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Abstract 

 

In this work, the conductive carbon films were prepared by thermal chemical vapor 

deposition (TCVD) from acetylene (C2H2) precursor. The electronic structure, sheet 

resistance and transparency were studied. This work contains two different experiments. 

In the first experiment, the carbon films were synthesized on texture SiO2/Si wafers. 

The Raman spectra showed graphitic structure with a ID/IG ratio of 0.7-0.9. The 

estimated in-plane crystallite size (La) was found to be in the range of 19-24 nm. Sheet 

resistance of graphite films were in the range of 85-221 Ω/sq. The ID/IG ratio and the 

full width at half maximum (FWHM) of G peak increased with increasing the growth 

temperature. This is due to the increasing temperature result in increasing the number of 

disordered carbons in the films which caused the reduction of crystallite size. In the 

second experiment, carbon films were synthesized on quartz slides. The Raman spectra 

showed amorphous structure coexisted with sp carbon hybridization. The average 

crystallite size of ~18 Å was obtained from amorphous carbon films. The sheet 

resistances of the films was in the range of 0.6-9.1 kΩ/sq which the same as that of thin 

graphite films. The mixture of sp carbon hybridization in the films caused the reduction 

of sheet resistance. The FWHM of G band decreased while that of C band increased 

with increasing growth temperature because of the increase of carbon in sp
2 

hybridization and decrease of sp
 
hybridization fraction in the films.  

 

 

Keywords :  Acetylene / Amorphous Carbon / Graphite / Raman Spectrum / Thermal 

Chemical Vapor Deposition  

 

   



iii 

 

ACKNOWNLEDGEMENTS 

I would like to thank my advisor, Dr. Tula Jutarosaga, for all help and suggestions to 

finish this work. I am also thankful to the department of Physics, faculty of Science, 

King Mongkut’s University of Technology Thonburi for all kinds of supports in terms 

of laboratory instruments and chemicals in this work. This work was partially supported 

by the Research Center in Thin Film Physics, Thailand Center of Excellence in Physics 

(ThEP Center) and Nation Research Council of Thailand. Finally, I’m gratefully to my 

mother and my sister to give me the trust and love.        



iv 
 

CONTENTS 
  PAGE 

 
THAI ABSTRACT i 

ENGLISH ABSTRACT ii 

ACKNOWLEDGEMENTS iii 

CONTENTS iv 

LIST OF TABLES v 

LIST OF FIGURES vi 

LIST OF ABBREVIATIONS AND SYMBOL viii 

 
CHAPTER 

1. INTRODUCTION 1 

   1.1 Background   1 

        1.2 Literature Reviews   2 

 1.3 Objective   2 

 1.4 Scope of this work   2 

 

2. THEORATICAL BACKGROUND   3 

 2.1 Carbon materials   3 

 2.2 Graphene   6 

 2.3 Diamond-like carbon   7 

 2.4 Raman scattering principle   8 

 2.5 Raman spectroscopy of disordered and amorphous carbon  10 

 2.6 Measuring the crystalline size of nanographite by Raman spectroscopy 15  

 2.7 Raman spectroscopy of graphene   17  

 

3. EXPERIMENT   19 

 3.1 Experiment apparatus and chemical  19 

 3.2 Methods   20 

 3.2.1 Graphite films on texture SiO2/Si wafers  21 

 3.2.2 Amorphous sp-sp
2
 carbon films on quartz slides  23 

 

4. RESULT AND DISCUSSION   25 

 4.1 Graphite films on texture SiO2/Si wafers  25 

 4.2 Amorphous sp-sp
2
 carbon directly on quartz slides  29 

   

5. CONCLUSION AND SUGGESTION   37   

 

REFERENCE   38 

 

CURRICULUM VITAE  41



v 

 

LIST OF TABLES  
 

TABLE  PAGE 

 
1.1 List of literature review in synthesis of FLG and GF from TCVD  2 

1.2 Properties of graphite and diamond  4 

4.1 Atomic percentages of Si, C and O, and sheet resistance values of graphite 26 

 films 

4.2 Peak positions and FWHM (denoted by Δ) of D, G and 2D band, and  28

 estimate ID/IG, I2D/IG, and in-plane crystalline size (La) of graphite films 

4.3 2θ, FWHM, and La from the XRD spectra  31 

4.4 The peak positions and FWHM of D, G and C band, and the ID/IG ratio from 32 

 the Raman spectrum   

4.5 The atomic percentages of C, Si and O, transmittance (%T), and  33 

 sheet resistance values of amorphous sp-sp
2
 carbon films



vi 
 

LIST OF FIGURES 

 

FIGURE  PAGE 

 
2.1 (left) Hexagonal single crystal graphite and (right) diamond structure 3 

2.2 Pressure and temperature phase diagram of carbon materials 5 

2.3 sp
3
, sp

2
 and sp hybridized bonding  5 

2.4 Tight-binding band structures of graphene π-bands 6 

2.5 Ternary phase diagram of bonding in amorphous carbon-hydrogen alloy 7 

2.6 Energy-level diagram of an energy transfer model of Rayleight 8  

 scattering, Stoke Raman scattering, and Anti-Stoke Raman scattering  

2.7 Raman spectrum of Rayleight Scattering, Stoke Raman scattering and   9 

 Anti-Stoke Raman scattering 

2.8 Schematic diagram of influence on the Raman spectra. A dotted arrow 10 

 marks the indirect influence of the sp
3
 content on increasing G position  

2.9 Carbon motions in the (a) G and (b) D modes 11 

2.10 Three stage model of the variation of the Raman G position and the ID/IG 13 

 with increasing disorder   

2.11 Variation of the ID/IG ratio with La. The broad transition between the two 14  

 regimes indicated   

2.12 Raman spectra of the sample heat treated at 2000 ºC, for five different 15  

 laser energy values (1.92, 2.18, 2.41, and 2.71 eV)  

2.13 Plot of the ratio of the integrated intensities of the D and G band 16 

 ID/IG vs 1/La for all spectra obtained with the five different excitation  

 laser energies (b) all experimental results shown in part (a) collapse   

 In the same straight line in the (ID/IG)*𝐸𝑙
4 vs 1/La plots  

2.14 Comparison of Raman spectra at 514 nm for bulk graphite and graphene 17 

2.15 Evolution of the spectra at 514 and 633 nm with the number of graphene  18 

 layers 

3.1 Hand-made setup TCVD system in our lab 19 

3.2 Temperature profiles in the tube furnace at (A) 800 ºC and (B) 900 °C 20 

3.3 Schematic diagram of TCVD system used to grown graphite films 21 

3.4 Flow of procedure to synthesis graphite films at (A) 800 °C and (B) 900 °C 22 

3.5 Flow of procedure to synthesis amorphous sp-sp
2
 carbon films at (A) 800 °C  24 

 and (B) 900 °C  

4.1 SEM images of (A) texture SiO2/Si wafer, (B) and (C) are as deposited 27   

graphite films at 800 °C and 900 °C on texture SiO2/Si wafer, respectively   

4.2 Raman spectra of GF synthesized at 800 °C and 900 °C fitted using Breit- 28 

 Wigner-Fano (BWF) line shape  

4.3 XRD patterns of amorphous sp-sp
2
 carbon grown with different temperature 30 

 and acetylene flow rate (Specimen-Temp-Flow)  

