chamber (~35 cm) at the stage surface 

position was generated. The carbon film was deposited at various bias 

voltages. The sheet resistance and deposition rate decreased by 

increasing the bias voltage. At the high bias voltages ≥1.5 kV, the high 

conductive carbon film was deposited. From the evaluation of the carbon 

structure, hydrogen content decreases and sp2 content increases was 

observed by increasing the bias voltage. The structure of the high 

conductive carbon film was amorphous with the nano-sized sp2 clusters. 
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These results indicated that a higher ion incident energy was important 

for enhancing the carbon film conductivity. 
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Chapter 4 

Carbon deposition with electron 

cyclotron resonance plasma 

 

4.1 Introduction   

In Chapter 3, carbon film with a high electrical conductivity in an 

area of 18 × 3 cm2 was successfully deposited by combining a high-

density plasma source, i.e., microwave surface-wave plasma (SWP), 

with a high-voltage (−2 kV) pulse power source for the substrate 

biasing.22) It was also demonstrated that high flux and high-energy 

incident ions were the key factors for achieving high conductivity. 

However, in the previous work, the bias voltage required for 

conductive film deposition was higher than −1.5 kV, and decrease in the 

bias voltage is preferable from the viewpoint of the cost of the power 

source. To deposit the conductive carbon film deposition at lower bias 

voltages, one solution is to improve the plasma source to increase the ion 

flux. For this purpose, an electron cyclotron resonance (ECR) plasma as 

an alternative high-density plasma source[1,2] is introduced in this 

chapter, in combination with the high-voltage pulse power source. The 

influences of the bias voltage application and the magnetic field 

configuration on the increase in the plasma density and the film electrical 

conductivity are investigated. 
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4.2 Experimental apparatus 

Figure 4.1 shows a schematic of the experimental setup. A main 

chamber (length: 50 cm, width: 26 cm, height: 16 cm) and a small 

chamber (length: 50 cm, width: 8.4 cm, height: 9.1 cm) are connected 

and evacuated by a dry pump below 0.1 Pa. A waveguide (10.9 × 5.4 cm 

in cross-section) equipped with a slot plate (3 slots × 2 arrays) is attached 

to the small chamber through a vacuum-sealed quartz plate. An array of 

magnets (surface magnetic field: 0.57 T) is placed on the back of 

microwave-guiding quartz plates (thickness: 1 cm). Argon gas (65 sccm) 

is introduced into the main chamber. In the carbon film deposition, 

vaporized benzene (50 sccm) is added to the plasma from a gas manifold 

(length: 41 cm). The total pressure (p) is kept constant at 13 Pa. In the 

small chamber, plasma is generated by applying 2.45 GHz microwave 

power (PMW = 2.1 kW) through the quartz plate and two microwave-

guiding quartz plates. The Cartesian coordinates (x, y, z) are defined as 

shown in Figure 4.1, z = 0 is defined as the end position of the 

microwave-guiding quartz plates. A water-cooled substrate stage 

(surface area: 41 × 16.8 cm2) is located at z = 4 cm, and a high-voltage 

negative pulse (maximum pulse voltage: −2 kV, pulse frequency: 500 Hz, 

pulse-on time (TPLS): 0.2 ms) is applied to the stage. A high-voltage probe 

and a current probe are used to measure the voltage and the current of 

the stage. At p =13 Pa, Langmuir probe and optical emission 

spectroscopy (OES) are employed for time-resolved measurements of 

plasma density and emission intensity in pure Ar plasma. In the probe 
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Figure 4.1 Schematic of experimental apparatus. 
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and OES measurements, the bias stage is covered with a graphite plate 

to simulate film-deposited surface conditions. In the carbon film 

deposition experiment, a silicon substrate (n-doped silicon (100), 

resistivity: 10.5 Ω∙m, sheet resistance: 150 Ω/sq) is placed on the stage 

surface. Before the deposition, the substrate is cleaned by acetone with 

an ultrasonic cleaner . The substrate is then subjected to an Ar plasma at 

VPLS = −1 kV for 1 min to pre-sputter a native oxide layer on the Si 

surface. After pre-sputtering, vaporized benzene is injected, and carbon 

films are deposited for 90 s. A step profiler is used to determine the film 

thickness. The sheet resistance of the carbon film is evaluated using a 

four-terminal sensing method. The carbon film structure is investigated 

via Fourier transform infra-red spectroscopy (FTIR) and Raman 

spectroscopy. 

In this work, two types of magnetic field configurations in the 

vicinity of the stage are investigated, as well as their influence on the 

plasma and film properties. To achieve the field modification, two types 

of stage materials with different relative permeabilities (r) are examined, 

namely, stainless steel (r~1.1) and Ni-plated iron (r~500). Figure 4.2 

shows a simulated magnetic line of forces for two-stage materials using 

the COMSOL® Multiphysics software. The blue contour lines indicate 

the position at a magnetic field density of 87.5 mT, i.e., ECR zone at a 

microwave frequency of 2.45 GHz. The magnetic field is shielded within 

the stage in the case of the Ni-plated iron stage (left side of Figure 4.2), 

and the magnetic lines of force outside the stage are near the direction of 
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the stage surface normal. However, in the case of the stainless-steel stage 

(right side of Figure 4.2), the stage does not affect the magnetic field, and 

the diverging magnetic field crosses the stage at inclined angles. The 

influence of the magnetic field configuration on plasma production will 

be discussed later.  

 

Figure 4.2 Magnetic line of force in the cases of stainless steel stage plate (𝜇r: ~1.1) 

and Ni-plated iron stage plate (𝜇r: ~500). Iso-magnetic field surface of 87.5 mT, i,e., 

ECR zone, is also indicated in the Figure The maximum magnetic field on the quartz 

plate surface is 0.12 T. 
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4.3 Magnetic field evaluation 

To confirm that the configuration of the magnetic field designed in 

the simulation is matched with the experiment, the y direction magnetic 

force By of the magnetic field in a small chamber is evaluated by Gauss 

meter. By on the surface of the microwave-guiding quartz is evaluated 

along the z direction and the x direction. Figure 4.3 (a) shows the spatial 

distribution of the By along z direction at x = 0 mm. Figure 4.3 (b) shows 

the spatial distribution of the By along x direction at z = -38 mm. The red 

and black plots in the figure shows measurement results by the Gauss 

meter at y = -31 mm and y = 31 mm with the stainless steel stage (r~1.1), 

respectively. Solid curve in the figure shows simulated results. The 

measured results by the Gauss meter fit to the simulation result. 

