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T HA I  AB STR ACT 

ภพนิพิฐ  ฉัตรมณีรุ่ ง เจริญ  : การเติมหมู่ฟัง ก์ชันบนกราฟีนที่ ได้จากการตกเคลือบด้วยไอเคมี  
(FUNCTIONALIZATION OF CHEMICAL VAPOR DEPOSITION-GROWN GRAPHENE) อ .ที่ ป รึ กษา
วิทยานิพนธ์หลัก: ดร.สกุลสุข อุ่นอรุโณทัย {, หน้า. 

กราฟีนได้กลายเป็นวัสดุที่น่าอัศจรรย์ตั้งแต่ที่มีการค้นพบในปี  ค.ศ. 2004 เน่ืองจากมีสมบัติที่น่าสนใจ 
เช่น มีค่าการน าความร้อนและการน าไฟฟ้าที่เป็นเลิศ มีความยืดหยุ่น และมีความแข็งแรงสูง นักวิจัยทั่วโลกได้หันมา
สนใจศึกษาอัญรูปคาร์บอนน้ีกันมากขึ้น ในการสังเคราะห์กราฟีนให้มีคุณภาพสูง การตกเคลือบด้วยไอเคมีเป็นวิธีที่มี
ความเป็นไปได้ที่จะท าการผลิตในเชิงอุตสาหกรรม โดยทั่วไป แก๊สมีเทนความบริสุทธ์ิสูงซ่ึงนิยมใช้เป็นสารตั้งต้นใน
การสังเคราะห์กราฟีนมีราคาสูง ผู้วิจัยจึงมีแนวคิดที่จะใช้แก๊สอะเซทิลีนแทนแก๊สมีเทน นอกจากน้ัน การตกเคลือบ
ด้วยไอเคมีที่ความดันบรรยากาศน่าจะสามารถลดต้นทุนการผลิตได้อย่างมาก อย่างไรก็ตาม การสังเคราะห์จะต้องท า
การหาสภาวะที่เหมาะสมใหม่ส าหรับแหล่งคาร์บอนชนิดใหม่โดยอาศัยการออกแบบการทดลอง  ขั้นแรก ท าการ
ตรวจกรองปัจจัยที่มีผลต่อการสังเคราะห์กราฟีนด้วยเทคนิคการตกเคลือบด้วยไอเคมีด้วยการออกแบบการทดลอง
แบบแพล็กเค็ต–เบอร์มาน โดยพิจารณาจากพารามิเตอร์ 6 ชนิดที่ได้จากสเปกตรัมรามานของกราฟีน พบว่า 
อุณหภูมิที่ท าการตกเคลือบและผลรวมอัตราการไหลของแก๊สอาร์กอนและแก๊สไฮโดรเจนมีนัยส าคัญในการ
สังเคราะห์กราฟีนด้วยระดับความเชื่อม่ัน 70 ถึง 80 เปอร์เซ็นต์ จากน้ันท าการศึกษาปัจจัยทั้งสองประกอบกับอัตรา
การไหลของแก๊สอะเซทิลีนโดยการสร้างแบบจ าลองพื้นผิวตอบสนองด้วยการออกแบบการทดลองแบบบ็อกซ์–เบ็ห์น 
เคน หลังจากการวิเคราะห์การถดถอยพหุคูณจึงได้สมการแสดงความสัมพันธ์ระหว่างพารามิเตอร์ทั้งหมด 4 ชนิดที่ได้
จากสเปกตรัมรามานของกราฟีนกับปัจจัยทั้งสามชนิด ซ่ึงมีสัมประสิทธ์ิการก าหนดระหว่าง 0.987 – 0.942 และท า
ให้ได้สภาวะการสังเคราะห์ที่เหมาะสมที่สุด ที่อุณหภูมิ 1050 องศาเซลเซียส อัตราการไหลของแก๊สอาร์กอน แก๊ส
ไฮโดรเจน และแก๊สอะเซทิลีนเป็น 900, 100 และ 0.4 ลูกบาศก์เซนติเมตรต่อนาที ตามล าดับ จนถึงตอนน้ี กราฟีน
มักจะถูกน าไปใช้เป็นตัวน าไฟฟ้าโปร่งใส ในขณะที่การน ากราฟีนไปใช้เป็นสารก่ึงตัวน าถูกจ ากัดเน่ืองด้วยกราฟีนไม่มี
ช่องว่างพลังงาน การดัดแปรกราฟีนด้วยพันธะโคเวเลนต์เป็นวิธีหน่ึงซ่ึงสามารถสร้างช่องว่างพลังงานให้กราฟีนได้  
ถึงแม้ว่าการเติมหมู่ฟังก์ชันบนกราฟีนด้วยเกลือไดแอโซเนียม โดยการแช่กราฟีนในสารละลายเกลือไดแอโซเนียมที่ มี
สารลดแรงตึงผิวจะท าได้ง่ายส าหรับกราฟีนชั้นเดียว  จ านวนโมเลกุลที่เติมลงไปมีจ านวนไม่มากส าหรับกราฟีนที่หนา
มากกว่าหน่ึงชั้น ในที่น้ี ผู้วิจัยท าการศึกษาผลของวัสดุรองรับและแสง พบว่ากราฟีนที่ท าปฏิกิริยาเติมหมู่ฟังก์ชันบน
วัสดุรองรับที่มีขั้วอย่างซิลิกอนไดออกไซด์บนซิลิกอนถูกปนเปื้อนด้วยเกลือไดแอโซเนียมที่เหลือจากปฏิกิริยา ในขณะ
ที่การเติมหมู่ฟังก์ชันให้กับกราฟีนบนวัสดุรองรับที่ไม่มีขั้วอย่างทองแดงได้ผลิตภัณฑ์ที่สะอาดกว่า ผู้วิจัยยังพบว่าแสง
ในช่วงยูวี-เอจากหลอดแบล็กไลต์หรือดวงอาทิตย์มีบทบาทส าคัญในการเติมหมู่ฟังก์ชัน โดยสันนิษฐานว่าแสงในช่วง
ดังกล่าวท าให้เกิดอิเล็กตรอนและฟีนิลแคตไอออนจากกราฟีนและเกลือไดแอโซเนียม  ตามล าดับ กระน้ัน ปฏิกิริยา
การเติมหมู่ฟังก์ชันสามารถเกิดได้ในที่มืดอย่างช้า ๆ  โดยสรุป แสงสามารถเร่งปฏิกิริยาการเติมหมู่ไดแอโซเนียมบน 
กราฟีนได้ 
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ENGLI SH AB ST R ACT 

# # 5772094923 : MAJOR CHEMISTRY 
KEYWORDS: GRAPHENE / CHEMICAL VAPOR DEPOSITION / FUNCTIONALIZATION / DIAZONIUM / 
ACETYLENE / ATMOSPHERIC PRESSURE 

BHOBNIBHIT CHATMANEERUNGCHAROEN: FUNCTIONALIZATION OF CHEMICAL VAPOR 
DEPOSITION-GROWN GRAPHENE. ADVISOR: SAKULSUK UNARUNOTAI, Ph.D. {, pp. 

Graphene has been a wonder material since its discovery in 2004. Due to its interesting 
properties such as excellent thermal and electrical conductivities, flexibility and high strength, 
many researchers around the globe have turned their attention to this carbon allotrope. To 
synthesize graphene with high quality, chemical vapor deposition (CVD) is an industrially feasible 
method. Generally, methane is the most widely used carbon precursor. However, high purity grade 
is expensive in Thailand. Instead, acetylene should be a possible replacement. Moreover, operating 
CVD at atmospheric pressure would also dramatically reduce the cost. Still, growth conditions need 
to be optimized for new carbon sources using experimental design. First, seven factors in CVD 
process were screened by Plackett–Burman design and six Raman parameters of graphene were 
dependent variables. The results suggested that growth temperature and Ar-H2 total flow rates 
were significant at confidence intervals of 70-80%. The two significant factors together with 
acetylene flow rate were then subject to constructing response surface model with Box–Behnken 
design. Four relationships were developed by multiple linear regression (MLR) with R2 = 0.987 – 
0.942 and the best quality graphene could be obtained at growth temperature of 1050 °C with 
Ar/H2/C2H2 flow rates of 900/100/0.4 sccm.  Until now, graphene has been mostly used as a 
transparent conductor. Its application as a semiconductor has been limited due to its zero bandgap. 
Covalent modification was suggested as a possible way to open the bandgap in graphene. Although 
functionalization of graphene with diazonium salts using surfactant in aqueous solution was trivial 
for single-layer graphene, degree of functionalization was relatively low in case of multilayer 
graphene. Herein, substrate and photoinduced effects were investigated. While functionalized 
graphene on polar SiO2/Si substrate was contaminated with unreacted diazonium salts, 
functionalization of graphene on Cu growth substrate afforded the cleaner product. We also found 
that UVA light from a blacklight lamp or sunlight played important roles in functionalization 
presumably by generation of hot electrons and phenyl cations from graphene and diazonium salts, 
respectively. Nonetheless, the reaction could occur slowly without light. In conclusion, diazonium 
grafting could be enhanced under irradiation of light. 
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CHAPTER I 
INTRODUCTION 

1.1 Graphene 

 Graphene is an allotrope of carbon which consists of sp2-hybridized carbon 
atoms forming a 2D honeycomb structure [1]. Although it has been investigated since 
1940 [2] , this monolayer sheet was predicted to be thermodynamically unstable under 
ambient condition [3-4]. In 1960, thin lamellae of graphitic carbon, currently named 
reduced graphene oxide, were prepared by chemical reduction of graphite oxide (GO) 
[5]. However, such lamellae are not equivalent to graphene. It was not until 2004 that 
the existence of graphene was proven. 
 

 

 
Figure 1.1 (A) Optical micrograph of graphene exfoliated from graphite by Scotch® 

tape method [6] (Copyright © 2004 American Association for the 
Advancement of Science) (B) Schematic top view of graphene lattice 

 
Graphene was realized by mechanical exfoliation of graphite using Scotch® tape 

[6] (Figure 1.1(A)). The structure of exfoliated graphene is a single-atom-thick sheet of 
carbon atoms rearranged into a honeycomb pattern (Figure 1.1(B)). It is considered to 
be the thinnest material nowadays. Graphene has unique properties which outperform 
many of the preexisting materials. For example, electrical conductivity of graphene 
could reach 106 S cm–1 with extremely high mobility up to 200,000 cm2 V–1 s–1 [7]. 
Meanwhile thermal conductivity of graphene can exceed 3000 W mK–1, which is higher 
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than that of graphite [8]. Graphene absorbs only 2.3% of visible light making it almost 
transparent [9]. Due to the nature of strong covalent bonds between carbon atoms in 
graphene, the material is considered as the strongest one [10]. Nonetheless, it is 
flexible and has low density. Moreover, it also has large specific surface area of about 
2630 m2 g–1 [11]. With some of the aforementioned properties, graphene is capable of 
being used in electronic and optoelectronic devices. 

 

 
Figure 1.2 Comparison of graphene prepared by different methods in terms of quality 

and production cost 
 

Despite having excellent properties, graphene sheets prepared by Scotch® tape 
method can only be produced in tiny amount without any control of film thickness 
and specific location of deposition. Moreover, the production process is not scalable, 
so it is not practical for industrial use. Alternative methods have been developed to 
realize graphene production in industrial scale. Chemical reduction of graphene oxide 
(GO) is one of the promising approaches because it can be carried out in large scale. 
According to Hummers’ method [12], graphite as a starting material, is first oxidized in 
strongly acidic and oxidative condition to form graphite oxide which contains many 
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oxygen-containing functional groups on its basal plane and edge and is later exfoliated 
by ultrasonication to obtain graphene oxide (GO). GO is then chemically reduced to 
reduced graphene oxide (rGO) but some functional groups still remain in the structure 
[13]. Hence, rGO has lower quality, higher defect, smaller grain size and lower electrical 
conductivity than graphene obtained by Scotch® tape method. rGO can be applied to 
applications on which large surface area or further functionalization are required. 