4.4 Raman spectrum of a-C with sp hybridization prepared by Thermal-CVD 31 
 from (Specimen-Temp-Flow). The inset of figure is Raman spectrum of  

 quartz slides before deposited  

4.5 Individual deconvolve fitting of the Raman spectra in figure 4.4. 32  

  

 
  



vii 
 

  LIST OF FIGURES (cont’d) 

 

FIGURE  PAGE 
 
4.6 Surface morphology of amorphous sp-sp

2
 growth at (A) 800 °C and (B)  34 

 900 °C with C2H2 flow rate 100 sccm   

4.7 Surface morphology of amorphous sp-sp
2
 carbon growth at (A) 800°C  35 

 and (B) 900 °C with C2H2 flow rate 150 sccm 

4.8 Transmittance spectrum of amorphous sp-sp
2
 carbon (Specimen-Temp-Flow) 36   

4.9 Plot of sheet resistance as a function of transmittance at 550 nm 36 

 



viii 
 

LIST OF ABBREVIATIONS AND SYMBOLS 
 

a-C  = Amorphous carbon 

a-C:H  = Hydrogenated amorphous carbon 

a.u.  = Arbitrary unit 

BWF  = Breit-Wigner Fano line shape 

CVD  = Chemical vapor deposition 

D  = Disorder peak 

EDX  = Energy dispersive x-ray spectroscopy 

Ei  = laser Raman excitation energy 

Eq  = Energy of phonon in Raman scattering  

Es  = Scattered photon energy 

E2g  = Raman Vibrational mode of graphite lie at ~1580 cm
-1 

eV  = Electron volt 

FCVA  = Filtered cathodic vacuum arc 

FLG  = Few layer graphene 

G  = Graphite peak 

h  = Plank ‘s constant 

ħ  = Plank’s constant h divided by 2π 

k  = Wave vector or Wave number 

Ҡ  = Dirac point 

La  = In-plane crystalline size 

nc-G  = Nano crystalline-graphite 

PECVD = Plasma enhanced chemical vapor deposition 

PLD  = Pulsed laser ablation deposition 

SEM  = Scanning electron microscope 

SWCNT = Single walled carbon nanotube 

TCVD  = Thermal chemical vapor deposition 

ta-C  = Tetrahedral amorphous carbon 

ta-C:H  = Hydrogenated tetrahedral amorphous carbon 

ta-C:N  = Nitrogen-doped tetrahedral amorphous carbon 

T2g  = Raman vibrational mode of diamond lie at 1332 cm
-1

 

𝜐𝐹  = Fermi velocity in graphene 

𝜈𝑜  = Wavenumber of incident radiation 

𝜈𝑀  = Wavenumber after radiation 
   

 
 



 
 

CHAPTER 1 INTRODUCION 
  

 

1.1 Background  
 

More than a decade ago, carbon films have attracted materials scientist due to their 

various in properties depending on carbon bonding hybridization. Electronic ground 

state configurations of carbon structure can be divided into sp
3
, sp

2
 and sp bonding 

hybridizations. Diamond has a sp
3
 bonding hybridization and is an insulating material 

with almost isotropic properties. Graphite has a sp
2
 bonding hybridization and is a 

conductive with an anisotropic property. Carbyne has an sp bonding hybridization and 

is a monoatomic polymer. Carbynes are electronically similar to the case of single-

walled carbon nanotubes (SWCNTs).  

 

Carbon can be classified to graphite, nano-crystalline graphite, amorphous carbon (a-C), 

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

tetrahedral hydrogenated amorphous carbon (ta-C:H) depending on the disordered and 

the sp
3
 fraction containing. Raman spectroscopy is a simple technique used to 

characterize various forms of carbon due to its features such as nondestructive nature, 

fast response with high resolution providing structural properties and electronic 

formation. Ferrari and Robertson described three-stage model to characterize and 

classify graphite, disordered carbon, amorphous carbon and tetrahedral amorphous 

carbon [1]. This model shows factors that control the position, intensity and width of G 

and D peaks. In this report, graphite films and a-C films were classified and 

characterized according to this model.    

 

Chemical vapor deposition (CVD) is a common method to synthesis conductive carbon 

films. Using this method, carbon atoms segregated on top of the metal catalyst films 

(such as Fe, Cu, Ni, etc.) to form a few layer graphene (FLG) or graphite films (GF) [2-

5]. Then, carbon films were separated and transferred to arbitrary substrate.  

To avoid the transfer process, previously researchers have investigated the direct growth 

of graphite thin films on a-plane sapphire substrates without any catalyst metal films by 

CVD from ethanol gas [6, 7]. So in this report, we constructed Thermal Chemical Vapor 

Deposition (TCVD) system to synthesis carbon film on texture SiO2/Si wafers and 

quartz slides without metal seed layer from acetylene precursor. For studied electronic 

structure, sheet resistance and transparency of carbon films.  

 

The experiment was divided into 2 stages. First experiment, carbon films were grown 

on texture SiO2/Si substrates. Raman spectra showed graphite structure with in-plane 

crystalline size (La) of 19-24 nm and had sheet resistance of ~84-221 Ω/sq. Second 

experiment, carbon films were grown on quartz substrates to investigated transparency 

and sheet resistance. The Raman spectra showed amorphous carbon structure coexisted 

with sp carbon hybridization. The sheet resistance of our amorphous sp-sp
2
 carbon films 

has higher than theoretical and experiment of graphene but equivalent to thin graphite 

films because the sp carbon containing in the films. 

 

 

 

 

 



2 
 

1.2 Literature Review 
 

Table 1.1 List of literature review in synthesis of FLG and GF from TCVD   

 

Authors 

(Years) 

Catalyst 

films 

Summary 

A. Reina 

and 

et al. 

(2009) [2] 

Ni Synthesized large area FLG films with 1 to 12 graphene layers 

on Ni and transferred to the large arbitrary substrates. These 

films could be materials candidate for electronic and 

optoelectronic applications.  

X. Li 

and  

et al. 

(2009) [3]    

Cu Synthesized large area single layer graphene films with a small 

percentage (less than 5%) of the area having few-layer 

graphene (2-3 layers).   

K.S. Kim 

and 

 et al. 

(2009) [4]  

Ni Synthesized large area graphene films, and presented two 

different methods for transfer graphene on Ni films to arbitrary 

substrates. The transferred graphene films showed very low 

sheet resistance of 280 Ω/sq with 80% transmittance.     

W.W. Cai 

and 

et al. 

(2009) [5]  

Cu  

and  

Ni 

Synthesized large area few layer graphene and graphite films. 

These films were transferred to glass slides after dissolving 

few-layer graphene or graphite films on Ni films in an aqueous 

solution of Fe(NO3)3. The sheet resistance of these films of 

200 Ω/sq with 85% transmittance.   