Therefore, the simulated magnetic field in Figure 4.2 is quite reliable. 

 

Figure 4.3 By spatial distribution of (a) z direction at x=0 mm and  

(b) x direction at z=-31 mm. 

 

(b) (a) 
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4.4 Stage current and plasma properties 

evaluation 

4.4.1 Stage current evaluation 

Figure 4.4(a) and (b) show typical stage voltage (VPLS) and stage 

current (IPLS) waveforms, respectively, for high-r (red curve) and low-

r (black curve) stage materials. In both cases, the Ar pressure, 

microwave power and peak voltage are 13 Pa, 2.1 kW, and −1.0 kV, 

respectively, and the stage surface is covered with a graphite plate to 

maintain the same surface state as those of the carbon film depositions. 

Irrespective of the stage materials, the VPLS immediately rises after 

turning on the pulse at t = 0 and maintains its voltage during the pulse-

on period (0–0.2 ms). Contrarily, the IPLS continues to increase during the 

pulse-on period. Furthermore, the stage material has a considerable 

influence on the current rise; the current of the low-r stage is twice as 

great as that of the high-r stage. Given that the IPLS is dominated by 

plasma Bohm ion flux, the result indicates that the plasma density 

increases during the pulse-on time and that the density increase is 

influenced by the stage materials. This phenomenon occurs at the 

VPLS>500 V. After turning off the pulse (t > 0.2 ms), both the VPLS and 

IPLS decay with time constants of ~0.05 ms. The reason for the IPLS = 0 A 

at the t > 0.3 ms is the characteristic of the pulse generator. The different 

charge reduction between ECR plasma and SWP is originated from the 

different plasma density and the magnetic field near the stage. The pulse 
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generator has a switching circuit. When the pulse power is off, the switch 

is turned off, and the load circuit is electrically floating.  

 

 

Figure 4.4 (a) stage voltage and (b) stage current waveform at VPLS = 1.0 kV, 

f = 500 Hz, duty ratio = 10% in the cases of high-permeability Ni-plated iron 

plate (r~500, red curve) and low permeability stainless-steel plate (r~1.1, 

black curve). 
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4.4.2 Time-resolved measurement of plasma by 

OES and Langmuir probe  

In Chapter 3, i.e., carbon film deposition employing a combination 

of non-magnetized SWP and high-voltage pulse biasing, apparent 

increase in stage current was not observed during the pulse-on phase. The 

difference in the current behavior between non-magnetized SWP and 

magnetized ECR indicates that the magnetic field helps the increase in 

the stage current during the pulse is on. The influence of the permeability 

of the stage on the stage current also suggests the importance of the 

magnetic field. To investigate the mechanism of the stage current 

increase, temporal variations of plasma characteristics are investigated 

via the Langmuir probe measurement and the OES. 

ArI emission intensity (763.6 nm) for Ar ECR plasma is measured by 

the OES to examine the temporal change of the plasma caused by the 

high-voltage pulse. In the experiment, an optical fiber is placed outside 

the glass window on the side of the chamber at (x, y, z) = (0, 45 cm, 10 

cm), and is oriented toward the origin of the axes. The emission from the 

plasma is detected by a spectrometer (focal distance: 50 cm, 1800 

groove/mm, spectral resolution: 0.05 nm, optical fiber detection angle: 

5.5°) equipped with a photo-multiplier tube. The photon signal is 

converted into voltage pulses (pulse width: 10 ns) and is measured via a 

photon-counting method using a time-resolved multichannel scaler. 

Figure 4.5 shows an Ar emission waveform at VPLS = −1.0 kV, PMW = 2.1 

kW, p = 13 Pa, and low-r stage. The intensity increases after turning on 
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the pulse at t = 0. The intensity lowers and returns to its initial value after 

the pulse is turned off. The emission waveform is similar to that of IPLS 

in Figure. 4.4(b). 

 

 

Under the same conditions, the plasma property is evaluated by 

Figure 4.5 Time-resolved ArI (763.6 nm) emission intensity at VPLS = 1.0 kV. 

The low-r stage is used. 
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Langmuir probe (tip length: 5 mm, tip diameter: 0.2 mm), which is 

located at the origin of the axes. Figure 4.6(a) shows the temporal 

variations of the probe currents (IPRB) at probe voltages (VPRB) of 0, −5, 

−20, and −40 V. A pulse bias voltage of −1.0 kV is applied to the stage at 

t = 0. Negative probe current, i.e., ion current, increases by turning on 

the pulse in the cases of VPRB = −5, −20, and −40 V, except for the case 

of VPRB = 0. The IPRB’s time dependence is measured in various VPRB, and 

then the IPRB is re-plotted as a function of the VPRB at timings shortly 

before the pulse’s turn-on (t = −0.5 μs) and turn-off (t = 195 μs), as shown 

in Figure 4.6(b). The fall in plasma potential from 15 to 9 V, while the 

pulse is on, is apparently due to stage voltage biasing and its influence 

on the plasma. Notably, the electron saturation current for the V-I curve 

at t = 195 μs is more than two times larger than that at t = −0.5 μs. There 

is also an increase in the ion saturation current. The plasma density and 

the electron temperature are calculated using the result of Figure 4.6(b). 

Before the pulse bias power is introduced, the plasma density (n0) and 

electron temperature (Te) are ~8 ×  1017 m-3 and 2.2 eV, respectively. 

When the pulse bias power is turned on, the values of n0 and Te are 

~1.8 × 1018 m-3 and 3.5 eV, respectively. These results indicate that the 

plasma density is increased by applying the pulse bias voltage. 
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Figure 4.6 Time-resolved Langmuir probe measurement. (a) Temporal 

variation of the probe current at probe bias voltages of 0, −5, −30, and −40 V. 

(b) VI probe curves before pulse-on (t = −0.05 ms) and before pulse-off (t = 

0.19 ms). 
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4.5 Zero-dimensional power balance model 

and its evaluation 

4.5.1 Zero-dimensional power balance model 

with secondary electron ionization 

The pulse power supplied to the stage is generally used for the 

acceleration of incident ions on the stage without affecting the plasma. 

In this plasma source, however, the pulse application induces the plasma 

density increase, and this means that the bias power is used not only for 

the ion acceleration but also for the plasma production. The high-energy 

secondary electron from the stage accelerated by the high bias voltage 

may be the cause of the ionization enhancement. This section discusses 

a power balance model that takes into account the effect of high-energy 

secondary electron injection into the plasma. 