Due to the fact that graphene synthesized via Hummers’ method, which is a 
top-down approach results in tiny flakes with low conductivity, many researchers has 
devoted their efforts to synthesize higher quality graphene from smaller precursors. 
Epitaxial growth (EG) of graphene from silicon carbide (SiC) was proposed as an 
alternative way [14]. In this method, graphene is formed at high temperature of 1200 
– 1500 °C [14]. under ultrahigh vacuum when Si atoms evaporate from the surface of 
SiC and the remaining carbon atoms form a hexagonal graphitic structure. The size of 
epitaxial graphene is as large as that of the growth substrate. The electron mobility of 
this graphene could reach 5000 cm2 V–1s–1 which is relatively high compared to rGO 
but still low compared to exfoliated graphene because of its polycrystallinity [14]. 
Although, this method affords high quality graphene, SiC is very expensive, and the 
process needs vacuum pumps. 

Chemical vapor deposition (CVD) was then introduced in 2008 to synthesize 
graphene by feeding small carbonaceous precursor into high temperature tube furnace 
where metal substrate is heated inside [15]. The gaseous precursor decomposes on 
metal surface to form carbon film. When the reactor is cooled down, carbon atoms 
rearrange into a hexagonal pattern to form graphene. The process could be performed 
under both atmospheric and low pressures. Methane and copper are extensively used 
as a precursor and a substrate, respectively [16]. The size of CVD graphene is also as 
large as that of the substrate.  The electron mobility ranges from 5000 to 12000 cm2 

V–1 s–1 [17]. Moreover, this method is industrially scalable. Unfortunately, methane is 
relatively expensive for using as the precursor. As a result, other precursors were 
tested, for example, propane [18], acetylene [19] and ethanol [20] .    
  As illustrated in Figure 1.2, the best quality graphene can be obtained from 
Scotch® tape method but production cost of this method is relatively high. On the 
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other hand, liquid phase exfoliation is most economical, but the quality is not good. 
While CVD and Epitaxy can produce graphene with similar quality. However, CVD has 
less manufacturing cost than that of epitaxy. Therefore, CVD is most promising 
approach for industrial production of graphene. 
 
1.2 Chemical Vapor Deposition 

 Chemical vapor deposition (CVD) is a well-known technique to produce a thin 
solid film. The film is formed by chemical reaction of vapor-phase precursors on the 
surface of substrate. The rate of reaction can be accelerated by heat (thermal CVD), 
UV light (photo-assisted CVD) or plasma (plasma-enhanced CVD). Generally, CVD is 
used to deposit metal oxide thin film by feeding volatile organometallic compounds 
on a reactive substrate. The deposited film is widely used in microelectronics and 
optoelectronics as protective, dielectric or coatings. 
 

 
 

Figure 1.3 General mechanism of CVD processes 
 

 In CVD processes, volatile precursors approach and then adsorb onto the 
surface. The adsorbed precursor could diffuse and transport on surface. At an optimum 
state, reaction occurs and cleaves some fractions of the precursor molecule which 
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later desorb from the surface to vapor phase (Figure 1.3). Nucleation and growth of 
film depend on various factors such as temperature, purity of precursor and pressure. 
 Graphene can also be synthesized by CVD. This method could synthesize high 
quality graphene with large area by feeding carbonaceous compounds into the reactor. 
The precursors are usually hydrocarbon gases such as methane [10], acetylene [19, 
21], propylene [22] or even volatile organic compound [23]. Substrate also plays an 
important role in the reaction. Copper and nickel are widely used because of low cost 
[24].  
 First success on CVD-grown graphene production was reported in 2008 [15]. 
Methane was fed into furnace at 1000 °C into which a nickel foil was placed. After 
graphene growth, the furnace was quickly cooled with a cooling rate 10 °C s–1. The film 
was single layer. 
 Nowadays, methane and copper are the most popular carbon precursor and 
substrate, respectively, in graphene synthesis. However, methane is relatively 
expensive, and the gas needs to be imported. On the other hand, acetylene is a lot 
cheaper than methane. Thus, using acetylene, which is a by-product from petroleum 
manufacturing, instead of methane would benefit in cost reduction and help 
promoting graphene production. Therefore, acetylene is recognized as another 
promising candidate for synthesis of CVD-grown graphene.  
 
1.3 Functionalization of graphene 

Generally, defect-free exfoliated graphene has no band gap, thus it cannot be 
directly utilized as an active material in transistors.  Also, even though the structure of 
CVD-grown graphene is not perfect, the band gap of as-grown graphene is still too 
small, and so it is commonly used as transparent electrodes  

Development of graphene-based electronic devices has been impeded due to 
the zero band gap nature of the material. To be used especially for electronic and 
optoelectronic applications, opening band gap is a prerequisite [25].  

In order to open the band gap of graphene, breaking symmetry or intervalley 
mixing [26] are some possibilities. Sublattice symmetry breaking [27], magnetic effect 
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[28] and quantum confinement effect [29] are considered as causes of band gap 
opening.  Chemical modifications are practical approaches to achieve band gap 
opening [25, 30]. Two approaches have been proposed including physisorption of 
organic compounds and chemisorption of reactive species. 

 

 
 

Figure 1.4 Schematic illustration of graphene modification methods: non-covalent 
modification and covalent modification 

   
The physisorption of organic building blocks on graphene is considered as a 

non-covalent modification by which – interaction between graphene and organic 
dopants is prominent. Highly –conjugated compounds such as perylene-3,4,9,10-
tetracarboxylic dianhydride [31] and Co-phthalocyanines [32] or long-chained 
hydrocarbons such as alkylphosphonic acids [33] and pentacosadiynoic acid [34] were 
applied to graphene surface. According to strong van der Waals interactions, organic 
building blocks are periodically aligned on the surface. The charge transfer process 
between graphene and dopants shifting doping level in electronic structure changes 
charge carrier density resulting in band gap opening. Unfortunately, this method can 
achieve only a band gap of ~0.1 eV at maximum dopant concentration which is much 
lower than the desired band gap of 0.4 eV [30]. 
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Another way to modify graphene is covalent modification by which sp2-
hybridized carbon atoms are converted to sp3–hybridized carbon atoms. Developing 
methods for graphene functionalization is challenging for chemists, physicists and 
materials scientists. These methods require reactive species to react with chemically 
stable graphene. Many dopants which have successfully modified other carbon 
allotropes such as carbon nanotubes or fullerenes were also tried on graphene. Some 
of the most successful candidates are diazonium salts. Diazonium salt could also react 
with reduced graphene oxide (rGO), CVD-grown graphene or even exfoliated graphene 
[35]. Until now, the band gap of 0.36 eV has been achieved by functionalization of 
graphene [25].  Unfortunately, only few diazonium salts have been studied. 
 
1.4 Scope of this research 

1. Parametric study and optimization of CVD processes for graphene synthesis 
using acetylene as precursor under atmospheric pressure 

2. Chemical functionalization of CVD-grown graphene with reactive diazonium 
salts 

 
1.5 Objectives of this research 

1. To optimize CVD processes for graphene synthesis using acetylene as 
precursor under atmospheric pressure 

2.  To develop methods for functionalization of graphene using diazonium salts  
 
 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

CHAPTER II  
THEORY AND LITERATURE REVIEW 

2.1 Graphene growth using acetylene in Chemical Vapor Deposition 

 Acetylene (C2H2), systemically called ethyne, is colorless, odorless and 
flammable gas consisting of two carbon atoms bonded together with a triple bond 
while each atom is terminated with a hydrogen atom (Figure 2.1(A)). It has been 
produced by cracking of petroleum products as a side product or by hydrolysis of 
calcium carbide (CaC2). Generally, it is used as a fuel in a cutting torch because its 
flame can reach about 3100 °C when mixed with oxygen (O2). Acetylene can be kept 
in the form of calcium salt which is easier and safer to handle. This ionic salt could 
generate acetylene by adding water (H2O). However, acetylene cannot be kept in 
copper (Cu) or Cu alloy container because copper (Cu) can catalyze decomposition of 
acetylene. 

 

 

Figure 2.1 Chemical structures of (A) acetylene and (B) methane 
 

 Acetylene is a potential replacement of methane (Figure 2.1(B)) as a carbon 
precursor for graphene production because acetylene could reduce defect density in 
as-grown graphene [36]. However, acetylene has higher pyrolysis rate compared to 
methane. Therefore, graphene produced from acetylene tends to have high defect 
and small grain size. [19, 37-47]  
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10 

 

Figure 2.2 (A) Raman spectra, (B) I(D)/I(G) and I(G)/I(2D) and (C) FWHM(2D) and 
Pos(2D) of graphene synthesized with different H2 flow rate [42] (Copyright 
© 2013, American Chemical Society) 

 
CVD-grown graphene synthesized from this precursor has been developed 

since 2009 [19]. Thermal CVD under low pressure was the most extensively studied 
method to produce graphene with good-to-medium quality [19, 37, 39-41]. Metals 
with high carbon solubility such as Ni and Co were popular choices of substrate [19, 
39] because they can retain carbon atoms on their bulk phase [48]. Moreover, growth 
step can perform at lower temperature (< 1000 °C). Metal alloys were alternative 
substrates to limit over-growth of graphene by blending the aforementioned metals 
with other metals with low carbon solubility [41]. Growing graphene on metal oxide, 
an insulating layer, is ideal for applications in device fabrication [38] because a 
transfer step is not required. Still, graphene grown on the insulating layer usually has 
high defect.  

Despite the fact that low-pressure CVD (LPCVD) can produce high quality 
graphene, it takes a long reaction time and requires an expensive high-vacuum pump. 
Atmospheric pressure CVD (APCVD), on the other hand, is considered as it shortens 
the reaction time. Moreover, performing reaction under atmospheric pressure does 
not require any vacuum pump. Nevertheless, APCVD needs high operating 
temperature in order to synthesize high quality graphene as in LPCVD. APCVD process 
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for graphene synthesis was first achieved in 2013 on Cu substrate by Mei Qi et al. [42]. 
In the beginning, they investigated effects of growth temperature (850–1000 °C) and 
acetylene flow rate (1-12 sccm). They found that high temperature and low acetylene 
flow rate could reduce defect density. They also observed an effect of H 2/Ar flow 
rate ratio (Figure 2.2). Bilayer graphene could be synthesized under the flow rate ratio 
between 10/990 and 100/900. At higher ratios, graphene became multilayer. 
Consequently, they suggested that H2 acts as an activator of the surface bound 
carbon and graphene etchant controlling morphology, nucleation density and 
nucleation size. 

In addition to LPCVD and APCVD, plasma-enhanced CVD (PECVD) is another 
alternative way to reduce growth temperature. In 2017, Span research teams 
successfully synthesized graphene on SiO2/Si through this approach [47]. However, as-
grown graphene still had high defect. Furthermore, expensive and complicated 
instruments were needed. 

 Most of the CVD processes using acetylene as a precursor were performed at 
low pressure to reduce its activity and obtain the thinnest graphene. Substrate also 
played a crucial role on the quality of graphene. Although there was an effort to 
produce graphene directly on metal oxide, growing graphene on metal usually gave 
better results. Thermal CVD was more popular than other kind of CVD because of its 
lower cost. Nonetheless, it required high temperature. The presence of plasma could 
reduce the operating temperature. 