Y. 

Miyasaka 

and 

et al. 

(2011) [6]  

Without They had examined the directly graphite thin films on 

nonpolar a-sapphire substrates without catalyst metals by 

alcohol-CVD. Graphite thin films consisted of nanograins of 

multilayer graphene on a-sapphire substrates.    

 

1.3 Objective  

 

- Understanding and optimize Thermal Chemical Vapor Deposition (TCVD) 

systems. 

- To synthesize carbon films on substrate texture SiO2/Si wafer and quartz 

without catalyst metal films by TCVD from acetylene precursor. 

- To characterize various form of carbon films by Raman spectroscopy. 

- To investigate sheet resistance and transparency of carbon films. 

 

1.4 Scope of this work 

   

- Construct simple TCVD systems to synthesis carbon films. 

 - Deposit carbon films by TCVD from acetylene precursor on texture SiO2/Si 

and on quartz slides. 

- Characterize carbon films by Raman spectroscopy, X-ray diffractometer 

(XRD), scanning electron microscope (SEM), mapping mode energy-

dispersive X-rays (EDX), 4-point probe measurement and UV-Vis 

spectroscopy. 

 



 
 

CHAPTER 2 THEORETICAL BACKGROUND 
  

 

2.1   Carbon materials 
  

Figure 2.1 shows the crystal structure of hexagonal single crystal graphite and diamond 

structure [8]. In the graphite phase of Figure 2.1 (left), the structure is highly 

anisotropic, exhibiting semi-metallic behavior in the basal (ab) plane and poor electrical 

conductivity in c-axis. In the diamond phase, the structure is an isotropic, cubic wide 

gap insulator (5.5 eV). The physical properties in the nature of graphite and diamond, 

graphite has stiffest materials (has the highest in-plane elastic modulus), opaque (black 

transparency), and very well in conductor while diamond is the hardest materials, highly 

transparent and low in conductivity. The comparison of properties of graphite and 

diamond [9] was reported on the table 2.1. 

 

Bulk graphite is the stable phase under normal conditions, as indicated by the P-T phase 

diagram [10] of Figure 2.2. Under the ambient of high pressure and high temperature, 

carbon was transform to diamond structure. On the other hand, when the pressure and 

temperature was reduced, diamond structure transformed back to the graphite phase. 

Carbon has an atomic number of 6 and is in a 1s
2
 2s

2
 2p

2
 electronic ground state 

configuration. In the graphite structure, strong in-plane bonds are formed between a 

carbon atom and three nearest-neighbors form 2s, 2px, and 2py orbitals; this bonding 

arrangement is denoted by sp
2
 (see Figure 2.3). The remaining electron with a pz orbital 

provides only weak interplanar bonding, but is responsible for the semimetallic 

electronic behavior in graphite. In contrast, the carbon atoms in the diamond structure 

are tetrahedrally bonded to their four nearest-neighbors using linear combination of 2s, 

2px, 2py and 2pz orbitals in a sp
3
 configuration (see Figure 2.3) [11]. The different in the 

structure arrangement of these allotropic forms of carbon bring about the wide 

differences in their physical properties.      

 

 
Figure 2.1 (left) Hexagonal single crystal graphite and (right) diamond structure [8]. 
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Table 2.1 Properties of graphite and diamond [9] 

 

Properties 
Graphite 

Diamond 
a-axis c-axis 

Lattice structure Hexagonal Cubic 

Space group P63/mmc (𝐷6ℎ
4 ) Fd3m (𝑂ℎ

7)  

Lattice constant
 
at 300 K (Å) 2.46 6.70 3.57 

Atomic density (C atoms/cm
3
) 1.14 x 10

23
 1.77 x 10

23 

Specific gravity (g/cm
3
) 2.26 3.515 

Specific heat (cal/g·K) 0.17 0.12 

Thermal conductivity at 300 K  (W·cm·K) 30 0.06 ~25 

Binding energy (eV/C atom) 7.4 7.2 

Debye Temperature (K) 2500 950 1860 

Bulk modulus (GPa) 286 42.2 

Elastic moduli (GPa) 1060
 

36.5 107.6
 

Compressibility (cm
2
/dyn) 2.98 x 10

-12
 2.26 x 10

-13 

Mohs hardness 0.5 9 10 

Band gap (eV) -0.04 5.47 

Carrier density (10
8
/cm

3 
at 4 K) 5 0 

Electron mobility at 300 K (cm
2
/Vsec) 20,000 100 1800 

Hole mobility
 
at 300 K

 
(cm

2
/Vsec) 15,000 90 1500 

Resistivity (Ω·cm) 50 x 10
-6

 1 ~10
20

 

Dielectric constant at 300 K
 
(low ω) 3 5 5.58 

Breakdown filed (V/cm) 0 0 10
7
 

Magnetic susceptibility (10
-6

 cm
3
/g) -0.5 -21 - 

Refractive index (visible) - - 2.4 

Melting point (K) 4450 4500 

Thermal expansion at 300 K
 
(/K) -1 x 10

-6 
+29 x 10

-6
 ~1 x 10

-6 

Velocity of sound (cm/sec) ~2.63 x 10
5 

~1 x 10
5
 ~1.96 x 10

5 

Highest Raman mode (cm
-1

) 1582 - 1332 
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Figure 2.2 Pressure and temperature (P-T) phase diagram of carbon materials [10]. 

 

 

 
 

Figure 2.3 sp
3
, sp

2
 and sp hybridized bonding [11]. 
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2.2 Graphene 
 

Graphene is a two-dimensional sheet of hexagonal sp
2
 carbon plane. It was attracted 

from scientists due to the extraordinary properties in electrical and thermal properties. 

Each carbon atom in hexagonal planes shared σ bond. The forth bond oriented in z 

direction is a π bond. The π orbitals on each carbons can visualized to a pair of 

symmetric lobes oriented along the z-axis and centered on the nucleus (see sp
2
 C on 

Figure 2.3). A pair of symmetric lobes referred to as the π band (lower energy valence 

band) and π* bands (higher energy conduction band). These bands are corresponding 

with peculiar electronic properties of graphene. 

 

The structure of the electronic energy bands and Brillouin zones for graphene was first 

calculated using tight-binding approximation in 1947 by Wallace [12]. The π and π* 

bands gaps close at the corners of the Brillouin zone or the Ҡ-point (called Dirac 

points). As a result, the π-band dispersion is approximately linear around the Ҡ-point:  

 

𝐸 =  ℏ𝜈𝐹|𝑘| (2.1) 

 

where k is the wave vector measured from К, ħ is Planck’ s constant h divided by 2π, 

and 𝜈𝐹 is the Fermi velocity in graphene, approximately 106 m/s. 

 

A linear dispersion normally characterizes particles whose kinetic energy vastly exceeds 

their rest mass energy. Electron in graphene thus behave like photon or other ultra-

relativistic particles (such as neutrinos), with an energy-independent velocity 𝜐𝐹 that is 

approximately 300 times smaller than the speed of light. 