Figure 4.7 shows the schematic of the zero-dimensional power 

balance model, including the ionization by the secondary electron. The 

model considers the balance between absorbed power into the plasma 

and lost power from the plasma. With regard to the power absorption, 

two processes are considered, i.e., power absorptions by continuous-

wave microwave power (𝑃abs
MW) and by high-energy secondary electron 

(𝑃abs
PLS ). The power loss from the plasma is expressed as 𝑒𝜀𝑇𝑛0𝑢𝐵𝐴 , 

where 𝑒𝜀𝑇, 𝑛0, 𝑢𝐵, and 𝐴 are the average energy carried by a pair of 

charged particles out of the plasma, averaged plasma density, Bohm 
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Figure 4.7 Schematic of power balance model. 
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velocity, and effective plasma surface area, respectively. Then, after 

being accelerated by the pulse bias voltage, a portion of the ions lost from 

the plasma impinge on the stage and form secondary electrons on the 

stage surface with a specific probability, i.e., the secondary electron 

emission coefficient ( 𝛾SEE ). The bias voltage accelerates secondary 

electrons, and the flux to the plasma is expressed as 𝛾SEE𝑛0𝑢B𝐴stg , 

where 𝐴stg  denotes the effective surface area of the stage. The high-

energy secondary electrons contribute to the ionization with a certain 

probability 𝛼𝑖𝑧, where 𝛼𝑖𝑧 is number of ionization per one secondary 

electron and is a function of the bias voltage as well as ionization mean 

free path 𝜆iz. It should also be noted that 𝛼𝑖𝑧 is strongly influenced by 

the electron confinement time. The diverging magnetic field from the 

dielectric plate to the stage, as shown in Figure 4.2, tends to reflect 

energetic electrons from the quartz plate via the mirror effect. This 

implies that magnetic field configuration is an important factor in 

improving the 𝛼𝑖𝑧. The specifics will be covered in Chapter 4.5.3.  

Based on the above, the power balance equation in this system is 

described as follows: 

 

𝑒𝜀T
𝑑𝑛0

𝑑𝑡
𝑉 = 𝑃abs

𝑀𝑊 + 𝑒𝜀T𝛼𝑖𝑧𝛾SEE𝑛0𝑢B𝐴stg − 𝑒𝜀T𝑛0𝑢B𝐴, (4.1) 

 

where V denotes the plasma volume. Defining the loss frequency of 

charged particles 𝜈loss  as the inverse of plasma confinement time 
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(𝜈loss = 1/𝜏loss ) and secondary-electron-induced ionization frequency 

as 𝜈SEE, these loss and ionization frequencies are expressed as follows: 

 

𝜈loss =
𝑢B𝐴

𝑉
,       (4.2) 

𝜈SEE =
𝛼𝑖𝑧𝛾SEE𝑢B𝐴stg

𝑉
 .     (4.3) 

 

Substituting equations. (4.2) and (4.3) into equation (4.1), and dividing 

the equation by 𝑒𝜀T𝑉, the following particle balance equation per unit 

volume is obtained, 

 

𝑑𝑛0

𝑑𝑡
=

𝑃abs
𝑀𝑊

𝑒𝜀T𝑉
+ 𝑛0𝜈SEE − 𝑛0𝜈loss.    (4.4) 

 

The first, second, and third terms on the RHS are the applied microwave 

ionization rate, high-energy secondary electron ionization rate, and 

plasma loss rate, respectively. If the first term of the RHS is defined as 

the created ion-electron pair per unit volume and a second by microwave, 

 

𝑅𝑀𝑊 =
𝑃abs

𝑀𝑊

𝑒𝜀T𝑉
 ,      (4.5) 

 

and t = 0 is defined as the pulse-turn-on time, the temporal variation of 

the plasma density after the pulse turn-on can be expressed from 

equations. (4.4) and (4.5) as follows: 
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𝑛0(𝑡) =
𝑅MW

𝜈MP
+ (

𝑅MW

𝜈loss
−

𝑅MW

𝜈MP
) 𝑒−𝜈MP𝑡.   (4.6) 

 

Here, 𝜈MP denotes the inverse of the time constant (𝜏MP) for the plasma 

density increase during the pulse-on period and is described as follows: 

 

𝜈MP = 𝜈loss − 𝜈SEE.      (4.7) 

 

After turning off the pulse, ionization due to the secondary electron does 

not exist (𝜈SEE = 0), and the temporal variation of the plasma density 

can be expressed as follows: 

 

𝑛0(𝑡) =
𝑅MW

𝜈loss
− (

𝑅MW

𝜈loss
−

𝑅MW

𝜈MP
) 𝑒−𝜈loss(𝑡−𝑇PLS) ,  (4.8) 

 

where 𝑇PLS  denotes the bias pulse duration time. A saturated plasma 

density can be found supposing a long-enough 𝑇PLS as follows: 

 

𝑛0
MWPLS =

𝑅MW

𝜈MP
.      (4.9) 

 

The steady-state plasma density without the pulse is 

 

𝑛0
𝑀𝑊 =

𝑅MW

𝜈loss
 .      (4.10) 

 

From equations. (4.9) and (4.10), the plasma density ratio 𝑛0
MWPLS/𝑛0

𝑀𝑊 
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is 

 

𝑛0
MWPLS

𝑛0
𝑀𝑊 =

𝜈loss

𝜈MP
=

𝜏MP

𝜏loss
 .     (4.11) 

 

Equation (4.11) demonstrates that the density ratio 𝑛0
MWPLS/𝑛0

𝑀𝑊 can 

be evaluated from the time constants measured from the temporal 

variation of the plasma during the pulse-on (𝜏MP) and pulse-off (𝜏loss). 

 

4.5.2 Validation of the model 

The above model discusses the time dependency of the plasma 

density. The Langmuir probe can be employed to assess the plasma 

density. In the case of constant electron temperature, the OES is also an 

excellent index for evaluating the relative variation of the plasma density. 

The validity of the power balance model is evaluated using Langmuir 

probe and OES measurements in this section. From the measured time 

constants 𝜏MP  and 𝜏loss , the plasma density ratio 𝑛0
MWPLS/𝑛0

𝑀𝑊  is 

calculated using equation (4.11), and is compared with the measured 

𝑛0
MWPLS/𝑛0

𝑀𝑊 from the Langmuir probe. 