 

2.2 Covalent functionalization of graphene 

 Covalently functionalized carbon materials have been tremendously utilized 
in sensing application [25]. Many methods for modification of carbon nanotubes 
(CNT), highly oriented pyrolytic graphite (HOPG) and glassy carbon (GC) have been 
studied. However, unlike other allotropes of carbon, graphene is not quite reactive 
because of its planarity. Reactive intermediates are required for forming adducts with 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

graphene due to its low reactivity. Converting sp2-hybridized carbons to sp3-hybridized 
carbons can alter graphene properties. 

 Free radicals are well known as very reactive intermediates. They can react 
with a variety of functional groups, for example, alkane, alkene, alkyne and carbonyl. 
Nevertheless, free-radical reactions cannot be controlled easily. The propagation 
reaction usually occurs and attributes to formation of oligomers or polymers. 
Generation of radical is also challenging because of its instability.  

One of the most well-known compounds for radical formation is diazonium 
salt which undergoes electron transfer reaction. Then, the labile radical forms a 
covalent bond with graphene. Diazonium salt can be prepared from amine. 
Unfortunately, most of diazonium salts are not stable. It can decompose at room 
temperature. So, the diazonium salt should be kept under 5 °C or it should be 
generated in situ and used immediately. However, tetrafluoroborate salt s of 
diazonium compounds are quite stable. They can be isolated in solid form and their 
solutions can be kept at room temperature.  

Another possible method is decomposition of benzoyl peroxide. The grafting 
is activated by an unstable photogenerated benzoyl radical which then undergoes 
decarboxylation to form a phenyl radical. The radical can also form adduct with 
graphene as well as the radical generated from diazonium salt. Nonetheless, benzoyl 
peroxide is not persistent to light. Therefore, it is difficult to be stored without 
decomposition. 

 

2.3 Diazonium-mediated functionalization 

 Surface functionalization with diazonium salts has been extensively studied 
for many purposes such as protection against corrosion or sensing application. The 
modified surfaces of carbon, silicon or metal have been achieved.  This method 
could establish a strong C—C bond between surface of substrate and organic layer. 
Common carbon materials modified by diazonium salt are glassy carbon (GC), highly 
[49-61], [62-67] 
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oriented pyrolytic graphite (HOPG), carbon fiber, carbon blacks, carbon nanotubes and 
diamond. [68] [49-61] 

The grafting mechanism was studied by observing electrochemical behavior of 
diazonium salts.  Most of grafting experiments were carried out in 0.1 M NBu4BF4 in 
CH3CN or 0.1 M H2SO4 in H2O. Diazonium salts have particularly low cathodic reduction 
potential. The aryl radical was considered as a reactive intermediate produced directly 
via concerted electron transfer from the electrode with dinitrogen cleavage. Then, the 
electrode surface was electro-grafted by the aryl radical to obtain C-surface bond. 
However, for most efficient grafting, surface must be clean and free from oxide. 
Deoxygenated solutions must be used in all processes to prevent oxide formation.  

To characterize a modified surface, many methods have been used to proof 
the existence of organic layer. Fourier transform infrared spectroscopy (FTIR) is very 
useful in observing vibrational modes of grafted organic layers for example two strong 
bands of nitro group at ~1530 and 1350 cm–1. This technique can also detect the 
adsorbed diazonium salts which N≡N bond stretching locates between 2300 and 
2130 cm–1. X-ray photoelectron spectroscopy (XPS) is one of the most powerful 
techniques in surface characterization. The information obtained from XPS spectra 
shows atomic composition at the surface and its oxidation state. After modification, 
surface morphology is certainly changed. Atomic force microscopy can reveal the 
formation of organic layer with variable height and roughness. Furthermore, energy 
dispersive spectroscopy (EDS) could show the dispersion and density of atom on the 
surface.   

In the past decade, methods for diazonium functionalization on graphene 
were developed. Various types pf graphene such as mechanical exfoliated graphene 
[51, 53-54], epitaxial graphene [49], graphene nanoribbons [52] and CVD graphene [55-
67], were functionalized. Since 2009, high quality graphenes such as mechanical 
exfoliated graphene or epitaxial graphene were employed. After 2011, CVD graphene 
was extensively applied because it holds considerable promise for the next 
generation of electronics.  Various diazonium salts have also been functionalized.  
However, the structure of diazonium salts has been limited to only benzene core 
structure with different substituents.  
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Figure 2.3 Schematic mechanism of diazonium grafting on graphene 
 
 The proposed reaction mechanism of diazonium grafting on graphene consists 
of two steps as shown in Figure 2.3. First, graphene transfers an electron to diazonium 
salt resulting in radical formation and nitrogen gas cleavage. This step was considered 
as rate determining step (RDS). Thereafter, it immediately forms a covalent bond with 
graphene radical.  

 Many approaches have been developed to enhance reaction rate of the first 
step including solution chemistry [49-55, 57, 59-60, 67], electrochemistry [56, 61-66] 
and mechanochemistry [58]. Solution chemistry is simple but it usually takes a long 
time. For electrochemical approach, it is the quickest way to perform functionalization 
within minute. However, this approach required expensive instruments with expertise 
in the field. In case of mechanochemical approach only one work was published, and 
this method was not favorable. Basically, the reactivity of graphene was enhanced by 
stretching graphene on flexible substrate. 

 The model chemical for developing methods for graphene functionalization 
method is 4-nitrobenzenediazonium salt. Its tetrafluoroborate salt was frequently 
used due to its high stability.  

Reactivity studies are usually carried out by solution chemistry approach 
because there is no enhancement factor from external sources. The reactivity of 
functionalization solely depends on graphene and diazonium salt themselves. The 
single-layer graphene is more reactive than multilayer graphene. As the number of 
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graphene layer increases, the reactivity turns low [51]. Moreover, diazonium salt 
prefers reacting at the edge to basal plane [51]. In addition to the thickness of 
graphene, the substrate also plays an important role in the functionalization. Polar 
substrates such as SiO2/Si and sapphire were found to enhance reactivity. On the 
other hand, functionalization on non-polar substrates, for instance, boron nitride, 
were nearly impossible [57]. Interestingly, the electrical conductivity of graphene 
deposited on non-polar substrates could be enhanced better than that deposited on 
polar substrates [69].  

Raman parameters including I(D)/I(G), I(2D)/I(G), Pos(G), FWHM(G), Pos(2D) and 
FWHM(2D) frequently change after functionalization. I(D)/I(G) increases and I(2D)/I(G) 
decreases as shown in Figure 2,4(A) and 2.4(E), respectively, while Pos(G) and Pos(2D) 
shift to higher wavenumbers (Figure 2.4(C)). Moreover, G and 2D peaks usually 
broaden (Figure 2.4(B) and 2.4(D)).  

 

 

Figure 2.4 (A) Histograms of I(D)/I(G) ratios graphene before and after functionalization 
on different substrates (B-E) scatter plots of Raman peak parameters of 
graphene before and after functionalization on different substrates [57] 
(Copyright © 2012, Springer Nature) 
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Although solution chemistry approach exhibits low reactivity, it is simple and 
does not require any complicated instrument. According to the studies by Haddon 
[49] and Gao [54], O2-free CH3CN and NBu4PF6were used as solvent and organic 
electrolyte, respectively. In addition, the reaction had to be performed in O 2-free 
atmosphere to prevent O2 adsorption on graphene surface [49, 54]. Later in 2010, 
Strano and co-workers [51] reported that the reaction could perform in H2O in the 
presence of sodium dodecyl sulfate (SDS) [51]. The surfactant molecules could bring 
diazonium species closer to graphene such that electron transfers could occur more 
easily. The use of mixed solvents was also interesting, however, it has not been well 
studied. 

Electrochemical approach is very effective in functionalizing graphene. 
Basically, graphene is functionalized by cyclic voltammetry (CV) where graphene is 
utilized as the working electrode in a three-electrode system. The functionalization 
could be carried out in aqueous solution [56, 62, 64]. Due to its fast process, it has 
expanded the horizon of diazonium salts used in graphene functionalization from 
small benzene ring derivatives to large polyaromatic derivatives. The diazonium salt 
could be readily prepared in situ or used in the form of stable tetrafluoroborate salt. 
In addition to H2O-based electrochemistry, electrochemical process in organic solvent 
was also possible [61, 63, 65].  

The last approach is mechanochemical approach first introduced in 2013 [58]. 
This approach is the least studied one in spite of  its simplicity. This requires a 
stretching tool and graphene needs to be transferred to a flexible substrate such as a 
PDMS stamp. So far, the only diazonium salt tested with this approach was 4-
nitrobenzenediazonium tetrafluoroborate (4NBDT). 

 

2.3 Raman spectroscopy for graphene characterization 

 Raman spectroscopy is one of the most powerful tools for characterization of 
graphene. The characterization is both fast and non-destructive. Moreover, Raman 
spectrum provides structural information as well as electronic information. However, 
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to obtain accurate information, spectral interpretation needs to be carefully done. 
Raman spectroscopy is well-known method for distinguishing carbon allotropes. 
While Raman spectrum of graphite was first measured over 40 years ago, it was not 
until 2006 for the first Raman spectrum of graphene to be recorded.  

 

 

Figure 2.5 Schematic mechanism of Rayleigh scattering, Raman scattering and IR 
 

 In principle, Raman scattering occurs after an incident photon is absorbed by 
a Raman active material. The incident photon excited an electron to a virtual excited 
state and creates an electron-hole pair. The electron is scattered by phonon and 
loses or gain some energy before electron-hole recombination. The recombination 
generates a photon with lower or higher energy than the incident photon as depicted 
in Figure 2.5. Nonetheless, the scattering process rarely takes place. Therefore, the 
high intensity laser is required for Raman measurement. If the emitted photon has 
higher energy than the incident photon, the process is called Stoke scattering. On the 
other hand, if the emitted photon has lower energy than the incident photon, the 
process is called anti-Stoke scattering. However, most incident photons undergo 
elastic scattering process called Rayleigh process resulting in no energy shift. For 
general measurement, spectrum is recorded in Stoke region. 

Two characteristic bands found in graphene include G and 2D (G’) peaks as 
shown in Figure 2.6(B). G peak (graphitic peak), located approximately at 1600 cm–1, is 
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generally observed in carbon materials consisting of sp2-hybridized carbon such 
graphite, graphene, fullerene and carbon nanotube (Figure2.6(A)), while 2D peak 
appears around 2700 cm–1. The intensity ratio between 2D peak and G peak (I(2D)/I(G)) 
reflects the number of graphene layers. 

 

 

Figure 2.6 Raman spectra of (A) various carbon allotropes, (B) pristine graphene (top) 
and defective graphene (bottom) [70] (Copyright © 2013, Springer Nature) 

 
 G band is attributed to first order Raman scattering involving in-plane 
transverse optical phonon mode (iTO) or in-plane longitudinal optical phonon mode 
(iLO) at  point (Figured 2.7). G band is sensitive to doping and the number of layers. 
When graphene gets thicker, the position of G band shifts to lower Raman shift. It is 
more complicated to interpret the spectrum when doping is involved since the 
position shift is also dependent to the number of graphene layers. Nonetheless, 
doping level could be possibly indicated by observing FWHM(G). 
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Figure 2.7 (A) Raman process of G band, sketch of phonon vibration of (B) inverse 
longitudinal optical mode at  and (C) inverse transverse optical mode at 
 

 

 2D band is associated with double resonance process. It is a two-phonon 
scattering between K and K′ points (Figure 2.8). After forming electron-hole pair, 
electron is inelastically scattered by in-plane transverse optical phonon mode (iTO) 
at K point and then inelastically scattered again by in-plane transverse optical 
phonon mode (iTO) before recombination.  
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Figure 2.8 (A) Raman process of 2D peak, (B) sketch of phonon vibration of inverse 
transverse optical mode at K point and (C) Raman spectra showing shifts 
of 2D band according to different laser wavelengths [71] (Copyright © 2009 
Elsevier B.V. All rights reserved.) 