 

 
 

Figure 2.4 Tight-binding band structures of graphene [13]. 
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2.3 Diamond-like carbon 
 

Diamond-like carbon (DLC) is an amorphous carbon (a-C) or hydrogenated amorphous 

carbon (a-C:H) films with a high fraction of metastable sp
3
 carbon bonding. It has 

extreme properties similar to diamond but cheaper to produce. The DLC films have 

widely used in protective coatings such as optical windows, magnetic storage disks, car 

parts and as micro-electromechanical devices (MEMs).   

 

The typical of DLC can be displayed on a ternary phase diagram. Figure 2.5, shows the 

fraction of sp
3
 C, sp

2
 C and H bonding. This diagram was first derived by Jacob and 

Moller [14]. The digram consists of three main regions. 

 

First region is sp
2
 C and sp

3
 C fraction without H contents. There are many types of a-

Cs with disordered graphitic such as soot, chars, glassy carbon, and evaporated a-C at 

the lower left hand corner. The a-Cs with higher sp
3
 content produced by sputtering is 

DLC. At the higher sp
3
 content, a-C is a tetrahedral amorphous carbon (ta-C). The ta-C 

was prepared by filtered cathodic vacuum Arc (FCVA) and pulse laser ablation 

deposition (PLD).  

 

Second region is sp
3
 C and H fraction. On the bottom right, when the H content is 

highest, the films could not form. The boundary line of this region is defined by 

polyethylene (CH2)n and polyacethylene (C2H2)n.  

 

Third region is sp
2
 C and H fraction. Hydrogenated amorphous carbon (a-C:H) was 

produced by Plasma enhanced chemical vapor deposition (PECVD) of hydrogen 

molecules, reactive sputtering of graphite in atmosphere including H, or by ion beam 

deposition from a hydrocarbon gas precursors. The a-C with H content can be divided to 

a-C:H films with highest H content (40-60 at %) and a-C:H films with intermediate H 

content (20-40 at %). 

 

 
Figure 2.5 Ternary phase diagram of bonding in amorphous carbon-hydrogen alloy 

[14]. 
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2.4 Raman scattering principle 
 

When shinning monochromatic light on a material, the absorption of photon occurred 

on the material to cause shook of electron energy, the shook electron was excited from 

ground state to virtual energy state. The incident of energy state is 𝐸𝑖 = ℎ𝑐𝜐̃0 and 

excited electron energy is 𝐸𝑓 = ℎ𝑐𝜈𝑚 where 𝜐̃𝑜 and 𝜈𝑚 is wavenumber of incident 

radiation and after radiation, respectively. The shook electron was scattered and 

transferred energy to neighbor electron, this process was changed Polarizabilty of an 

atom in a material. If scattered electrons have energy after scatter equal with incident 

scatter (elastic scattering) is called Rayleight scattering. Another process, if the 

scattered electron has lost or gain energy (inelastic scattering) is called Raman 

scattering (Figure 2.6).  

 

In Raman scattering divided into two processes: Stoke Raman scattering and Anti-stoke 

Raman scattering [15,16].  

Stoke Raman scattering is the process has lost energy ℎ𝑐(𝜈𝑜 − 𝜈𝑀) in creating a 

phonon, scattered of photon will be shifted to lower wavenumber.  

Anti-Stoke Raman scattering is the process has gain energy ℎ𝑐(𝜈0 + 𝜈𝑀) in creating a 

phonon, scattered of phonon will be shifted to higher wavenumber.  

Raman spectrum is a plot of the scattered intensity Is as a function of 𝐸𝑖 − 𝐸𝑠 (Raman 

shift, Figure 2.7). The conservation energy of Raman process:  

 

𝐸𝑠 = 𝐸𝑖 ± 𝐸𝑞 , (2.2) 

 

where Es is scattered photon energy, Ei is laser excitation energy and 𝐸𝑞 is energy of 

phonon that is created (+Eq) or annihilated (-Eq) in the inelastic Raman scattering event. 

The energy of Stoke process occurs at positive energy while Anti-Stoke process occurs 

at a negative energy.   

 
Figure 2.6 Energy-level diagram of an energy transfer model of Rayleight scattering, 

Stoke Raman scattering, and Anti-Stoke Raman scattering. 
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Figure 2.7 Raman spectrum of Rayleight Scattering, Stoke Raman scattering and Anti-

Stoke Raman scattering [16]. 
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2.5 Raman spectroscopy of disordered and amorphous carbon 
 

Raman spectroscopy is a standard nondestructive tool for characterization of crystalline, 

nanocrystalline and amorphous carbons. The Raman spectra of disordered graphite 

shows G-peak and D-peak (see Figure 2.8). The G-band of graphite centered at 1581 

cm
-1

 has E2g symmetry. This refers to the in-plane bond stretching motion of pairs of sp
2
 

C atoms, Figure 2.9(A). This mode does not require the presence of sixfold ring, so it 

occurs at all sp
2
 sites, not only those in rings. It always lies in the range of 1500-1630 

cm
-1

, as it does in aromatic and olefinic molecules. The D peak around 1355 cm
-1

 is a 

breathing mode of A1g symmetry involving phonons near the К zone boundary, Figure 

2.9(B). This mode disappeared in perfect graphite and only becomes active in the 

presence of disorder. The D mode is dispersive; it varies with photon excitation energy, 

even when the G peak is not dispersive.  

 

In Figure 2.8, the Raman spectrum are considered to depend on 

(1) Clustering of the sp
2
 phase 

(2) Bond disorder 

(3) Presence of sp
2
 rings or chains and 

(4) The sp
2
/sp

3
 ratio 

 

The shape of the Raman spectrum depends on these factors. 

 
Figure 2.8 Schematic diagram of influence on the Raman spectra. A dotted arrow 

marks the indirect influence of the sp
3
 content on increasing G position [1]. 
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Figure 2.9 Carbon motions in the (a) G and (b) D modes [1]. 
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Three stage model 
 

Ferrari and Robertson described the behavior of Raman spectra in all of microcrystalline 

and amorphous carbon can classify using a three-stage model. The amorphization 

trajectory ranging from graphite to ta-C (or diamond) consists of three stages, which are 

(Figure 2.10)   

 

(1) Graphite→nanocrystalline graphite (nc-G)  

(2) Nanocrystalline graphite→a-C, and 

(3) a-C→ta-C (~100% sp
3
, defected diamond) 

 

For simplicity, the evolution of G-peak position and ID/IG were considered. Except 

where differently stated, Figure 2.10 refer to Raman data at laser excitation wavelength 

514 nm. 

 

Stage 1: from graphite to nanocrystalline graphite  
The main effects in the evolution of the Raman spectrum in this stage are the following. 

- The G peak moves from 1581 to ~1600 cm
-1

 due to the reduction of the grain 

size (La) within an ordered graphite layer. 

- The D peak appears and ID/IG increase following Tunistra & Koening (TK) 

relation, ID/IG α 1/La [Figure 2.11 right hand of boundary line].  

- There is no dispersion of the G mode. 