The black curves in Figures 4.8(a) and (b) show temporal variations 

of the Ar emission intensity and the ion saturation current in the Ar 

plasma during the pulse-on period, respectively, at VPLS = −1.0 kV and p 

= 13 Pa. The probe voltage is set at VPRB = −40 V to minimize the 

influence of the plasma potential shift during the pulse-on period. 
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Immediately after the pulse is turned on, the ArI signal slightly increases  

in a very short time. The abrupt increase in the emission intensity is 

presumably due to the increased excitation rate constant induced by high-

energy secondary electrons. During the pulse-on period, the electron 

energy distribution is nearly identical because the secondary electron 

Figure 4.8 (a) Ar emission intensity and (b) probe ion current during the pulse-on 

period. (c) Ar emission intensity and (d) probe ion current during the pulse-off period. 

Black and red curves indicate the experimental results and best-fitted curves based on 

the power balance model, respectively. VPLS = 1.0 kV. 
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flux is proportional to the ion flux to the stage, i.e., to the bulk plasma 

density. After the first increase in the signal, both the ion saturation 

current and the emission intensity increase with a time constant equal to 

𝜈MP. The best-fitted curves based on equation (4.6) are likewise indicated 

with red curves in Figures 4.8(a) and (b), and they suit the results 

extremely well, and the 𝜏MP obtained from the probe and the OES are 

virtually the same at 𝜏MP  ~130 s. From the best-fitted curve of the 

probe measurement, saturated ion current supposing long pulse-on time 

is obtained, and then the 𝑛0
MWPLS/𝑛0

𝑀𝑊  is obtained from the ratio of 

pulse-on IPRB to pulse-off IPRB. 

The Ar emission and the ion saturation current during the pulse-off 

phase are shown with black curves on semi-logarithmic scales (Figures 

4.8(c) and (d)). Except for the initial variation at t = 0.2–0.3 ms, the 

signals decline exponentially with nearly the same time constants of 55–

58 s in both cases. The variation in the ion saturation current is caused 

by an increase in plasma potential after the pulse is turned off. The 

variance in the intensity of the Ar emission is most likely caused by the 

remaining secondary electron contributing to the Ar excitation decaying 

its energy with the VPLS. The same approach is used to derive 𝜏MP, 𝜏loss, 

and 𝑛0
MWPLS/𝑛0

𝑀𝑊 at VPLS = −0.5 and −1.5 kV, as shown in Figure 4.9, 

where 𝜏𝑂𝐸𝑆and 𝜏𝑃𝑅𝐵 indicate time constants evaluated from the OES 

and the Langmuir probe, respectively. As can be seen from Figure 4.9(a), 

𝜏MP (squares) increases when |VPLS| exceeds 0.5 kV owing to an increase 

in the contribution of secondary electron ionization at higher electron 
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Figure 4.9 (a) 𝜏MP  and 𝜏loss  for OES and Langmuir probe. The square and circle 

indicate 𝜏MP and 𝜏loss, respectively. The filled and open colors indicate the measured 

data from OES and Langmuir probe, respectively. (b) Measured 𝑛0
MWPLS/𝑛0

𝑀𝑊 

(squares with solid line) from the ratio of the ion saturation current, and the estimated 

𝑛0
MWPLS/𝑛0

𝑀𝑊 from 𝜏MP/𝜏loss. Open and filled triangles with broken lines indicate 

the estimated results from Langmuir probe and OES, respectively. 
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energies. Contrarily, 𝜏loss  (circles) is almost the same irrespective of 

VPLS, because 𝜏loss is influenced by the Bohm velocity and geometrical 

structure of the plasma. 

To evaluate the 𝜏loss , parameters of equation (4.2) are roughly 

estimated as shown in Table 4.1. Although the plasma structure is 

influenced by the magnetic field, simple rectangular volume shown by 

red-shaded region in Figure 4.10 (5.2×10-3 m3) is supposed in the present 

estimation. In the present magnetic configuration, plasma is mainly lost 

along the magnetic field from high- to low-field region, i.e., toward the 

stage. Based on this, effective surface area of 3.4×10-2 m2 is supposed, 

as shown in Figure 4.10. The Bohm velocity is ~2.2× 103 m/s at an 

electron temperature of 2.2 eV. From these values, estimated 𝜏loss  is 

~67 s, which fairly agrees with the experimental result (~57 s). The 

difference of the 𝜏loss  between the experiment and the estimation is 

presumably due to the simplification of the effective plasma volume and 

the effective surface area. 

Figure 4.9(b) shows the comparison of the measured 𝑛0
MWPLS/𝑛0

𝑀𝑊 

(squares with solid line) from the ratio of the ion saturation current and 

the estimated 𝑛0
MWPLS/𝑛0

𝑀𝑊  from 𝜏MP/𝜏loss . Open and full triangles 

with broken lines represent estimated Langmuir probe and OES results, 

respectively. The estimated 𝑛0
MWPLS/𝑛0

𝑀𝑊  from both the Langmuir 

probe and the OES correspond well with the measured 𝑛0
MWPLS/𝑛0

𝑀𝑊, 

indicating the correctness of the suggested power balancing model. The 

ionization by the secondary electron is not enhanced at low bias voltages 
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Table 4.1 Estimated parameters for effective plasma surface A, , 

secondary electron coefficient 𝛾𝑆𝐸𝐸 and volume of plasma V. 

Figure 4.10 Region of effective area A and effective plasma 

volume V for the 𝜏loss estimation. 
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(|VPLS| ≤ 0.5 kV). However, at a bias voltage of VPLS = −1.5 kV, plasma 

density increases almost by a factor of three by applying the bias pulse 

power. It should be emphasized that the density ratio is the ratio of total 

absorbed power during the pulse-on to absorbed power just from the 

microwave power source. For example, VPLS = −1.0 kV; 𝑛0
MWPLS/

𝑛0
𝑀𝑊~2 is obtained. This means that power absorptions from the pulse 

power source are almost the same as those from the microwave power 

source. Although not all incident power is absorbed by the plasma, power 

absorptions from the microwave and DC pulse sources are approximated 

by the net microwave power and DC pulse power. The power for the 

secondary electron emission is calculated using the DC pulse power 

𝑃PLS and 𝛶SEE as 𝑃PLS × 𝛶SEE/(1 + 𝛶SEE). The 𝛶SEE from the carbon 

surface at an Ar+ incident energy of 1 keV is ~0.5.[3] 𝑃PLS at t = 195 μs 

and 𝑉PLS = −1.0 kV is ~6 kW from Figure 4.4. Accordingly, the pulse 

power to the secondary electron acceleration is ~2 kW, which is almost 

comparable with the microwave power. This is consistent with the 

𝑛0
MWPLS/𝑛0

𝑀𝑊~2 finding, implying that secondary electrons contribute 

to the enhancement of the plasma density. As a result, the pulse power is 

effectively utilized for both the ion acceleration and the plasma 

generation. 
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4.5.3 Influence of magnetic field structure 

As aforementioned, the stage current strongly depends on the relative 

permeability of the stage material as shown in Figure 4.4(b), and 

confinement of high-energy secondary electrons by the mirror effect is 

considered. The magnetic field is relatively strong near the small 

chamber, i.e., near the permanent magnets, but is relatively weak near 

the stage. The magnetic moment of the secondary electrons released from 

the stage is affected by the relative permeability of the stage material due 

to the change in magnetic field direction to the sheath electric field. 