 

2D band is an important feature to estimate the number of graphene layers. 
When I(2D)/I(G) ratio is greater than 1, it suggests that graphene is single-layer. If 
I(2D)/I(G) ratio is approximately 1, it is bilayer. In case that I(2D)/I(G) is much lower 
than 1, the film is very thick such that its properties become similar to those of 
graphite. However, I(2D)/I(G) ratio can be easily disturbed by other factors such as 
doping and strain. The position and FWHM of 2D band (Pos(2D) and FWHM(2D)) are 
alternative choices for determining the number of graphene layers. However, the 
position is less sensitive to the number of layers than I(2D)/I(G). Therefore FWHM(2D) 
is a good choice because it is not only sensitive to the number of graphene layers, 
but it is also rarely affected by other factors. In addition to parametric variables such 
as I(2D)/I(G), FWHM(2D) and Pos(2D), shape of 2D band is a useful information to 
determine the number of graphene layers. By deconvoluting 2D band with Lorentzian 
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peaks, the number of peaks needed for fitting 2D band could support the estimation 
of number of graphene layers from FWHM(2D). 

In case of pristine graphene obtained from mechanical exfoliation, only G and 
2D bands are present in its Raman spectrum. However, graphene synthesized by 
other methods usually yields defective graphene. Raman spectrum of graphene with 
defects shows an additional peak around 1300 cm–1 called D band.  

 

 

Figure 2.9 (A) Raman process of D band, (B) sketch of phonon vibration of inverse 
transverse optical mode at K point and (C) D peak dispersion with 
excitation energy [70] (Copyright © 2013, Springer Nature) 

 

D band only appears when defects are present in graphene. The Raman 
process behind D band is like that behind 2D band. The electron scattered by iTO 
phonon in the first step as in 2D band is elastically scattered by defect before 
recombination (Figure 2.9). The energy loss is half of that in case of 2D band. That is 
the reason why G’ band is alternatively called 2D band. D band is very dispersive to 
excitation energy as well as 2D band. The intensity ratio of D band to G band (I(D)/I(G)) 
is extensively used as the indicator to determine the amount of defects in graphene. 
In 2010, Lucchese and co-workers [72] successfully expressed the relationship 
between (I(D)/I(G)) and interdefect distance (LD) as shown in Equation 2.1 

𝐼𝐷

𝐼𝐺
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where CA = 4.2, CS = 0.87, rA = 3 nm and rS = 1 nm. rS is the radius of circle area that 
graphene structure is distorted by point defects while rA is the radius of D-band 
scattering area. The other 2 parameters were fitted from experimental data (Figure 
2.10(A)).  

 

 

Figure 2.10 (A) The plot of I(D)/I(G) ratio against interdefect distance (LD) for samples 
exposed to distinct Ar+ doses [72] (Copyright © 2010 Elsevier Ltd. All 
rights reserved.) and (B) I(D)/I(G) ratio for monolayer graphene exposed to 
distinct Ar+ doses obtained using different excitation lasers [73] (Copyright 
© 2011, American Chemical Society) 

 

According to the dispersive property of D band, I(D)/I(G) ratios measured from 
different laser wavelengths are not comparable. As the laser energy increases, CA, 
obtained by fitting, decreases. The relations between CA and laser energy (EL) was 
derived from experimental data (Figure 2.10(B)) as shown in equation (2.2) 

𝐶𝐴 =  
160

𝐸𝐿
4      … (Equation 2.2) 

By considering LD > 10 nm and LD >> rA and rS, equation (2.1) can be simplified as 

𝐼𝐷

𝐼𝐺
≈  𝐶𝐴

𝜋(𝑟𝐴
2− 𝑟𝑠

2)

𝐿𝐷
2     … (Equation 2.3) 

By substituting rA = 3.1 nm, rS = 1 nm and equation (2.2) into equation (2.3), the 
equation (2.3) can be written as  

𝐿𝐷
2 (𝑛𝑚2) =  

4.3 × 103

𝐸𝐿
4 (

𝐼𝐷

𝐼𝐺
)

−1

  … (Equation 2.4) 

By converting laser energy to laser wavelength, we have 
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𝐿𝐷
2 (𝑛𝑚2) =  

1.8 × 10−9𝜆𝑙
4

𝐸𝐿
4 (

𝐼𝐷

𝐼𝐺
)

−1

  … (Equation 2.5) 

 Those three major bands are commonly observed in graphene. However, 
there are some other bands. For example, in pristine graphene, 2D′ band could be 
observed around 3250 cm–1. This band shows a weak signal compared to three major 
bands. Moreover, some phonon modes are activated by defects introduced on 
graphene including D band, D′ band, D + D′ band and D + D˝ band. Their phonon 
modes related to inelastic or elastic scattering of electrons on defects. Upon 
introduction of high defects, these peaks could appear apparently. 

 

2.4 Experimental design for process optimization 

 Generally, “One-factor-at-a-time” method is carried out to observe effect of 
the factor and optimize condition. The experiments are performed by varying single 
factor while other factors are fixed. The optimum condition can be achieved in case 
of no interaction between factors. The method is favored by scientists and engineers. 
However, in some systems for example a CVD system, interactions is present and 
affects responses.  

 As mentioned above, there are interactions between factors in CVD systems. 
One-factor-at-a-time method might not give the best condition. Experimental design 
and response surface methodology should be used instead. 

 Exper imental design, also called design of exper iment s (DOE) is an 
experimental plan carefully designed in advance. The aim of experimental design is 
to explain or describe variation of data under certain conditions. Many designs have 
been developed, for example, Box-Behnken design, central composite design (CCD) 
and central composite face-centered design (CCF). Each design has its own advantages 
and disadvantages. Hence, one design should be carefully selected for each study. 

 Response surface methodology (RSM) is utilized to explore the relationships 
between factors. Moreover, maximum or minimum of responses under investigating 
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space could be acquired by plotting response surface: 3D-contour of response of one 
factor against another factor.  

At the beginning, mathematical model is constructed from data obtained from 
experimental design by a technique called multiple linear regression (MLR). The 
appropriate mathematical model could predict response well and suggest precise 
effect of factors to response.  

 In brief, a function of response depending to factors is guessed. It is usually 
composed of linear terms, quadratic terms and interaction terms as shown in Equation 
(2.6).  

𝑦 = 𝛽0 +  ∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1 +   ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗𝑖<𝑗

𝑛
𝑖=1  … (Equation 2.6) 

 
where 0, i, ii, ij are coefficients, xi and xj are factors, and y is response. After obtaining 
a model equation, coefficient of determination (R2) can be calculated. The coefficient 
indicates the proportion of variance in the response that could be predicted by 
factors. Thereby, good model must have coefficient of determination (R2) close to 1.  

However, the number of terms in function is limited by the number of 
experiments in design. Moreover, each term has different impacts on response. 
Significance of factors could be evaluated by analysis of variance (ANOVA) or 
student’s t-test.  

Some insignificant terms could be eliminated to improve predictive ability . 
Root mean-square-error (RMSE) is a tool to grade predictive ability. It can be 
calculated as shown in Equation (2.7), where 𝑦𝑖 is actual response, 𝑦̂𝑖 is predicted 
response and n is total number of experiments  

𝑅𝑀𝑆𝐸 =  √
∑ (𝑦𝑛

𝑖=1 𝑖
−𝑦̂𝑖)2

𝑛
    … (Equation 2.7) 

 However, good prediction in the model does not mean that it could 
accurately predict other experiments. Generally, further experiments are conducted, 
and actual response and predicted response are compared. If the mathematical 
model precisely predicts a response but poorly predicts responses from other 
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experiments, the model is overfitted.  The overfit usually occur s when too many 
terms are added into the model.  

There is another method for observing overfit, called cross validation. The 
data are divided into test set and training set. A model is developed from training set 
and RMSE are calculated from test set. The RMSE is specifically called root mean 
square error of cross-validation (CV-RMSE). K-fold cross validation (k-fold CV) is a very 
popular method. It divides data into k sets. One set is selected to be the test set. 
However, it requires large number of experiments. Leave-one-out cross validation 
(LOOCV) is an interesting method when the number of experiments is small. The test 
set consists of only one experiment. The disadvantage of this CV is excessive 
computation.  

 

2.4.1 Plackett-Burman design 

 This design was introduced in 1946 by 2 British statisticians. The design is 
popular and economical for ruggedness testing. The main feature is that 4n–1 factors 
can be included in the study with only 4n experiments, where n is a positive integer. 
For example, 12 experiments are needed for screening the effect of 11 factors. The 
advantage of this design is that the number of experiments is less than other designs 
with equal factors. In case that the number of factors does not match to 4n–1, 
dummy factor can be integrated in the experiments. More dummy factors could 
improve estimation of error. Furthermore, each factor must be divided into two levels 
including high level and low level denoted as “+” and “−”, respectively. 
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Table 2.4 The first set of factors for Plackett-Burman design 
Number of factors Set of factors 

3 – + + 

7 – – + + + + – 

11 – – – – + + + – + + + 

15 – – – + + + + + + + + – – – – 

19 – – – + – + – + + + + – – + + – + + – 

 

 The set of factors for each experiment combines 2n–1 factors at low level 
with 2n factors at high level. The first sets of factors are available in the literature as 
shown in Table 2.4. Other experiments are assigned in a cyclical manner from the first 
experiment. For last experiment, all factors are set to low level. In case of 7 factors, 
set of factors for 8 experiments are listed in Table 2.5. 

After all, there are 4 experiments with high level and 4 experiments with low 
level for each factor. The effect of each parameter was calculated as shown in 
Equation (2.8) 

Effect =
2[∑ y(+)−∑ y(−) ]

N
          … (Equation 2.8) 

where y(+) is a response when a given factor is at high level, y(–) is a response when a 
given factor is at low level and N is total number of experiments. 
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Table 2.5 Examples of the experimental design using Box-Behnken design with 3 
factors  

Run X1 X2 X3 X4 X5 X6 X7 
1 – – + + + + – 

2 – – – + + + + 

3 + – – – + + + 

4 + + – – – + + 

5 + + + – – – + 

6 + + + + – – – 

7 – + + + + – – 

8 – – – – – – – 
 

There are many ways to decide which factor has a significant impact on 
response. The most effective method is F–test. However, this method requires the 
presence of dummy factor in the design. When no dummy factor is included, Lenth’s 
pseudo standard error (PSE) is an alternative method. However, it assumes that the 
factor with least effect has no impact on the experiment. The variance of factor with 
least effect is presumably pure error variance. 