 

Stage 2: from nanocrystalline graphite to a-C 
The main effects in the evolution of the Raman spectrum are  

- The G peak decreases from 1600 to ~1510 cm
-1

 due to the increasing bond 

angle and bond-bending disorder and the presence of non sixfold rings 

softens.  

- The TK equation is no longer valid: ID/IG α Number of aromatic rings in the 

cluster (M) α 𝐿𝑎
2 .  

- ID/IG →0.  

- Increasing dispersion of the G peak occurs. 

 

For more disorder, clusters decrease in number become smaller and more distorted, until 

they open up. As the G peak is just related to the relative motion of sp
2
 C atoms, the ID 

will now decrease respect to IG and TK relationship is no longer hold, as shown in 

Figure 2.11.  

 

The structure of a-C at the end of stage 2 consists of mainly sp
2
 sites in puckered ring-

like configurations (consisting of five-, six-, seven-, and eightfold distorted rings), and 

few if any sp
3
 sites (maximum 20% sp

3
). 

 

Stage 3: From a-C to ta-C 
The main effects in the evolution of the Raman spectrum are as follows. 

- The G peak increase from ~1510 to ~1570 cm
-1

 due to the change of sp
2
 

configuration from rings to olefinic groups, with their higher vibrational 

frequencies lying above the band limit of graphite. 

- ID/IG is very low or 0. (absence of D peak) 

- Dispersion of the G peak occurs. 
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Figure 2.10 Three stage model of the variation of the Raman G position and the ID/IG 

with increasing disorder [1]. 
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Figure 2.11 Variation of the ID/IG ratio with La. The broad transition between the two 

regimes indicated [1]. 
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2.6 Measuring the crystalline size of nanographite by Raman 

spectroscopy 

 
Cancado et al. presented a systematic study of the ID/IG in nanographite samples with 

different crystalline size (La) and using different excitation laser energies (See Figure 

2.12). The crystalline size of the nanographite was obtained by X-ray diffraction (XRD) 

using synchrotron radiation and directly from scanning tunneling microscopy. The 

result shows that ID/IG is inversely proportional to the fourth power of the laser energy 

used in the experiment (see Figure 2.11). Thus, a general equation for determination of 

La using any laser energy in the visible range is given by   

 

𝐿𝑎(𝑛𝑚) =
560

𝐸𝑙𝑎𝑠𝑒𝑟
4 (

𝐼𝐷

𝐼𝐺
)

−1

= (2.4 × 10−10)𝜆𝑙𝑎𝑠𝑒𝑟
4 (

𝐼𝐷

𝐼𝐺
)

−1

 (2.3) 

 

where the laser excitation is given in term of both Elaser (eV) or wavelength (nm). 

 

 
Figure 2.12 Raman spectra of the sample heat treated at 2000ºC, for five different laser 

energy values (1.92, 2.18, 2.41, and 2.71 eV) [17]. 
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Figure 2.13 (a) Plot of the ratio of the integrated intensities of the D and G band (ID/IG) 

vs 1/La for all spectra obtained with the five different excitation laser 

energies (b) all of experimental results shown in part (a) collapse in the 

same straight line in the (
𝐼𝐷

𝐼𝐺
) 𝐸𝑙

4 vs 1/La plots [17].  
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2.7 Raman spectroscopy of graphene 
 

The comparison of Raman spectra between bulk graphite and graphene at laser 

excitation wavelength 514 nm was shown in Figure 2.14. Both of Raman spectra shows 

strong G and 2D (maybe denoted by G') peak. These peaks are the Raman signature for 

sp
2
 carbons at the peak position of ~1580 cm

-1
 and ~2500-2800 cm

-1
, respectively. The 

2D peak of bulk graphite consists of two components peaks, 2D1 and 2D2, while the 

graphene has a one component peak. The ratio of I2D/IG of graphene structure is about 2 

to 4 and that of the bulk graphite is about 0.25 to 0.5. Single layer graphene, bi-layer 

graphene and many-layer graphene can be classified using the feature from 2D band. As 

the number of graphene layers increase, the 2D peak tend to broaden and shift to larger 

wavenumber (Figure 2.15) due to the increase of peak components. However, graphene 

that has more than five layers the Raman spectrum becomes hardly distinguishable from 

the bulk graphite. Thus, Raman spectroscopy could distinguishable graphene less than 

five layers.   

 

 
 

Figure 2.14 Comparison of Raman spectra at 514 nm for bulk graphite and graphene 

[18]. 
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Figure 2.15 Evolution of the spectra at 514 and 633 nm with the number of graphene 

layers [18]. 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 



 
 

CHAPTER 3 EXPERIMENT 
 

 

In this chapter, the procedure to synthesis carbon films on texture SiO2/Si wafers and 

quartz slides using TCVD was described. In the first experiment, graphite films were 

synthesized on texture SiO2/Si wafers to investigate the electronic structure and sheet 

resistance. For the second experiment, amorphous sp-sp
2
 carbon was synthesized on 

quartz slides to investigate the electronic structure, transparency and sheet resistance. 

 

3.1   Experiment apparatus and chemical  
 

 -  Acetylene gas (C2H2) 99.6% purity as a carbon source. 

 -  Argon-Hydrogen gas (concentration, Ar 90% and H2 5%).  

 - Nitrogen gas (N2) 99.999% purity. 

 - Substrate, texture SiO2/Si wafers and Quartz slides. 

 - Ethanol (C2H6O) for cleaning substrate. 

 - Home-made TCVD system (Figure 3.1) consists of tube furnace, small rotary 

pump, pressure gauge, quartz tube (diameter 5 cm) and flow meter (correlated 

flow meter and mass flow controller. 

 

 

 
 

Figure 3.1 Hand-made setup of TCVD system in our lab. 
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3.2 Methods 
 

Both of experiment used the same growth temperature 800 ºC and 900 ºC. The 

temperature profiles of tube furnace at 800 ºC and 900 ºC are display on the Figure 

3.2(A) and Figure 3.2(B), respectively. The temperature at the center of tube furnace 

(apart from the both side 20 cm), with the set point 800 ºC and 900 °C, was measured 

using thermocouple (type K). The readout temperature were 792 ºC, and 900 ºC, 

respectively. The temperature at the center of tube furnace was equivalent to the set 

point. The profiles of the temperature at different position in the furnace for the set point 

of 800 
o
C and 900 

o
C are shown in Figure 3.10.   
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Figure 3.2 Temperature profiles in the tube furnace at (A) 800 ºC and (B) 900 °C. 
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3.2.1  Graphite films on texture SiO2/Si wafer 
 

Graphite films (GF) were coated on unpolished side of SiO2/Si wafers by TCVD from 

acetylene precursor at 800 °C and 900 °C under atmospheric pressure. The schematic 

diagram of TCVD and profile of procedure for synthesis graphite was displayed on the 

Figure 3.3 and Figure 3.4, respectively.  

 

The sequences of process flow are 

- First stage, substrates were put in an alumina boat and placed at the center of 

quartz tube and then the furnace was heated up to the desired temperatures 

(800 °C and 900 °C) under the N2 ambient with flow rate of 400 sccm at 

atmosphere pressure.  