Electron trajectories are numerically estimated in non-collisional 

situations to discuss the mechanism. The magnetic field in the chamber 

is computed in the simulation for both non-magnetic and magnetic stages. 

The calculated magnetic field agreed well with the measured magnetic 

field of the plasma source using a Gauss meter. Next, as a model of the 

sheath, a uniform electric field perpendicular to the stage surface (z-

direction) is defined in front of the stage surface with a 2 mm thickness 

and a −1.5 kV sheath voltage. The electrons are then ejected from the 

stage in the z-direction with a kinetic energy of 2 eV (initial kinetic 

energy). Both the electron momentum and the electron position are 

calculated by Lorentz force and the integration of the velocity based on 

eqs. (4.12) and (4.13), 

𝑑

𝑑𝑡
(𝑚𝑒�⃗�) = 𝑒(�⃗⃗� + �⃗� × �⃗⃗�),   (4.12) 

𝑑𝑟

𝑑𝑡
=  �⃗� .     (4.13) 
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Figure 4.11(a) shows a cross-sectional view of the simulation model 

in the y-z plane, along with examples of electron trajectories for low-𝜇𝑟 

(red curves) and high-𝜇𝑟 (blue curves) stages. Electrons emitted from 

the stage center (y = 0) go straight to the facing wall along the z-axis in 

both materials. This is because the electron is emitted parallel to the 

magnetic field (see Figure 4.2) and is not affected by it. However, 

electron trajectories emitted at y = 30 mm significantly vary depending 

on the relative permeability (𝜇𝑟 ) of the stage. In the case of high-𝜇𝑟 

materials, the magnetic field on the stage is virtually perpendicular to the 

stage surface, resulting in a low magnetic moment of the electron and a 

very weak mirror effect near the magnets. In the case of the low-𝜇𝑟 

material, however, the electron is reflected at the strong magnetic field 

region in front of the magnets. This is because the electron has a large 

magnetic moment due to the large angle between the direction of the 

electron acceleration and the magnetic field. The reflected electrons by 

the magnetic mirror are then reflected by the sheath electric field, which 

results in longer electron confinement time and effective utilization of 

high-energy electrons for ionization of neutral species.  

To evaluate the electron confinement efficiency, 100 electrons are 

emitted at the same spatial interval from y = 0 to 84 mm, and the ratio of 

confined electrons is evaluated at different stage materials. Figure 4.11(b) 

shows the confined electron ratio at 𝜇𝑟 = 1.1 and 500. Almost 60% of 

the secondary electrons are confined by using low-𝜇𝑟  stage, but the 

confinement ratio is decreased to ~20% by using the low-𝜇𝑟 stage. 
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Figure 4.11 Electron trajectory simulation with different stage materials. 

(a) examples of electron trajectories for electrons emitted from y = 0 and 

30 mm. Blue- and red-curves indicate trajectories with high- and low-r 

stages, respectively. (b) Confined electrons ratio. 
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4.6 Application to conductive carbon film 

deposition 

The effect of the stage permeability 𝜇r on carbon film deposition is 

evaluated. The bias voltage dependence of carbon film properties is 

investigated for the cases of high- and low-𝜇𝑟  stage materials. The 

discharge conditions are the same as in Chapter 4.5, except that C6H6 (50 

sccm) is added at a total pressure of 13 Pa. Thermal crayons are used to 

measure the stage temperature, and the temperature during deposition is 

below 300 °C, which is substantially lower than that of graphite 

formation through a thermal effect.[4] Figure 4.12(a) and (b) show the 

surface resistance and deposition rate of carbon films as a function of the 

bias voltage VPLS, respectively. Regardless of the VPLS, the sheet 

resistance for the case of the low-𝜇𝑟 material is lower than that of the 

high-𝜇𝑟 case, and it is lower than the Si sheet resistance at a |VPLS|≧ ~1.2 

kV, which is ~700 V lower than that of the high-𝜇𝑟 case. In the carbon 

film deposition by SWP (Chapter 3), the sheet resistance of the film 

deposited at VPLS = 1.0 kV is more than 109 Ω/sq, which is much higher 

than the result of the present study at the same VPLS with the low-𝜇𝑟 stage. 

The ratio of the energy flux from ions to a depositing carbon atom flux 

is considered to be an important parameter for increasing the electrical 

conductivity of the carbon film. Figure 4.12(b) shows the deposition 

rates of films deposited using the low- and high-𝜇𝑟  stages. The film 

deposition rate of the low-𝜇𝑟  stage is lower than that of the high-𝜇𝑟 
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stage. This is due to the removal of the C–H bonds as well as the 

sputtering of the film caused by greater ion flux in the case of the low-

𝜇𝑟 stage.  

 

Figure 4.12 (a) Sheet resistance and (b) deposition rate of deposited 

carbon films as a function of pulse bias voltage VPLS. 
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To evaluate the deposition efficiency of the precursor gas, number of 

deposited carbon atoms per second in the whole chamber ( 𝑁𝑐 ) is 

evaluated from the deposition rate. 

𝛤C
ECR_PLS =

𝜌𝑐

𝑀𝑐
×(Avogadro’s number) × (deposition rate),(4.14)  

𝑁𝑐 = 𝛤C
ECR_PLS × 𝐴𝑑𝑒𝑝.     (4.15) 

Here, 𝛤C
ECR_PLS

  is the deposited carbon flux per unit area. 𝜌𝑐  is the 

specific gravity of the high conductive carbon deposited with low-𝜇𝑟 

stage at a VPLS = 1.0 kV is 2.2. 𝑀𝑐 is molar mass of the carbon. 𝐴𝑑𝑒𝑝 

is the deposited area. The deposition rate at a VPLS = 1.0 kV is ~5 nm/s. 