 

2.4.2 Box-Behnken design 

Box-Behnken Design introduced in 1960 by George E. P. Box and Donald 
Behnken is a three-level fractional factorial design. The advantage of this design is the 
limit of sample size as the number of factors grows. The sample size is sufficient to 
make regression including linear terms, interaction terms and quadratic terms. Three 
levels are denoted as “–1”, “0”, “+1” for low level, medium level and high level, 
respectively. This design is nearly rotatable because distances from the center point 
to other points are equal.  
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Figure 2.11 Graphical representation of Box-Behnken design 

 

In case of 3-factored Box-Behnken model, 15 experiments are needed to carry 
out. As graphically illustrated in Figure 2.11, one point represents one experiment and 
three coordinates of each point indicate the value of three factors. 12 points are at 
the edge of the box while 3 points are at the center of the box. All 12 points have 
the same distance from the center while points at the corner are relatively far 
comparing to those 12 points. This might cause inaccuracy in prediction around that 
area. This problem could be solved by central composite design (CCD). However, due 
to the requirement of 5 levels per factor, CCD might not be suitable for our work.  
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CHAPTER III  
EXPERIMENTAL 

3.1 CVD instrumentation 

 

 
Figure 3.1 Schematic design of our CVD reactor 

 
Our CVD reactor was built by assembling two components including a gas 

control panel and a furnace reactor (Figure 3.1). Three gases including argon (Ar), 
hydrogen gas (H2) and acetylene (C2H2) were used for graphene synthesis. Acetylene 
serves as carbon precursor while H 2 and Ar act as catalyst and diluting gas, 
respectively. In addition to a gas regulator attached to each gas cylinder, check valves 
were installed to prevent backflow and contamination. 2-way ball valves were used 
to allow and stop gas flows.  Gas flow rates were regulated by Thermal Mass Flow 
Controllers (MFCs). Metering valves between 2-way ball valves and MFCs have no 
function in the process. Before gas mixing at T-junction, other 2-way ball valves were 
installed to avoid backflow of the mixed gases. A photograph of our gas control panel 
is shown in Figure 3.2. Then, the mixed gases flowed through a needle valve, a 
pressure gauge and the tube reactor, respectively. At the exit end of the tube reactor, 
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there were another needle valve and L-port ball valve to selectively direct leftover 
gases to either a water trap or a vacuum pump.  

 

 
Figure 3.2 Our gas control panel 

 
All gases were purchased from Praxair. Argon and hydrogen gases were 

obtained as ultra-high-purity (99.999 %), while, acetylene gas was of 99.6 % purity. 
The mixed gases were fed into a mullite tube which was placed in a commercial 
horizontal tube furnace (Lindberg/Blue MTM) as shown in Figure 3.3. Leftover gases 
after the process were bubbled into water prior to be released into the atmosphere. 
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Figure 3.3 A CVD reactor 

 

3.2 Optimization of CVD conditions 

 The process to synthesize graphene via CVD consists of 4 main steps including 
heating, annealing, growth and cooling. The temperature profile of each step is 
displayed in Figure 3.4. We note that the last 3 steps are very crucial to the quality of 
graphene. During annealing step, substrate is cleaned by hydrogen and its surface is 
reconstructed. Clean specific facets are important to obtaining high quality graphene. 
During growth and cooling steps, carbon atoms are deposited and rearranged on the 
substrate, respectively. Here, controlling nucleation rate and growth rates is the key 
to success.  

In our work, a copper foil (purchased from Alfa Aesar as 99.8 % purity with a 
thickness of 25 m) was cut into 1.5 x 1.5 cm2 pieces and used as our graphene 
growth substrate. The substrate was extensively pre-cleaned before performing CVD 
process by sonicated in isopropanol for 5 min and acetone for 5 min, respectively. 
The substrate was then blow-dried by an Ar gun. The copper substrate was inserted 
into a mullite tube and positioned at center of the tube. After connecting the reactor 
to the gas lines, Ar was flushed into the tube at the flow rate of 1000 sccm for 5 min 
to purge air from the tube. Finally, composition of the gas mixture was adjusted 
before starting a CVD process. 
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Figure 3.4 The temperature profile of a CVD process for graphene synthesis 

 

Quality of graphene was estimated from Raman spectra. Every Raman 
spectrum was processed by Python script (appendix) to obtain 6 Raman parameters 
of graphene sample. They included intensity ratio of D peak to G peak (I(D)/I(G)), 
intensity ratio of 2D peak to G peak (I(2D)/I(G)), position of G peak (Pos(G)), full width 
at half maximum of G peak (FWHM(G)), position of 2D peak (Pos(2D)) and full width at 
half maximum of 2D peak (FWHM(2D)) . In optimization process, all statistical 
calculations in Plackett-Burman screening experiment and response surface modeling 
were performed in Microsoft Excel and SPSS licensed by Chulalongkorn University. 

 

3.2.1 Plackett-Burman screening experiments 

 Many parameters (or factors) in CVD process could affect the quality of as-
grown graphene. Screening experiment was conducted to eliminate insignificant 
factors and focus on important factors.  

Plackett-Burman design was used in this screening process due to its high 
performance with fewer experiments. 7 factors as listed in Table 3.1 were selected. 
The high and low levels were determined by our preliminary study and previous 
literatures. The coded factors were summarized in Table 3.2. 
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Table 3.1 CVD Factors for screening experiments 
Label Factors Low Level (–) High Level (+) Unit 

X1 pre-growth composition (Ar/H2) 150/150 300/300 sccm/sccm 
X2 annealing time 20 60 min 

X3 growth temperature 950 1050 °C 

X4 post-annealing composition (Ar/H2) 450/50 900/100 sccm/sccm 
X5 acetylene flow rate 0.4 1.0 sccm 
X6 growth time 10 20 min 

X7 cooling time 5 10 °C/min 

  

For each experiment, heating rate was set to 25 °C/min, while flow rate ratios 
of Ar to H2 in pre-growth stage (heating and annealing steps) and post-annealing stage 
(growth and cooling steps)  were set to 1:1 and 9:1, respectively. Once the 
temperature was below 500 °C, it was dropped uncontrollably under Ar atmosphere 
with a flow rate of 150 sccm.  Each experiment was repeated thrice. 

 

 Table 3.2 Coded factors for Plackett-Burman screening experiments 
 

Run X1 X2 X3 X4 X5 X6 X7 

1 – – – – – – – 

2 – – + + + + – 

3 – – – + + + + 

4 + – – – + + + 

5 + + – – – + + 

6 + + + – – – + 

7 + + + + – – – 

8 – + + + + – – 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36 

3.2.2 Response surface methodology 

After screening experiments, 3 significant factors were selected for studying 
their effects and interaction effects on dependent variables. Box-Behnken design was 
used in this section because the design required less number of experiments (15 
runs) and instrument limitation. Each factor was divided into 3 levels (–1, 0 and +1).   
–1 and +1 represented low and high level, respectively, from the screening 
experiments whereas 0 represented middle point between low and high level. The 
coded parameters in each experiment were listed in Table 3.3. The other factors in 
the previous experiments were determined by considering their effects on the 6 
dependent variables obtained from Raman spectra.  

 

3.3 Transfer method of graphene 

For Raman measurement, graphene on Cu growth substrate had to be 
transferred to a SiO2/Si (285 or 300 nm SiO2, B-doped Si) substrate by PMMA-mediated 
transfer method (Figure 3.5). First, graphene on Cu was attached to a glass slide by 
Scotch® tape in order to prevent PMMA coating on back side of copper. As-grown or 
modified graphene on copper was coated with 4 % w/w PMMA (purchased from Aldrich 
with average molecular weight ~996000 Da) in toluene by spin-coating at 500 rpm for 
5 s followed by 3000 rpm for 30 s. The PMMA-coated graphene on Cu was baked in 
the oven at 100 °C for at least 30 min to remove remaining solvent. The coated copper 
was detached from glass slide and 4 edges of the coated substrate were then trimmed. 
In addition, graphene on back side of substrate was removed by diluted HNO3 and Cu 
substrate was etched by floating on 1 M FeCl3. The floating PMMA/graphene hybrid 
film was subsequently transferred to beakers filled with RO water, 0.25 % w/w HCl, 
and milli-Q water, respectively, in order to remove contaminated Fe3+ ions. The film 
was finally taken up on SiO2/Si substrate. The water between PMMA/graphene film and 
SiO2/Si substrate was removed by heating in an oven at 80 °C for at least 1 hr. PMMA 
was removed with acetone 5 times and isopropanol once. The wet graphene film on 
the new substrate was blow-dried by an Ar gun. 
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Table 3.3 Coded factors for 15 experiments of 3-level Box-Behnken design 
 

Run X Y Z 

1 –1 0 +1 

2 0 –1 +1 

3 0 +1 +1 

4 +1 0 +1 

5 –1 –1 0 

6 –1 +1 0 

7 +1 +1 0 

8 +1 –1 0 

9 0 –1 –1 

10 –1 0 –1 

11 0 +1 –1 

12 +1 0 –1 

13 0 0 0 

14 0 0 0 

15 0 0 0 
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Figure 3.5 Schematic process of PMMA-mediated transfer method 

 
 
3.4 Raman measurement 

Raman spectra were recorded using DXR Raman microscope (Thermo 
scientific) equipped with a 532-nm excitation laser. All samples were analyzed under 
100X-objective lens with laser spot size of 1 m. The typical laser power was 10 mW 
with a pinhole aperture of 50 m. The exposure time was set to  2 s with 2 
accumulations. 250 spectra were measured on each sample.  

 

3.5 Synthesis of 4-nitrobenzenediazonium tetrafluoroborate 

4-Nitrobenzenediazonium tetrafluoroborate (4NBDT) was prepared from 4-
nitroaniline (Figure 3.6). First, 4-nitroaniline (1.38 g, 10 mmol) was added into 50 % 
w/w HBF4 solution (3.5 ml) and then, RO water (3.5 ml) was added into the mixture. 
Once the mixture became homogeneous, the solution was cooled down to 0 °C. The 
solution of NaNO2 (0.695 g, 10.1 mmol) in water (1.5 ml) was added dropwise.  
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Figure 3.6 Synthesis of 4-nitrobenzenediazonium tetrafluoroborate (4NBDT) from 4-

nitroaniline 
 

The mixture was stirred for 30 min. The precipitate was filtrated through filter paper. 
The precipitate was washed with small amounts of cold methanol (MeOH) and 
copious amounts of diethylether (Et2O). The product was recrystallized in 
acetone/Et2O and then dried in vacuum. The diazonium salt was kept in refrigerator 
to prevent decomposition. 

 

3.6 Functionalization of graphene 

 
3.6.1 Conventional method 

 4-Nitrobenzenediazonium tetrafluoroborate (31 mg, 0.125 mmol) was 
dissolved in 5 ml of 1 % w/v SDS solution. The mixture was sonicated for 5 min. The 
diazonium solution was dropped into the 100-ml beaker which a magnetic bar and 
graphene on substrate (SiO2/Si or Cu) were placed on the opposite sides. The solution 
was gently stirred at room temperature. After 7 hr of continuous stir, the solution was 
carefully removed by dropper. The functionalized graphene was washed thrice with 
Milli-Q water. Then, the film was soaked in Milli -Q water overnight in order to 
completely remove surfactant molecules from the surface. Finally, the film was dried 
by an Ar gun. 
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3.6.2 Photoinduced method 

 

 
Figure 3.7 A fluorescence box installed with 2 blacklights on the top of the box 

 

 The same diazonium solution as in 3.6.1 was dropped into beaker in which 
graphene film was placed. Then the solution was irradiated inside a fluorescence box 
under blacklight (364 nm) for 30 min. The solution was poured out and the film was 
washed thrice with Milli-Q water and then soaked in Milli-Q water overnight. Finally, 
the film was dried by an Ar gun. 
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CHAPTER IV  
RESULTS AND DISCUSSION 

As aforementioned in chapter II, copper (Cu), nickel (Ni) and cobalt (Co) are 
promising substrates for graphene synthesis. At high temperature, carbon atoms can 
dissolve in these metals. Because Cu has lowest carbon solubility as stated in Table 
4.1, self-limiting growth can be achieved easier than other metal. Hence, Cu is widely 
used as a substrate for graphene synthesis.   
 