- Second stage, when the reactor reach the desired temperature, N2 gas was 

turned off and Ar:H2 gas with the flow rate of 150 sccm was introduced to the 

system for 30 minutes to pretreated substrate surfaces.  

- Third stage, Ar:H2 gas was then turned off and C2H2 gas was introduced to the 

system with C2H2 flow rate of 40 sccm for 40 minutes.  

- Forth stage, the system was cooled downs to room temperature under N2 gas 

ambient at atmospheric pressure. 

 

Surface morphology and composition of the graphite films on the texture SiO2/Si wafers 

were observed by Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDX). Electronic structural and estimate in-plane crystalline sizes of 

graphite films was observed by Raman spectroscopy at excitation wavelength 514 nm. 

Sheet resistance of graphite films was measured by 4-point probe measurement. The 

result and discussion of GF was showed in chapter 4.1.  

 

 
 

Figure 3.3 Schematic diagram of TCVD system used to grown graphite films. 
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Figure 3.4 Flow of procedure to synthesis graphite films at (A) 800 °C and (B) 900 °C. 
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3.2.2 Amorphous sp-sp
2
 carbon films on quartz slides 

 

Amorphous sp-sp
2
 carbon films deposited directly on quartz slides by TCVD from 

acetylene precursor at 800 °C and 900 °C under low vacuum (~15 mbar). The profile of 

procedure to synthesis amorphous sp-sp
2 

carbon was displayed on the Figure 3.5. 

 

The sequences of process flow are  

- First stage, quartz slides (2 cm × 2 cm) were placed on the center of tube 

furnace. The system was vacuumed to 0.21 mbar by a rotary pump. Then, Ar-

H2 gas with flow rate of 200 sccm was introduced into the system. Then, the 

furnace was heated up to desirable temperature in the range of 800 to 900 °C 

under Ar-H2 gas.  

- Second stage, when the temperature reached the set temperature, Ar-H2 gas 

was turn off and C2H2 flow varied condition 100 sccm and 150 sccm into the 

system for 1 hour at the pressure of ~15 mbar.  

- Third stage, the system was then cooled down to the room temperature under 

N2 gas flow rate of 15 sccm with vacuumed by rotary pump. 

 

This experiment generated 4 samples labeled as S-800-100, S-900-100, S-800-150 and 

S-900-150. The capital S stands for sample, the first number as read from left to right 

indicate the temperature in ºC and the last number represents the C2H2 flow rate in 

sccm.  

 

The electronic structure was evaluated by Raman spectroscopy at excitation wavelength 

of 758 nm. The surface morphology observed by SEM. The atomic percentage of all 

elements on the films evaluated by mapping mode EDX spectroscopy at 100X. The 

transmittance values (%T) at 550 nm evaluated by Ultraviolet –Visible (UV-Vis) 

spectroscopy in the range of 450-800 nm. The sheet resistance measured by 4-point 

probe measurement technique. The results and discussion of amorphous sp-sp
2
 carbon 

films was showed in section 4.2 in chapter 4. 
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Figure 3.5 Flow of procedure to synthesis amorphous sp-sp

2
 carbon films at (A) 800 °C 

and (B) 900 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

    CHAPTER 4 RESULT AND DISCUSSION 
 

 

4.1   Graphite films on texture SiO2/Si wafers 
 

Figure 4.1(A) shows texture of SiO2/Si wafers. Figure 4.1(B) and (C) show the surface 

of the wafers after the deposition process. In this process, carbon was decomposed from 

hydrocarbon molecules (C2H2 gas) at temperatures of 800 °C and 900 °C. As seen on 

the Figure 4.1(A), (B) and (C), the different contrast has observed on the edge of surface 

due to the coated films was conformal and covered all substrate. The edge effect of 

uncoated specimen was mitigated due to the smoothening of the edge by the covered 

carbon. 

 

Table 4.1 shows atomic percentage of Si, C and O on the texture SiO2/Si wafers before 

and after deposition. The atomic percentages of all elements using mapping mode EDX 

spectroscopy at 500X. As expected, the atomic percentage of C increases and atomic 

percentage of Si decreases. This results confirm that the substrates in Figure 4.1(B, C) 

was covered by carbon. The low atomic percentage of O was a result of the formation of 

carbon on the surface of substrates and the escape depth of the X-ray was limited. 

 

The sheet resistance of graphite films on the texture SiO2/Si measured by 4-point probe 

measurement and shows in table 4.1. Graphite films deposited at 800 °C and 900 °C 

have sheet resistance of 221.44 and 84.52 Ω/sq, respectively. The decrease of sheet 

resistance was expected to be a result of the film thickness. It was expected that graphite 

films synthesis at 900 °C was possibly thicker than that of 800 °C due to the rate of 

deposition increase at higher growth temperature.     

 

Figure 4.2 shows Raman spectra of graphite films as deposited on texture SiO2/Si 

wafers. These spectra present three major important peaks, D (disorder) peak, G peak 

and 2D peak [19]. The Breit-Wigner-Fano line shape [20] was used to fit Raman 

spectrum in the range of 700-2200 cm
-1

 and the Gaussian function in the range of 2200 

to 3000 cm
-1

. The result of fitting: the peak position, the full width at half maximum 

(FWHM), the ID/IG ratio and the I2D/IG ratio, are summarized in table 4.2.  

 

The Raman spectrum shows broad of D peak and narrow of G peak. While, the broadly 

of 2D peaks due to the overlap of many layer graphite planes. For graphite films grown 

at 800ºC, the center D peak, G peak and ID/IG are 1342 cm
-1

, 1599 cm
-1

 and 0.71, 

respectively. And graphite films grown at 900 ºC, the centered D peak, G peak and ID/IG 

are 1350 cm
-1

, 1596 cm
-1

 and 0.87, respectively.  

 

The ID/IG was used to evaluate disordered graphite and in-plane crystalline (La). The La 

of graphite materials was calculated by Cancado equation (See eqution 2.3 section 2.6 

in chapter 2):  

𝐿𝑎(𝑛𝑚) = (2.4 × 10−10)𝜆𝑙𝑎𝑠𝑒𝑟
4 (

𝐼𝐷

𝐼𝐺
)

−1

 

 

where λ is laser excitation wavelength in nm. From the calculation, La of graphite films 

growth at 800 °C and 900 °C are 24 nm and 19 nm, respectively. These films were 

classified into nano-crystalline graphite. The I2D/IG ratio of these films in the range of 
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~0.16-0.18 normally exists in bulk graphite materials. In graphene structure with less 

than five-layers, the I2D/IG ratio is about 2 to 4.  

 

As increasing of growth temperature, G peak position moves slightly to lower 

wavenumber (Δω = ~3 cm
-1

). While, the FWHM of G peak and the ID/IG ratio increase, 

La decreases because the increase of disordered carbon.  