So, 𝛤C
ECR_PLS

  is 5.5× 1016 /cm2s smaller than 𝛤C
SWP_PLS

  ~ 7.0× 1016 

/cm2s at a VPLS = 2.0 kV as calculation in Chapter 3. Some reasons for 

the decrease of the deposited carbon flux are considered as the 

dissociation rate of the benzene and the sputtering effect. The 

dissociation rate of the benzene will be discussed in Chapter 4.8. The 

dissociation rate of the benzene is ~98% without the bias application and 

it is ~100% with the bias application. It means that the benzene is fully 

utilized for the deposition without the bias application. However, the 

sputtering effect increases by applying the bias voltage, because the 

increase of the plasma density leads to increase of the ion flux. Therefore, 

𝛤C
ECR_PLS

 is not considered as smaller than 𝛤C
SWP_PLS

.  

If almost of the carbon atoms are used for the deposition, the 
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deposited carbon atoms from the benzene dissociation can be evaluated 

to be ~1.3 × 1020 s-1 from the benzene gas flow (50 sccm). 𝑁𝑐  is 

~3.9×1019 s-1 with the stage area ~697 cm2. However, the non-uniform 

deposition along the height direction of the stage (y axis in Figure 4.1) 

should be considered. So, the deposition efficiency of the precursor gas 

is estimated as smaller than 30% for the benzene gas flow 50 sccm. 

To investigate the deposited carbon film structure, Raman 

spectroscopy and FTIR measurement are performed. Raman 

spectroscopy is a method for evaluating sp2 and sp3 bonds in the carbon 

film.[5-27] There are two peaks with different vibrational modes in the 

Raman spectrum of the carbon film, i.e., G-peak (graphite peak: 1520–

1600 cm−1) and D-peak (disorder peak: 1340–1380 cm−1). G-peak 

originates from the stretch mode of sp2 bond, and D-peak is from the 

breath mode of sp2 sixfold ring. Ferrari and Robertson introduced a trend 

of I(D)/I(G) ratio and G-peak shift changing the carbon film structure 

from sp3-rich to sp2-rich films, i.e., tetrahedral amorphous carbon (ta-C), 

amorphous carbon (a-C), nanocrystalline graphite (NCG), and 

graphite.[26,27] They showed that as the I(D)/I(G) ratio and G-peak 

wavenumber increase, the film structure shifts from a-C to NCG. Figure 

4.13(a) shows the Raman spectra of carbon films deposited using the 

high-𝜇𝑟 and low-𝜇𝑟 stages at a bias voltage of −1.0 kV and a Raman 

light source wavelength of 532 nm. Their greatest G-peak intensities are 

used to normalize the intensities. When compared with the high-𝜇𝑟 

result, the low-𝜇𝑟  spectrum has a higher I(D)/I(G) ratio and a larger
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Figure 4.13 (a) Raman spectra and (b) FTIR spectra at V
PLS

 = 1.0 kV. 
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G-peak wavenumber. This implies that the carbon film deposited with 

the low-r stage has a higher sp2 composition and is more similar to the 

NCG film. In the carbon film deposition using the SWP (Chapter 3), two-

dimensional distribution of the high sp2 content in the carbon film was 

investigated via transmission electron microscopy and electron energy 

loss spectroscopy, and amorphous structure carbon film with a large 

amount of nanosized sp2 clusters has been confirmed. 

As mentioned in Chapter 4.1, the dehydrogenation of the C–H bond 

in the film by ion bombardment produces sp2 bonds in carbon film. In 

other words, the C–H bonds degrade the film conductivity. FTIR 

spectroscopy is used to analyze the hydrogen concentration of the carbon 

film.[26,28-29] IR light absorptions are seen at wavenumbers of 

approximately 3000 cm−1, i.e., wavenumbers of C–H vibration modes, 

and C–H bond density (𝑛CH) is evaluated using the following equation: 

𝑛CH = 𝐴s ∫
𝛼(𝑘)

𝑘
𝑑𝑘.    (4.16) 

Here, k and 𝛼  are the wavenumber and absorption coefficient of the 

deposited film, respectively. As is proportional constant and is 8.7 × 1020 

cm−2.[29] The dash and solid curves in Figure 4.13(b) shows the 

absorption spectra of carbon films deposited with low- and high-𝜇𝑟 

stages, respectively. The calculated C–H bond density (3.9 × 1021 cm−3) 

of low-𝜇𝑟 film is much lower than that of high-𝜇𝑟 film (1.9 × 1022 cm−3), 

showing the reduction of C-H bonds by using the low-𝜇𝑟  stage with 

higher ion flux.  
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4.7 Comparison between ECR plasma and 

SWP for carbon film deposition 

As mentioned in Chapter 4.1, the reason of introducing the ECR 

plasma was to deposit the conductive carbon films at lower bias voltages. 

As a solution, improvement of the plasma density was considered. The 

ECR plasma with the high negative bias power realized the high plasma 

density (nECR~1.8 × 1018 m-3) over 4 times higher than SWP (nSWP~4 ×

 1017 m-3) under the Ar plasma. To confirm the ion flux enhancement by 

introducing the ECR plasma source, the properties of the carbon film 

deposited by the ECR plasma with the low-𝜇𝑟 stage and the SWP are 

compared as shown in Figure 4.14. Figure 4.14 shows the properties (a) 

sheet resistance, (b) Raman spectra at a stage voltage 1.0 kV and (c) C-

H absorption coefficient at a stage voltage 1.0 kV. Results of the ECR 

films show obviously higher sp2 content and lower C-H bond than those 

of the SWP films. The deposition rate (~5 nm/s at VPLS> 1.5 kV) of the 

ECR film is lower than that of the SWP, but it is still relatively higher 

than surveyed high conductive carbon film deposition rate in Chapter 1. 

Therefore, the idea of the high conductive carbon film deposition at the 

low bias voltage is realized by introducing the ECR plasma source. 
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Figure 4.14 Properties of carbon films deposited by the ECR plasma and 

the SWP. (a) sheet resistance, (b) Raman spectra at a stage voltage 1.0 kV 

and (c) C-H absorption coefficient at a stage voltage 1.0 kV. 