Table 4.1 Carbon solubility in nickel (Ni), cobalt (Co) and copper (Cu) [48] 
Metal Substrate % C atom Temperature (°C) 

Ni 0.19 600 
Co 0.13 700 
Cu 0.0007–0.0280  1000 

 

 
Figure 4.1 Photographs of 25-m-thick Cu foils (A) before and (B) after graphene 

growth by CVD 
 

Cu from Alfa Aesar is bright reddish brown as shown in Figure 4.1(A). After 
graphene growth there was no noticeable change when observing by naked eyes 
(Figure 4.1(B)). Optical micrographs of Cu surface revealed that, Cu surface became 
smoother and formed microscopic grains after CVD process (Figure 4.2). However, the 
quality of graphene formed could not be verified by those micrographs. 
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Figure 4.2 Optical micrographs of Cu foils (A) before and (B) after graphene growth by 

CVD 
 

Due to the fact that Raman measurement of graphene on Cu gives low signal 
with strong fluorescent background, graphene needs to be transfer to SiO2/Si substrate 
prior to the Raman measurement.  

 

 
Figure 4.3 (A) PMMA/graphene hybrid film floating on 1 M FeCl3 solution (B) graphene 

film transferred on SiO2/Si substrate (285 nm SiO2) 
 
As described in chapter III, graphene was transferred by PMMA-mediated 

method. PMMA acts as a support for graphene after Cu-etching (Figure 4.3(A)). Finally, 
PMMA was removed by acetone after being taken up onto SiO2/Si substrate. As 
illustrated in Figure 4.3(B), graphene can be clearly discriminated from SiO2/Si substrate. 
On 285 nm SiO2 wafer, graphene can be seen more easily than that on 300 nm SiO2 
wafer by naked eyes. However, graphene can be clearly observed on both wafers 
under microscope (Figure 4.4) 
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Figure 4.4  Graphene on (A) 300 nm and (B) 285 nm SiO2 wafer 

 
4.1 Plackett-Burman screening experiment 

First, optimizing direction of 6 dependent variables, whether a higher or lower 
value is preferable, needed to be decided. I(D)/I(G) ratio indicating the amount of 
defect on graphene should be minimized since the quality of graphene strongly 
depends on this variable. On the contrary, I(2D)/I(G) ratio should be maximized 
because graphene with fewer layers is more desirable. Positions of G and 2D peaks 
are shifted by 2 reasons including increase in the number of layer and doping. As the 
number of layer increases, the red shift of G peak and the blue shift of 2D peak are 
observed. For doping, the position of G always goes red shift while the position of 2D 
can possibly go red or blue shift depending on the type of doping. Despite the fact 
that Ar, H2 and C2H2 or combinations of them were continuously fed throughout the 
process, trace amount of air could possibly remain in the reactor. Therefore, as-grown 
graphene could probably be doped by N2 or O2. As a result, high quality pristine 
graphene usually shows G and 2D peak at higher and lower  wavenumber, 
respectively, compared to our graphene. Moreover, 2D peak broadens as the number 
of layer increases while G peak broadens with increasing level of doping. Thus, the 
full width at half maximum of G and 2D peaks should be lessened. Favorable trends 
for each dependent variable are summarized in Table 4.2. 
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Table 4.2 Dependent variables and their optimizing directions 
Dependent Variable Optimizing Direction 

I(D)/I(G) Minimize 
I(2D)/I(G) Maximize 
Pos(G) Maximize 

FWHM(G) Minimize 
Pos(2D) Minimize 

FWHM(2D) Minimize 
 

The experiments were conducted according to parameters in previous 
chapter. Each run was repeated thrice. Each sample was characterized by a confocal 
Raman spectrometer and 250 spectra were collected. The representative value of 
each parameter as shown in Table 4.3 was averaged from 750 spectra.  

To decide which factors significantly influenced dependent variable, Lenth’s 
Pseudo Standard Error (Lenth’s PSE) was chosen because it could justify our decision 
without the need of a dummy factor (a factor without any effect on dependent 
variable). This method assumes that a factor with the least effect is the dummy. 
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As stated in Table 4.3, I(D)/I(G) ratios range from 0.19 to 1.10. This indicates 
that inter-defect distances vary from 11.5 to 27.6 nm. While I(2D)/I(G)  ratios, 
interpreting the number of graphene layer, imply that only bilayer graphene up to 
multi layer graphene were produced under var ious growth conditions. The 
interpretation according to I(2D)/I(G) ratios was also consistent with that according to 
FWHM(2D) values, which can also be used to determine the thickness of graphene. 
When considering Pos(G) values, all of samples synthesized under these conditions 
were not doped by trace amount of nitrogen remained in the reactor. This is in 
consistent with a previous report [74] in that Pos(G) of N-doped graphene is lower 
than 1583 cm–1. Interestingly, there is a remarkable relationship between I(D)/I(G) 
ratios and FWHM(G) values. In high defect samples, their G peaks are usually 
broadened. This suggests that as defect density increases, graphene becomes closer 
to amorphous carbon.  

 
Figure 4.5 Bar charts showing average (A) I(D)/I(G) and (B) I(2D)/I(G) ratios at high and 

low levels of independent variables and Pareto charts of absolute effect of 
independent variables on (C) I(D)/I(G) and (D) I(2D)/I(G) values  
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After acquiring data from Raman spectra, they were processed as described in 
the literature [75]. As shown in Figure 4.5(A), annealing time (X2), growth temperature 
(X3) and Ar-H2 composition during post-annealing steps (X4) showed negative effect 
on I(D)/I(G). On the other hand, growth time (X5) and cooling rate (X6) positively 
affected I(D)/I(G). While Ar-H2 composition before growth (X1) and acetylene flow rate 
(X5) had no much effect on I(D)/I(G). The Pareto chart in Figure 4.5(C) showed sorted 
absolute effect on I(D)/I(G). The most effective factor was growth temperature (X3) 
followed by growth time (X6), cooling rate (X7), annealing time (X2), Ar-H2 composition 
during post-annealing steps (X4), acetylene flow rate (X5) and Ar-H2 composition 
before growth (X1), respectively. At 70% level of confidence, growth temperature (X3) 
was the only significant factor affecting I(D)/I(G).  

As seen in Figure 4.5(B), I(2D)/I(G) could be enhanced by increasing annealing 
time (X2), growth temperature (X3) and Ar-H2 composition during post-annealing steps 
(X4). On the contrary, increasing cooling rate (X7), growth time (X6) and Ar-H2 
composition before growth (X1) resulted in decrease of I(2D)/I(G), while acetylene 
flow rate (X5) did not make any noticeable change in I(2D)/I(G). We also found that 
growth temperature (X3) and Ar-H2 composition during post-annealing steps (X4) had 
much higher impact on I(2D)/I(G) than the other affecting factors had at 80% level of 
confidence (Figure 4.5(D)).  
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Figure 4.6 Bar charts showing average (A) Pos(G) and (B) FWHM(G) values at high and 

low levels of independent variables and Pareto charts of absolute effect of 
independent variables on (C) Pos(G) and (D) FWHM(G) values 

 

Figure 4.6(A) shows that the growth temperature (X3), cooling rate (X7) and 
annealing time (X2) were clearly insignificant to Pos(G). While acetylene flow rate (X5), 
Ar-H2 composition before growth (X1), growth time (X6) and Ar-H2 composition during 
post-annealing step (X4) showed small effects on Pos(G). Nonetheless, only acetylene 
flow rate (X5) was predicted to be significant at 52.5% level of confidence (Figure 
4.6(C)). However, effects of all factors on Pos(G) were less than the resolution of 
Raman spectrometer (7 cm–1). Therefore, the results were not valid.  

FWHM(G), suggesting doping level on graphene, was negatively affected by 
annealing time (X2), growth temperature (X3) and Ar-H2 composition during post-
annealing steps (X4) as shown in Figure 4.6(B). On the contrary, Ar-H2 composition 
before growth (X1), growth time (X6) and cooling rate (X7) had positive influences on 
FWHM(G), whereas acetylene flow rate (X5) did not show any significant effect on 
FWHM(G). Comparing absolute effects of independent variables, growth temperature 
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(X3) and Ar-H2 composition during post-annealing steps (X4) were anticipated as 
significant factors at 70% level of confidence as shown in Figure 4.6(D). Growth time 
(X6), cooling rate, (G) Ar-H2 composition before growth (X1) and annealing time (X2) 
had similar absolute effects. 

Information on peak 2D is very useful for indicating the thickness of graphene. 
I(2D)/I(G) ratio is usually considered first because it is the factor that can be easily 
observed. Still, I(2D)/I(G) may be remarkably disturbed by charge particles adsorbed 
on graphene. Therefore, many researchers commonly scrutinize Pos(2D) as well as 
FWHM(2D) due to their less charge effects. 

 

  
Figure 4.7 Bar charts showing average (A) Pos(2D) and (B) FWHM(2D) values at high 

and low levels of independent variables and Pareto charts of absolute 
effect of independent variables on (C) Pos(2D) and (D) FWHM(2D) values 

 
As demonstrated in Figure 4.7, only growth time (X6) and cooling rate (X7) had 

positive effect on Pos(2D).  Meanwhile, the other factors negatively affected Pos(2D). 
However, the effective factors for tuning Pos(2D) were growth temperature (X3) and 
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Ar-H2 composition during post-annealing steps (X4) at 80% level of confidence. As 
well as Pos(2D), growth temperature (X3) and Ar-H2 composition during post-annealing 
steps (X4) were considered as significant factors for reducing FWHM(2D). In addition to 
Pos(G), Pos(2D) showed variations which were less than the resolution of Raman 
spectrometer. Hence, this information was also not reliable to describe the variation 
of Pos(2D). 

According to the above studies as summarized in Table 4.4, the factors having 
significant on various dependent variables were growth temperature (X3) and Ar-H2 
composition during post-annealing steps (X4). Both of them played important roles in 
tuning I(2D)/I(G), FWHM(G), Pos(2D) and FWHM(2D). In addition, growth temperature 
(X3) took an important part in decreasing defect density estimated by I(D)/I(G).  
Therefore, growth temperature (X3) and Ar-H2 composition during post-annealing 
steps (X4) were selected for further study based on response surface methodology. 