 

Ferrari and Robertson [1, 21] described that G peak of graphite and glassy carbon does 

not disperse [E2g symmetry at ~1581 cm
-1

] but disperse in the case of disordered and 

amorphous carbon.  The G peak in graphite cannot disperse because it is Raman-active 

phonon mode of the crystal.  

 

Table 4.1 Atomic percentages of Si, C and O, and sheet resistance values of graphite 

films on SiO2/Si substrates. 

 

Samples
 

 

Atomic % 
Sheet resistance (Ω/sq) 

Si C O 

Texture SiO2/Si 76.74 2.83 19.97 NA 

GF on SiO2 (800 °C)   16.75 81.30 1.79 221.44 

GF on SiO2 (900 °C) 18.84 78.82 2.16 84.52 
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Figure 4.1 SEM images of (A) texture SiO2/Si wafer, (B) and (C) are as deposited 

graphite films at 800 °C and 900 °C on texture SiO2/Si wafer, respectively. 
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Figure 4.2 Raman spectra of GF synthesized at 800 °C and 900 °C fitted using Breit-

Wigner-Fano (BWF) line shape. 

 

 

Table 4.2 Peak positions and FWHM (denoted by Δ) of D, G and 2D band, ID/IG, I2D/IG, 

and estimate in-plane crystalline size (La) of graphite films. 

 

Sample 
D band G band 2D band 

ID/IG I2D/IG La (nm) 
Pos. Δ Pos. Δ Pos. Δ 

GF-800 1342 211 1599 69 2860 606 0.71 0.18 24 

GF-900 1350 218 1596 88 2851 610 0.87 0.16 19 
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4.2 Amorphous sp-sp
2
 carbon on quartz slides 

 

Figure 4.3 shows XRD patterns of amorphous sp-sp
2
 carbon on quartz slides in the 

range of 20-80°. All of XRD spectra presence non-crystalline (002) peak center at ~21° 

[22]. The broadly of XRD spectra at low 2θ values of 13 to 24 degrees indicate the 

amorphous nature of material having some degree of arrangement (crystallinity) in the 

molecular chains [23]. The natural graphite has (002) peak position center at 26.54° 

[24]. The in-plane crystalline size (La) is calculated from the peak (002) by using the 

formula [22] 

 

𝐿𝑎 =
0.92𝜆

Δ𝑠𝑖𝑛𝜃
 (4.1) 

 

where λ is the wavelength of incident X-ray, Δ is the full width at a half maximum 

(FWHM), and θ is the diffraction angle. The 2θ, Δ, and La was summarize in table 4.4. 

The estimate crystalline size in a-axis (La) is ~18 Å.   

 

Figure 4.4 shows the Infrared Raman spectra (laser Raman excitation at 758 nm) of as-

deposited amorphous sp-sp
2
 carbon films on quartz substrates. The overall Raman 

spectra in the range of 800-2200 cm
-1

 are look similarly in position and intensity when 

normalized data. The inset of Figure 4.4 is Raman spectrum of quartz substrate before 

deposited and shows νa(Si-O-Si) peak center at ~1083 cm
-1

 [25].  

 

All of Raman spectra were smoothed by FFT (Fast Fourier transform) Filter and fitted 

by using Gaussian function. The result of fitting shows the superposition of D, G and C 

band (Figure 4.5 and data summarized in Table 4.4).  

 

The D band existing in the Raman spectra presents the disordered peak and confirm that 

the films contain sp
2
 ring. D peak is a breathing mode of A1g symmetry in aromatic 

rings normally lie at ~1355 cm
-1

. The G band is a stretching vibration of all pairs of sp
2
 

carbon in both rings and chains. The G band always lies in the range 1490-1630 cm
-1

 [1, 

21]. The C band exiting in the range 1800-2200 cm
-1

 presents the monoatomic carbon 

linear chains. The C band could be divided to two different peak polyyne center at 1980 

cm
-1

 and cumulene center at 2100 cm
-1

 (Raman laser excitation at 532 nm) [26-28]. 

 

The full width at half maximum (FWHM) of D peak is ~117 cm
-1

, G peak varied in the 

range of ~531 ± 27 cm
-1

, and C peak varied in the range ~235 ± 29 cm
-1

. The center 

peak positions of D peak lie at ~1386 ± 5 cm
-1

, G peak lie at ~1499 ± 1 cm
-1

, and C 

peak lie at ~1903 ± 3 cm
-1

.  

 

The ID/IG ratio of this film is 0.56 which stay in second stage of three-stage model of 

Ferrari and Robertson [1] showing that this film has sp
3
 C. However, to evaluate the sp

2
 

and sp
3 

fraction by the ID/IG, nuclear magnetron resonance (NMR) or electron-energy-

loss spectroscopy should be used complementary with Raman data.   

 

The G peak position at ~1499 ± 1 cm
-1

 provcide the information of a formation of C=C 

chains in the polyacetylene-like structure (each sp
2
 carbon atom bonded to hydrogen) 

[1, 29-32]. The G peak lie at ~1500 cm
-1

 mostly exits in hydrogenated amorphous 

carbon (a-C:H) at Raman excitation 633 nm, tetrahedral amorphous carbon  at Raman 

excitation 633 nm, and tetrahedral hydrogenated amorphous carbon at Raman excitation 
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633 nm and 758 nm [21]. Wang et al. [32] synthesized a-C:H by Hot Filament PECVD 

from acetylene gas and reported that when the C2H2 flow exceed 40 sccm, the films tend 

to be more polymer-like structure because the dehydrogenation to produce such cross-

liked network driven by energetic ions is believed to be hindered at higher C2H2 flow 

rate.  

 

The C peak position of this films lie at ~1903 ± 3 cm
-1 

has lower wavenumber than the 

result of Casari et al. [28] and Ravagnan et al. [26,27] (roughly ~90 cm
-1

) because the 

D, G and C peak normally shift to lower wavenumber at higher laser Raman excitation 

[1, 21]. Casari et al. [28] and Ravagnan et al. [26] reported the Raman spectra of 

amorphous sp-sp
2 

carbon by varying laser excitation 532 and 632 nm, the C band under 

laser Raman excitation at 632 nm showed lower intensity and lower wavenumber than 

the C band at 532 nm. 

      

As the increasing of growth temperature: the D, G and C peak dispersed slightly, the 

FWHM of G band has narrowed and C band has broadened while the D band and the 

ID/IG ratio does not significant change. The narrow G band reveals the sp
2
 C fraction 

organized in aromatic rings increase and broadening of C band reveals the sp C 

containing on the films decreases. However, the effect of the increase of C2H2 flow rate 

on the structural of amorphous sp-sp
2
 is still not clear in this evidence.                       

 

20 30 40 50 60 70 80

 

 2 (Degree)

In
te

n
si

ty
 (

a
.u

.)

(0
0

2
)

S-800-100

S-900-100

S-800-150

S-900-150

 
 

Figure 4.3 XRD patterns of amorphous sp-sp
2
 carbon grown with different temperature 

and acetylene flow rate (Specimen-Temp-Flow Rate). 
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Table 4.3 2θ, FWHM (denoted by Δ), and La from the XRD spectra. 