ECR 

SWP 

ECR 

ECR 

SWP

SWP 
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4.8 Quadrupole mass spectrometer 

measurement 

 

The change of the precursor gas by the dissociation in the plasma is 

evaluated by a quadrupole mass spectrometer (QMS). The QMS 

experimental setup is shown in Figure 4.15. The working pressure of the 

QMS chamber is 4×10-3 Pa. The electron energy for the ionization in the 

QMS is -70 V. The mass spectra of benzene are evaluated at conditions 

of the plasma-off, plasma-on without bias application, and plasma-on 

with bias application VPLS = 1.0 kV, as shown in Figure 4.16(a). When 

the plasma is on without the bias application, the benzene peaks decrease 

to 2% of their initial intensities, i.e., intensities at plasma-off. It means 

that the benzene gas is almost dissociated by the plasma. Furthermore, 

Figure 4.15 Experimental setup for QMA 
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Figure 4.16 Generated molecules by plasma. (a) mass spectra for  

plasma-off, plasma-on without bias application, and plasma-on with bias 

application. (b) benzene fragment deleted mass spectra for plasma on 

without bias application and with bias application. 
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when the plasma is on with the bias application, the benzene peaks 

further decrease down to 0.2% of their plasma-off intensities. It is 

considered increased plasma density affect the benzene dissociation. To 

give an insight into molecules produced by the plasma, peak intensities 

originated from benzene molecules are subtracted from the measured 

plasma-on spectra, taking account for decrease in the benzene peak 

intensities by the benzene dissociation (Figure 4.16 (b)). The hydrogen 

peak (amu=2) drastically increases by applying the bias power. It shows 

the dehydrogenation of the carbon film by the ion bombardment. In the 

mechanism of the sp2 bond increase by the ion bombardment (Chapter 

1), the ion bombardment breaks the C-H bond and the hydrogen is 

extracted from the carbon film. The increase in the hydrogen density in 

the gas phase agrees well with this mechanism. The increase of CHx 

peaks is presumably due to hydrocarbon release from the carbon film 

through carbon etching by hydrogen ions or atoms produced by the 

dissociation of hydrogen molecule or benzene. Surface fragmentation of 

benzene on the film depositing surface might be also considered. 

 

4.9 Conclusion 

 A new method of conductive carbon film deposition using an ECR 

plasma source with high-voltage pulse power supply was proposed. The 

plasma properties, as well as deposited carbon film properties, were 

evaluated. The introduction of the bias pulse power enhanced the ion flux 
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to the bias stage. The temporal variation of plasma density was explored 

using the Langmuir probe and the OES for two types of stage materials, 

namely, high and low permeabilities (𝜇𝑟). During the high-voltage pulse 

application, an increase in plasma density was observed, particularly in 

the low- 𝜇𝑟  stage. A power balance model taking account for the 

ionization by the high-energy secondary electrons was proposed. The 

plasma density ratio of pulse-on and pulse-off conditions was measured 

and was compared with the density ratio estimated from the measured 

time constants based on the model. The estimated density ratio agreed 

well with the measured density ratio, from which the model was 

validated. Furthermore, the significance of magnetic field arrangement 

for the plasma density increase using high-voltage pulse power was 

emphasized. Electron trajectory simulation revealed that a magnetic field 

spanning the bias stage at an inclined angle was required for secondary 

electron confinement and power absorption from high-energy secondary 

electrons. Carbon films were deposited using an ECR plasma source and 

a high-voltage pulse power source, and the low-𝜇𝑟 stage demonstrated 

high electrical conductivity at a lower bias voltage than the high-𝜇𝑟 

stage. The carbon film deposited by the low-𝜇𝑟 stage had more sp2 bonds 

than the high-𝜇𝑟 stage and SWP. These results indicate that a higher ion 

flux is important for enhancing the carbon film conductivity and that the 

new plasma source is effective in depositing conductive carbon films 

using the high-voltage pulse power source for the plasma density 

enhancement. 
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Chapter 5 

Conclusion and future scope 

 

5.1 Conclusion of dissertation 

In the past 20 years, interests in the carbon coatings have increased 

significantly and studies for applying carbon coating to a lot of industrial 

fields have been carried out due to attractive features of carbon films, i.e., 

the chemical stability and the high thermal conductivity. Furthermore, 

electrical conductivity, strength, and friction coefficient have been 

controlled by the sp2 and sp3 content ratio of the carbon film. Due to 

many studies of carbon film coating, the recent carbon films have been 

deposited in well-defined conditions and can be selectively applied to 

various fields with required features. High sp2 content carbon film, which 

is amorphous carbon (a-C) or hydrogenated amorphous carbon (a-C:H), 

is applied in electrodes, batteries, fuel cell, bearing and so on because of 

its electrical conductivity, anti-corrosion and low frictional force. There 

are two typical methods for increasing the sp2 content in the carbon film: 

heating the substrate over 500 oC or increasing incident ion to the carbon 

film. However, heating the substrate has a problem in that the substrate 

may receive thermal damage. On the other hand, the ion bombardment 

effect can increase sp2 even at lower temperatures less than 400 oC. In 

the deposition methods of high conductive carbon film, there are 3 
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typical methods, i.e., physical vapor deposition (PVD), chemical vapor 

deposition (CVD), and plasma enhanced chemical vapor deposition 

(PECVD). However, in the production of the high conductive carbon 

film, the low deposition rate less than 1 nm/s is a big problem because 

the thickness of the carbon film is usually required over 500 nm. 

To solve the above issues, three approaches were adopted in this 

study. Firstly, a microwave plasma, a high-density plasma (≥1017 m-3) 

source which can realize uniform plasma process in 35 cm width, was 

used. This plasma source contributes to enhance productivity both from 

the viewpoint of the high throughput with large-surface area and from 

the viewpoint of high process speed. Secondly, the high negative bias 

voltage was applied in this study. To increase the ion incident energy, 

high negative bias voltage up to -2kV were introduced for the ion energy 

enhancement. Finally, the benzene gas was adopted as the precursor gas 

because it has a high deposition rate by its low ionization potential. As a 

result, the carbon film was deposited with a high electrical conductivity 

and high deposition rate of ~5, 6 times higher than those of previous 

studies. 

In Chapter 2, the principles of high-density plasma sources used in 

Chapters 3 and 4, i.e., surface-wave plasma (SWP) and electron 

cyclotron resonance (ECR) plasma, were explained. In addition, film 

evaluation methods, i.e., a four-terminal sensing for the electrical 

conductivity measurement, Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS), scanning and transmittance electron microscopy 
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(STEM) and electron energy-loss spectroscopy (EELS) for the film 

structure measurement, were explained. Fourier transform infra-red 

spectroscopy (FTIR) was also introduced for the evaluation of C-H 

bonds. 

In Chapter 3, a high conductive carbon film was deposited by 

introducing the SWP plasma. The SWP realized the high-density plasma 

with plasma densities up to 4×1017 m-3 with high spatial uniformity along 

a chamber width of ~35 cm. At high bias voltages, high conductive (80 

/sq, estimated electrical conductivity >200 S/cm) carbon films were 

successfully deposited. In parallel with the conductivity measurement, 

influence of the ion incident energy on the carbon film structure and 

characteristics were studied in detail. By increasing ion incident energy, 

the electrical conductivity of the carbon film increased and the deposition 

rate decreased. The reason for the decrease in the deposition rate was 

explained by the change in the film structure and the sputtering effect. 