Nevertheless, optimization of Pos(G) was still unclear. The most effective 
parameter was acetylene flow rate (X5), which was significant at 52.5% level of 
confidence. This low level of confidence meant it was possible that none of the 
factors studied here was a significant factor affecting Pos(G). Still, acetylene flow rate 
is one of the crucial factors in graphene synthesis, because it controls nucleation rate 
and growth rate [47]. In addition, there was a report [42] that studied the effect of 
acetylene flow rate on quality of as-grown graphene. Thus, acetylene flow rate (X5) 
was also selected for further study using response surface methodology. 
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Table 4.4 Summary of optimum direction of independent factors to achieve optimizing 
direction of dependent variables (P = Positive, N = Negative) 

Dependent 
variable 

Optimizing 
direction 

Optimum direction 

X1 X2 X3 X4 X5 X6 X7 

I(D)/I(G) N P P P P N N N 

I(2D)/I(G) P N P P P P N N 

FWHM(G) N N P P P P N N 

FWHM(2D) N N P P P P N N 

 

Apart from selecting three factors for constructing response surfaces, the 
remaining factors that would not be included in the study needed to be fixed by 
considering optimum direction, as in Table 4.4. Firstly, Ar-H2 composition before 
growth (X1) was fixed to 150/150 sccm/sccm because setting the factor at low level 
satisfied most of dependent variables except I(D)/I(G). Furthermore, using such flow 
rates could reduce gas cost. In addition, low total flow rates could reduce retention 
time which makes cleaning process more efficient. Secondly, annealing time (X2) was 
set at 60 min. The results were in consistent with previous reports in that extension 
of annealing time could improve the quality of graphene [76-78]. Prolonging annealing 
time could afford cleaner reconstructed surface. Thirdly, growth time (X6) was 
specified to 10 min as reported by Chinese research team [42]. Normally, CVD process 
using acetylene is not self-limited, due to high pyrolysis rate of acetylene, so long 
growth time could directly affect graphene thickness. Finally, cooling rate was set at 
5 °C, to satisfy all dependent variables except Pos(2D). This results is in consistent 
with previous report [15] that low cooling rate could reduce both defect density and 
thickness of graphene. As temperature drops, carbon atoms could probably form 5-, 
6-, 7- or 8-membered rings. However, only 6-membered ring is thermodynamically 
favored. Other ring types could form but they are not stable. Slow cooling provides 
more time for rearrangement and more energy to overcome energy barrier to form 
stable graphene.  
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Noticeably, for these experiments, high value of  was used to determine 
whether or not each factor was significant. Generally,  was set at 0.05 to 0.10, which 
corresponded to 90 to 95% level of confidence. This also meant that there was high 
possibility that type I error could occur. This might be because the dependent 
variables were quite sensitive to those independent factors and dummy factors were 
not added in the experiments. To guarantee correctness of collected data, a great 
number of Raman spectra had to be recorded and interpreted. 

 

4.2 Response surface methodology 

The results from screening experiments suggested that growth temperature 
(X3) and Ar-H2 composition during post-annealing steps (X4) be used for response 
surface modeling. 

According to previous report [42], growth temperature (X3) was already known 
as the main factor controlling the quality of graphene. For Ar-H2 flow rates (X4), they 
did not only dilute acetylene gas but also controlled residence time of acetylene gas. 
Last but not least, acetylene flow rate (X5) also directly affected nucleation and 
growth rates. Thus, acetylene flow rate (X5) was selected as another factor for 
response surface modeling. 

Normally, highest growth temperature of graphene synthesized via CVD 
process from methane is 1050 °C. However, the other processes operate below 1000 
°C. Also, some researchers anticipated that CVD graphene synthesized from acetylene 
could perform at lower temperature. Thus, the effect of growth temperature (X3) in 
our experiments was observed between 950 to 1050 °C 

Furthermore, the total flow rates of input gases in previous reports [10, 19, 42] 
were very different depending on operating pressure. At atmospheric pressure, Ar-H2 
total flow rates of 1000 sccm were confirmed to produce low defect bilayer 
graphene. Nonetheless, H2/Ar flow rate ratio must be 0.010-0.111. Hence, the flow 
rate ratio of H2/Ar in experiments was kept at 0.111 and total flow rates were 
investigated.  
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As stated earlier that acetylene, as carbon precursor, has high pyrolysis rate, 
so small amounts of acetylene were needed in the process. The lowest flow rate of 
acetylene fed into the reactor was 0.24 sccm under low pressure. While at 
atmospheric pressure, it was a little bit higher at 1.0 sccm. Therefore, in these 
experiments, acetylene flow rate (X5) was varied lower than previous reports [42, 47].    

 

Table 4.5 Three factors for response surface modelling (RSM) 
Factor Unit Level (–1) Level (0) Level (+1) 

C °C 950 1000 1050 
D sccm/sccm 450/50 675/75 900/100 
E sccm 0.4 0.7 1.0 

 

Box-Behnken design was employed in this study. Although this model does 
not cover all over spaces, the required number of experiments for this design is less 
than that of other designs such as central composite design (CCD) or full factorial 
design. Also, high level of temperature expected to be a main factor for controlling 
the quality of graphene was limited due to furnace specification. 

According to Box-Behnken design, three levels of each factor had to be 
specified. Thus, middle point between high and low level in Plackett-Burman design 
was set as Level (0) as shown in Table 4.5.     

15 experiments were conducted with variable parameters as specified in Table 
4.6 and fixed parameters as discussed in previous section. The as-grown graphene on 
Cu was transferred to SiO2/Si before Raman measurement. 250 Raman spectra were 
collected for each run and 6 Raman parameters were extracted for modeling as have 
been done in the screening experiments.  
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Table 4.6 Coded and actual parameters in Box-Behnken Design 

Run 
Coded Value Actual Value 

C D E C (°C) D (sccm/sccm) E (sccm) 
1 –1 0 +1 950 675/75 1.0 
2 0 –1 +1 1000 450/50 1.0 
3 0 +1 +1 1000 900/100 1.0 
4 +1 0 +1 1050 675/75 1.0 
5 –1 –1 0 950 450/50 0.7 
6 –1 +1 0 950 900/100 0.7 
7 +1 +1 0 1050 900/100 0.7 
8 +1 –1 0 1050 450/50 0.7 
9 0 –1 –1 1000 450/50 0.4 
10 –1 0 –1 950 675/75 0.4 
11 0 +1 –1 1000 900/100 0.4 
12 +1 0 –1 1050 675/75 0.4 
13 0 0 0 1000 675/75 0.7 
14 0 0 0 1000 675/75 0.7 
15 0 0 0 1000 675/75 0.7 

 

As shown in Table 4.7, the quality of graphene varied from medium to low. 
The best sample was from Run 12 with I(D)/I(G) of 0.28, (I2D)/I(G) of 1.45, Pos(G) of 
1587.42 cm–1, FWHM(G) of 23.21 cm–1, Pos(2D) of 2687.85 cm–1 and FWHM(2D) of 
47.40 cm–1. Even though, defect density of the best sample in these experiments was 
greater than that of the best sample from Plackett-Burman screening experiments, 
the thickness of graphene from Run 12 as indicated by I(2D)/I(G) and FWHM(2D) were 
much better than that from the screening experiments. Unfortunately, ranges of 
Pos(G) and Pos(2D) were less than the resolution of Raman spectrometer. 
Consequently, models developed from these data for predicting Pos(G) and Pos(2D) 
were not reliable. 
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Table 4.7 Summary of Raman parameters from experiments of Box-Behnken Design 

 
 

The average parameters including I(D)/I(G), (I2D)/I(G), FWHM(G) and FWHM(2D) 
were then analyzed by multiple linear regression (MLR) using SPSS software provided 
by Chulalongkorn University. The full quadratic model was selected for every 
dependent variable because linear terms, interaction terms and quadratic terms were 
included. The calculated regression coefficients were summarized in Table 4.8.  

Coefficient of determination was calculated for investigating fitness of model. 
All models had high coefficient of determination up to 0.97. This implied that the 
mathematical model could predict dependent variables well.  

In addition to coefficient of determination, analysis of variance (ANOVA) and 
lack-of-fit test were performed to observe degree of fit. ANOVA results were shown in 
Table 4.9. P-values of the corrected models of I(D)/I(G), I(2D)/I(G), FWHM(G) and 
FWHM(2D) were less than 0.05 indicating that those models were significant and well-
described by the factors.  

 

 

x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD

1 1.05 0.13 0.35 0.07 1586.45 2.41 60.93 14.35 2696.33 4.20 89.39 7.58

2 0.94 0.33 0.46 0.12 1587.05 2.25 47.56 15.36 2690.67 3.50 74.08 9.77

3 0.72 0.28 0.70 0.15 1586.66 2.38 39.29 13.42 2693.71 3.65 71.00 7.77

4 0.41 0.33 0.83 0.27 1586.44 2.34 32.83 9.36 2693.47 5.19 66.50 6.56

5 1.06 0.14 0.37 0.07 1582.38 2.37 62.07 13.70 2691.41 3.75 91.60 7.14

6 1.09 0.16 0.41 0.07 1582.90 2.07 56.94 13.95 2691.05 4.25 87.24 6.17

7 0.34 0.27 1.19 0.36 1587.34 2.73 26.07 4.27 2688.60 4.07 50.68 5.13

8 0.74 0.49 1.25 0.45 1584.57 1.98 34.57 12.31 2683.88 5.37 57.25 7.92

9 0.82 0.34 0.74 0.20 1585.67 2.57 41.44 15.74 2689.05 3.93 69.80 9.42

10 1.04 0.17 0.42 0.09 1584.97 2.44 55.00 14.57 2693.53 4.43 85.72 7.41

11 0.64 0.31 0.91 0.25 1585.62 2.11 36.49 11.86 2686.54 4.34 64.67 8.14

12 0.28 0.29 1.45 0.57 1587.42 2.13 23.21 3.77 2687.85 3.94 47.40 5.28

13 0.86 0.32 0.76 0.20 1585.73 2.60 44.45 14.78 2687.33 4.58 72.06 9.08

14 0.91 0.30 0.71 0.18 1584.86 2.26 44.98 14.34 2687.19 4.60 72.05 7.44

15 0.94 0.38 0.66 0.19 1584.86 2.78 47.03 17.19 2688.72 4.52 74.26 10.01

FWHM(2D)Run I(D)/I(G) I(2D)/I(G) Pos(G) FWHM(G) Pos(2D)
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Table 4.8 Summary of coefficients calculated from multiple linear regression (MLR) 

Independent 
variable 

Coefficients 

I(D)/I(G) I(2D)/I(G) FWHM(G) FWHM(2D) 

Intercept 0.903 0.708 45.485 72.792 

X3 –0.31 0.395 –14.782 –16.515 

X4 –0.095 0.049 –3.356 –2.391 

X5 0.044 –0.146 3.059 4.172 

X3*X4 –0.107 –0.025 –0.842 –0.551 

X3*X5 0.03 –0.135 0.92 3.86 

X4*X5 –0.01 0.019 –0.831 0.511 

X3
2 –0.09 0.08 0.613 0.634 

X4
2 –0.006 0.016 –1.183 –1.733 

X5
2 –0.117 –0.024 –3.104 –1.174 

 

Then, the effect of each term was considered. Growth temperature (X3) 
apparently affected all Raman parameters as p-value was less than 0.05. While Ar-H2 
flow rates (X4) had influences only on I(D)/I(G), FWHM(G) and FWHM(2D). Interestingly, 
acetylene flow rate (X5), which seemed to have no effect on any dependent variable 
according to the screening experiments, showed effects on I(2D)/I(G) and Pos(2D). 

Three factors (X3, X4 and X5) have three interaction terms including X3X4, X3X5 
and X4X5. The interaction between growth temperature (X3) and Ar-H2 flow rates (X4) 
played important roles in I(D)/I(G) and Pos(2D) whereas the interaction between 
growth temperature (X3) and acetylene flow rate (X5) affected I(2D)/I(G) and 
FWHM(2D). 

For quadratic terms (X3
2, X4

2 and X5
2), they can suggest non-linear relationships. 

In models of I(2D)/I(G) and FWHM(2D), the quadratic terms were not required for good 
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fit. On the contrary, the quadratic terms of growth temperature (X3
2) and acetylene 

flow rate (X5
2) showed significant roles on I(D)/I(G) models. Meanwhile, only quadratic 

term of acetylene flow rate (X5
2) significantly described changes in FWHM(G).  

The results from ANOVA, as stated in Table 4.9, suggested that each model 
needed different sets of terms to describe the dependent variable, even though 
coefficient of determination were close to 1 and there were no lack-of-fit in every 
model, as shown in Table 4.10. This might indicate that our current models were 
overfitted. So, leave-one-out cross validation (LOOCV) was carried out to observe the 
overfit. As illustrated in Figure 4.8, there were variations in every model.  