 

S-Temp-Flow 2 Δ La (Å) 

S-800-100 21 22 20 

S-900-100 20 26 18 

S-800-150 21 25 18 

S-900-150 21 25 18 
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Figure 4.4 Raman spectrum of a-C with sp hybridization prepared by Thermal-CVD 

from (Specimen-Temp-Flow). The inset of figure is Raman spectrum of 

quartz slides before deposited. 
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Figure 4.5 Individual deconvolve fitting of the Raman spectra in Figure 4.4. 

 

 

Table 4.4 The peak positions and FWHM of D, G, and C band, and the ID/IG ratio from 

the Raman spectrum. 

 

S-Temp-Flow 
D-band G-band C-band 

ID/IG 
Pos. Δ Pos. Δ Pos. Δ 

S-800-100 1390 116 1498 563 1903.9 203.2 0.58 

S-900-100 1382 117 1498 515 1904.6 272.3 0.52 

S-800-150 1390 116 1498 543 1905.0 228.2 0.58 

S-900-150 1383 117 1500 503 1897.9 239.2 0.55 

 

Figure 4.6 and 4.7 show surface morphology of amorphous sp-sp
2
 carbon films on 

quartz slides observed by SEM at magnification 2000X. All of specimens show graphite 

flake dispersed on the matrix of amorphous carbon. The micro-crack clearly seen on the 

films grown with C2H2 flow rate 100 sccm (Figure 4.7A and B) but not seen on the 

films grown with C2H2 flow rate 150 sccm. It is suggested that at the higher C2H2 flow 

rate may have higher intrinsic stress [33,34]. The intrinsic stress occurred by the 

different in thermal expansion coefficient of the substrate, and the growing carbon 

films.  

 

Table 4.5 shows atomic percentages of C, Si and O, transmittance (%T), and sheet 

resistance after deposition. As expected, the atomic percentage of C has increase, 

transmittance values has decrease, and sheet resistance decreases when deposited at 

higher temperature because the films are thicker. The thickness of our films were 

approximate by the calculation from the transmittance (%T) spectra in Figure 4.8. 
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Figure 4.9 shows the relationship between sheet resistance and transmittance at 550 nm. 

For comparison, the theoretical sheet resistance of graphene layer, few layer graphene 

on glass slides [5], thin graphite films on sapphire [6] and amorphous sp-sp
2
 carbon 

films on quartz slides were plotted. The amorphous sp-sp
2
 carbon films had higher sheet 

resistance than that of FLG on glass slides but close to that of GF on sapphire substrate. 

The theoretical sheet resistance (R) was calculated using the following equation as a 

function of transmittance (T): 

 

𝑅 =
−4𝜋𝑘

𝐺𝜆𝑙𝑛𝑇
 (4.2) 

 

where k is the excitation coefficient (𝑘 = 1.3), G is the conductivity (𝐺 = 2.1 × 106), 

and λ is the wavelength of incident light [35]. 

 

The sheet resistance of this film is higher than theoretical and experiment of graphene 

but equivalent with thin graphite films. Cai et al. [5] reported that the sheet resistance of 

few layer graphene was higher than the theoretical graphene layer because small cracks 

were formed during the transfer process and the films had some defect on the structure 

due to the observed small D peak on the Raman spectra. However, in their Raman 

spectra had the ID/IG
 
~0.05 order which suggested that the films had few defect and had 

good in crystal quality. On the other hand, the sheet resistance of thin graphite films and 

amorphous sp-sp
2
 carbon is higher by ~2 orders of magnitude than that of theoretical 

value. The thin graphite films synthesized by Miyasaka et al. had higher sheet resistance 

because of the films consisted of nanograins (~8.7-14.3 nm) and the presence of the 

defect because the D peak observed with high of the ID/IG ratio (~1.33-2.19 order). 

While, amorphous sp-sp
2
 carbon has higher sheet resistance because the XRD and 

Raman spectra presents the amorphous structure and the micro-crack observed on the 

films. However, the effect of monoatomic carbon linear chains or sp C [36] also 

enhanced the sheet resistance of amorphous carbon to be equivalent with thin graphite 

films from the reported of Miyasaka et al.          

 

Table 4.5 The atomic percentages of C, Si and O, transmittance (%T), and sheet 

resistance values of amorphous sp-sp
2
 carbon films.   

 

S-Temp-Flow 
Atomic % 

Transmittance (%T) Sheet resistance (kΩ/sq.) 
C Si O 

S-800-100 3 31 66 82 9.1 

S-900-100 14 26 59 31 0.6 

S-800-150 3 31 66 78 8.9 

S-900-150 11 27 62 31 1.2 
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Figure 4.6 Surface morphology of amorphous sp-sp
2
 growth at (A) 800 °C and (B) 900 

°C with C2H2 flow rate 100 sccm. 

A 
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Figure 4.7 Surface morphology of amorphous sp-sp
2
 carbon growth at (A) 800 °C and 

(B) 900 °C with C2H2 flow rate 150 sccm. 

A 
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Figure 4.8 Transmittance spectrum of amorphous sp-sp
2
 carbon (Specimen-Temp-

Flow). 
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Figure 4.9 Plot of sheet resistance as a function of transmittance at 550 nm. 



 
 

CHAPTER 5 CONCLUSION AND SUGGESTION 
 

 

On the first experiment, carbon films were grown on texture SiO2/Si wafers without 

metal seed layer by TCVD at 800 °C and 900 °C with C2H2 flow rate 40 sccm under 

atmospheric pressure. Raman spectrum shows graphite structure with the ID/IG of ~0.7-

0.9 with the estimated in-plane crystalline size of ~19-24 nm. As the growth 

temperature increased to 900 °C, the Raman spectra showed that the ID/IG ratio and the 

FWHM of G peak increased due to the increase of disordered of sp
2
 carbon. The 

decomposition of C2H2 gas at the temperature in the range 800-900 °C could deposit 

graphite films or many layer graphene on the transparent substrate such as quartz slides 

without metal seed layer. 

 

In the second experiment, carbon films were grown on quartz slides without metal seed 

layer at 800 and 900 °C with C2H2 flow rate 100 and 150 sccm under pressure of 15 

mbar. The Raman spectrum presented the amorphous sp
2 

carbon coexisted with sp 

carbon (C band). The sp carbon are not commonly to observe in Raman spectrum on the 

amorphous sp
2
 carbon. The sp carbon (Polyyne and Cumulene) was predicted by 

theoretical that has extremely on the electronic structure. The sp carbon containing in 

this film possibly enhanced the conductivity of amorphous carbon which is equivalent 

with thin graphite films. As increasing growth temperature to 900 °C, the Raman 

spectra presents that the FWHM of G peak decreased and the FWHM of C peak 

increased. This showed that the sp
2
 carbon fraction contained in this films increased and 

sp carbon decreased. However, it is believe that the sheet resistance of this films could 

be reduce by improve the crystalline structure of sp
2
 carbon and sp carbon by optimize 

experiment conditions either treat substrate surfaces or annealing carbon films in high 

vacuum. 
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