With increasing the ion incident energy, the hydrogen content in the film 

decreased and the sp2 content ratio increased. When a bias voltage of -

2.0 kV was applied to the stage, the hydrogen content evaluated by FTIR 

was less than 5%, and the sp2 content evaluated by XPS was more than 

70%. The carbon film was confirmed to be the amorphous structure with 

nano-sized sp2 clusters (≥~15 Å) by Raman spectrum, STEM and EELS. 

In Chapter 4, the high conductive carbon film was deposited by the 

ECR plasma source. Higher plasma densities (≥1×1018 m-3) more than 

that of SWP was realized, especially when the bias voltage was applied 
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to the stage. The phenomenon of the plasma-density increase in the bias 

application was confirmed by OES and Langmuir probe measurements. 

The increase in the plasma density was prominent when the low 

permeability material was used as the stage material, but not in the case 

of the high permeability stage. This suggested that the increase of the 

plasma density was caused by the change in the magnetic field structure 

near the stage. The reason for the plasma density increase was attributed 

to the secondary electrons which were generated by ion collision on the 

stage surface. They were accelerated by the sheath and were confined 

between the stage and the antenna due to the magnetic mirror effect and 

the sheath electric field, contributing to the effective ionization of the 

plasma. A theoretical zero-dimensional model of the increase of the 

plasma density well explained the experimental results. The increase of 

the plasma density and resultant increase of the ion flux to the stage 

realized to deposit the high conductive (100 Ω/sq) carbon film at lower 

bias voltages (VPLS~1.0 kV). By increasing the ion flux, the hydrogen 

content in the film decreased from 1.0×1022 cm−3 to 3.9×1021 cm-3 and 

the sheet resistance decreased from 8.0×108 /sq to 1.0×102 Ω/sq. The 

Raman spectrum showed that the increase of the sp2 content in the carbon 

film. The dissociation of the benzene gas was evaluated by QMS. The 

plasma density affected the benzene dissociation. When the plasma was 

on without the bias application, the QMS peaks of the benzene decreased 

down to 2%. When the plasma was on with the bias application (higher 

plasma density than that without the bias application), the QMS peaks of 
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the benzene further decreased down to 0.2%. Additionally, the 

dehydrogenation of the carbon film by the ion bombardment was 

investigated by the QMS. The hydrogen drastically increased by 

applying the bias power. This result supported the mechanism of the sp2 

bond increase due to the dehydrogenation by the ion bombardment.  

In conclusion, this study realized one-dimensionally uniform (~30 

cm) conductive carbon film deposition at high deposition rates (~6 nm/s) 

and low substrate temperatures (<300 oC). This study introduced a new 

method to realize low-cost deposition of anti-corrosion electrically-

conductive film for the bipolar plates of the proton exchange membrane 

fuel cells.  

 

5.2 Future scope 

The achievements of this study are the realization of the high 

conductive carbon film (80 /sq, estimated electrical conductivity >200 

S/cm) deposition with high deposition rate (5,6 nm/s) ~5, 6 times faster 

than previous works. Additionally, the effects of ion flux and ion incident 

energy on carbon film formation were evaluated on the features and 

structure of the carbon film. However, several challenges remain in 

introducing surface wave plasma and ECR plasma into commercial 

applications. 

(1)  Carbon deposition on the dielectric (quartz) surface 

In the deposition process, the chamber is contaminated with 



121 

 

the carbon deposition. To generate the plasma, the microwaves is 

absorbed by the plasma through the quartz window. The problem 

is that the deposited carbon on the quartz surface interferes the 

microwave transmission from the quartz to the plasma. 

Accordingly, for a long-time discharge, the plasma becomes 

unstable or the plasma density decreases. To solve this problem, 

plasma sources with advanced structure must be considered. One 

of solutions might be an ECR plasma source with new microwave 

launcher. In the ECR plasma, plasma production region is 

localized near the ECR zone and, if the microwave launcher is 

placed away from the ECR zone with a deposition-suppressed 

structure, a high-density one-dimensionally uniform plasma with 

suppressed deposition interference on the microwave launcher 

might be realized. Another solution is usage of very high 

frequency (VHF) capacitively coupled plasma (CCP). It has high 

plasma density with spatial uniformity of ~30 cm, although the 

uniform plasma production sometimes becomes difficult at 

plasma sizes of ~1 m.  

 

(2)  Productivity  

In industrial applications, the speed of the process is the most 

important factor to reduce the production cost. This study 

suggested a method to increase productivity by using high-density 

plasma. However, there are other method to increase productivity, 
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i.e., change in the precursor gas, change in the supply ratio of the 

precursor gas, change in the plasma generation method and so on. 

 

(3)  Substrate temperature control 

For the application to the PEMFC, the carbon film is coated 

on the metal substrates. To suppress the total weight of the PEMFC, 

the substrate thickness is required to be less than 0.2 mm. However, 

such thin substrate is difficult to place on the flat stage with good 

thermal contact with the stage. In this study, the samples were 

placed on the stage simply by the clamping structure and, 

especially when thin substrates were used, temperature control 

was difficult because substrates were deformed by less thermal 

contact and resultant thermal expansion. For this reason, this study 

used mainly Si substrates because they are thick (0.5 mm) and 

have small thermal expansion property. In the commercial level, 

however, not simple flat stage but roll-to-roll system will be 

adopted for the thin metal substrates, because the thin metal 

substrates receive uniform tension and they will make good 

thermal contact with the cooling drum stage.  

 

(4)  Low adhesion of carbon film 

The carbon sometimes peels off because the carbon film has 

high stress in it. To solve this issue, adhesion strength of the carbon 

films with substrates must be increased. In the case of the carbon 
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film, native oxide layer on the surface which drastically degrades 

the carbon adhesion must be removed. One of ways to remove the 

oxide layer is Ar ion bombardment, and this method has been 

adopted in this study for the oxide layer removal from the Si 

surface. In the case of the stainless-steel substrate, however, the 

oxide-layer removal becomes much more difficult than the case of 

Si substrates. One of solutions for this issue is introduction of an 

intermediate layer between the stainless-steel and the carbon film. 

If an appropriate material for the intermediate layer is applied, the 

adhesion of the carbon film on the stainless-steel will be much 

more enhanced.  
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