Due to unnecessary terms in the full quadratic models, new models were 
developed by removing terms with p-value higher than 0.05 according to ANOVA 
results. 
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Table 4.9 ANOVA of full quadratic models for I(D)/I(G), I(2D)/I(G), FWHM(G), and 
FWHM(2D)     

Source 
Sum of 
Squares 

df 
Mean 
Square 

F p-value 

Corrected Model 

I(D)/I(G) .981a 9 0.109 29.861 0.001 

I(2D)/I(G) 1.543b 9 0.171 24.636 0.001 

FWHM(G) 1964.070d 9 218.23 114.668 0 

FWHM(2D) 2446.634f 9 271.848 39.505 0 

Intercept 

I(D)/I(G) 2.445 1 2.445 669.523 0 

I(2D)/I(G) 1.505 1 1.505 216.217 0 

FWHM(G) 6206.602 1 6206.602 3261.219 0 

FWHM(2D) 15896.02 1 15896.02 2309.986 0 

X1 

I(D)/I(G) 0.769 1 0.769 210.661 0 

I(2D)/I(G) 1.248 1 1.248 179.299 0 

FWHM(G) 1748.104 1 1748.104 918.53 0 

FWHM(2D) 2182.075 1 2182.075 317.096 0 

X2 

I(D)/I(G) 0.072 1 0.072 19.784 0.007 

I(2D)/I(G) 0.019 1 0.019 2.792 0.156 

FWHM(G) 90.102 1 90.102 47.343 0.001 

FWHM(2D) 45.729 1 45.729 6.645 0.05 
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Table 4.9 ANOVA of full quadratic models for I(D)/I(G), I(2D)/I(G), FWHM(G), and 
FWHM(2D) (continued)   

Source 
Sum of 
Squares 

df 
Mean 
Square 

F p-value 

X5 

I(D)/I(G) 0.015 1 0.015 4.187 0.096 

I(2D)/I(G) 0.171 1 0.171 24.601 0.004 

FWHM(G) 74.836 1 74.836 39.322 0.002 

FWHM(2D) 139.228 1 139.228 20.232 0.006 

X3*X4 

I(D)/I(G) 0.045 1 0.045 12.454 0.017 

I(2D)/I(G) 0.002 1 0.002 0.349 0.58 

FWHM(G) 2.834 1 2.834 1.489 0.277 

FWHM(2D) 1.213 1 1.213 0.176 0.692 

X3*X5 

I(D)/I(G) 0.004 1 0.004 0.993 0.365 

I(2D)/I(G) 0.073 1 0.073 10.528 0.023 

FWHM(G) 3.384 1 3.384 1.778 0.24 

FWHM(2D) 59.593 1 59.593 8.66 0.032 

X4*X5 

I(D)/I(G) 0 1 0 0.118 0.746 

I(2D)/I(G) 0.001 1 0.001 0.198 0.675 

FWHM(G) 2.763 1 2.763 1.452 0.282 

FWHM(2D) 1.045 1 1.045 0.152 0.713 
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Table 4.9 ANOVA of full quadratic models for I(D)/I(G), I(2D)/I(G), FWHM(G), and 
FWHM(2D) (continued)   

Source 
Sum of 
Squares 

df 
Mean 
Square 

F p-value 

X3
2 

I(D)/I(G) 0.03 1 0.03 8.16 0.036 

I(2D)/I(G) 0.024 1 0.024 3.401 0.124 

FWHM(G) 1.387 1 1.387 0.729 0.432 

FWHM(2D) 1.486 1 1.486 0.216 0.662 

X4
2 

I(D)/I(G) 0 1 0 0.037 0.856 

I(2D)/I(G) 0.001 1 0.001 0.131 0.732 

FWHM(G) 5.164 1 5.164 2.714 0.16 

FWHM(2D) 11.086 1 11.086 1.611 0.26 

X5
2 

I(D)/I(G) 0.05 1 0.05 13.829 0.014 

I(2D)/I(G) 0.002 1 0.002 0.303 0.606 

FWHM(G) 35.584 1 35.584 18.697 0.008 

FWHM(2D) 5.085 1 5.085 0.739 0.429 

Error 

I(D)/I(G) 0.018 5 0.004     

I(2D)/I(G) 0.035 5 0.007     

FWHM(G) 9.516 5 1.903     

FWHM(2D) 34.407 5 6.881     
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Table 4.10 Lack-of-fit analysis of I(D)/I(G), I(2D)/I(G), FWHM(G), and FWHM(2D) quadratic 
models 

Dependent  
Variable 

Sum of 
Squares df 

Mean 
Square F p-value 

I(D)/I(G) Lack of Fit .015 3 .005 3.566 .227 

Pure Error .003 2 .001     

I(2D)/I(G) Lack of Fit .030 3 .010 4.056 .204 

Pure Error .005 2 .002     

FWHM(G) Lack of Fit 5.788 3 1.929 1.035 .526 

Pure Error 3.728 2 1.864     

FWHM(2D) Lack of Fit 31.168 3 10.389 6.415 .138 

Pure Error 3.239 2 1.620     

 

The coefficients of reduced models were shown in Table 4.11. The coefficients 
had slight variations from the full model, but the sign of each term remained the 
same. Because Box-Behnken design is near rotatable. Although terms were added or 
removed, the coefficients would not be significantly varied. 

ANOVA was performed to observe the significances of models and each term 
(Table 4.12 – 4.15). After removing inactive terms, all models still remained significant. 
Coefficient of determination of every reduced model was lower than those of full 
models. Nevertheless, all coefficients of determination were greater than 0.90. 
Moreover, no lack-of-fit was found for every model. 
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Figure 4.8 Leave-one-out cross validation of (A) I(D)/I(G), (B) I(2D)/I(G), (C) FWHM(G) 
and (D) FWHM(2D) models 
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Table 4.11 Summary of coefficients calculated from multiple linear regression (MLR) 
after removing unnecessary terms 

Variables 
Coefficients 

I(D)/I(G) I(2D)/I(G) FWHM(G) FWHM(2D) 

Constant 0.899 0.747 45.159 71.58 

X3 –0.31 0.395 –14.782 –16.515 

X4 –0.095 – –3.356 –2.391 

X5 – –0.146 3.059 4.172 

X3*X4 –0.107 – – – 

X3*X5 – –0.135 – 3.86 

X4*X5 – – – – 

X3
2 –0.089 – – – 

X4
2 – – – – 

X5
2 –0.116 – –3.064 – 

 

 The remaining terms in most models significantly influenced the dependent 
variables. The cross validations of reduced models are shown in Figure 4.9. The 
predicted values became closer to the actual values. LOOCV-RMSE would be utilized 
to observe predictive ability of the models.  

By comparing LOOCV-RMSE of full quadratic models to reduced models, the 
RMSE became smaller. This indicated that the predictive ability increased after 
removing unnecessary terms.  
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Table 4.12 ANOVA and Lack-of-fit analysis for reduced model of I(D)/I(G) 

Source 
Type III Sum 
of Squares df Mean Square F p-value 

Corrected Model .962a 5 .192 45.881 .000 
Intercept 3.502 1 3.502 835.318 .000 
X3 .769 1 .769 183.462 .000 
X4 .072 1 .072 17.230 .002 
X3*X4 .045 1 .045 10.846 .009 
X3

2 .030 1 .030 7.076 .026 
X5

2 .050 1 .050 12.019 .007 
Error .038 9 .004     
Total 10.343 15       
Corrected Total 1.000 14       

Lack of Fit .015 3 .005 1.307 .356 
Pure Error .023 6 .004     

a. R Squared = .962  

Table 4.13 ANOVA and Lack-of-fit analysis for reduced model of I(2D)/I(G) 

Source 
Type III Sum 
of Squares df Mean Square F p-value 

Corrected Model 1.492a 3 .497 63.939 .000 
Intercept 8.360 1 8.360 1074.643 .000 
X3 1.248 1 1.248 160.393 .000 
X5 .171 1 .171 22.007 .001 
X3*X5 .073 1 .073 9.418 .011 
Error .086 11 .008     
Total 9.938 15       
Corrected Total 1.578 14       

Lack of Fit .035 5 .007 .841 .566 
Pure Error .050 6 .008     

a. R Squared = .946  
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Table 4.14 ANOVA and Lack-of-fit analysis for reduced model of FWHM(G) 

Source 
Type III Sum 
of Squares df Mean Square F p-value 

Corrected Model 1948.083a 4 487.021 190.974 .000 
Intercept 14275.467 1 14275.467 5597.790 .000 
X3 1748.104 1 1748.104 685.478 .000 
X4 90.102 1 90.102 35.331 .000 
X5 74.836 1 74.836 29.345 .000 
X5

2 35.042 1 35.042 13.741 .004 
Error 25.502 10 2.550     
Total 30390.261 15       
Corrected Total 1973.585 14       

Lack of Fit 21.774 8 2.722 1.460 .469 
Pure Error 3.728 2 1.864     

a. R Squared = .987  
Table 4.15 ANOVA and Lack-of-fit analysis for reduced model of FWHM(2D) 

Source 
Type III Sum 
of Squares df Mean Square F p-value 

Corrected Model 2426.625a 4 606.656 111.485 .000 
Intercept 76856.147 1 76856.147 14123.813 .000 
X3 2182.075 1 2182.075 400.999 .000 
X4 45.729 1 45.729 8.404 .016 
X5 139.228 1 139.228 25.586 .000 
X3*X5 59.593 1 59.593 10.951 .008 
Error 54.416 10 5.442     
Total 79337.189 15       
Corrected Total 2481.041 14       

Lack of Fit 51.177 8 6.397 3.950 .218 
Pure Error 3.239 2 1.620     

a. R Squared = .978  
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Figure 4.9 Leave-one-out cross validation of (A) I(D)/I(G), (B) I(2D)/I(G), (C) FWHM(G) 
and (D) FWHM(2D) reduced models 
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Table 4.16 Comparison of root-mean-square error (RMSE) of leave-one-out cross 
validation (LOOCV), coefficient of determination  

Model 
LOOCV-RMSE Coefficient of determination 

Full Reduced Full Reduced 
I(D)/I(G) 0.130 0.097 0.982 0.962 
I(2D)/I(G) 0.181 0.099 0.978 0.946 
FWHM(G) 2.595 2.015 0.995 0.987 
FWHM(2D) 5.808 3.295 0.986 0.978 

 

In summary, the reduced models were good tools for approximating I(D)/I(G), 
I(2D)/I(G), FWHM(G) and FWHM(2D).  

After obtaining the mathematical models, contour plots (Figure 4.10 – 4.14) 
were constructed to observe effect of each parameter. In models of I(2D)/I(G), only 
growth temperature (X3) and acetylene flow rate (X5) were considered while all three 
parameters were considered in the other models. Furthermore, the parameters 
would be optimized to achieve highest quality graphene under investigating space. 

Obviously, growth temperature (X3) was the most effective factor to control 
I(D)/I(G) as seen in Figure 4.10(A) and 4.10(B). This is in consistent with previous report 
[42]. I(D)/I(G) gradually increased as temperature dropped. While Ar-H2 flow rates (X4) 
had small negative effect on I(D)/I(G), however, the interaction between growth 
temperature (X3) and Ar-H2 flow (D) had more effect than only Ar-H2 flow rates (X4). 
At high Ar-H2 flow rate (X4) and high temperature (X3), I(D)/I(G) reached minimum 
within investigating space. 
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Figure 4.10 Response surface plots of I(D)/I(G) for (A) growth temperature and Ar-H2 

flow rates, (B) growth temperature and acetylene flow rate and (C) Ar-H2 
flow rates and acetylene flow rate     

  

Although the linear term of acetylene flow rate (X5) was not considered as 
active component in the model, the quadratic term of acetylene flow rate (X5

2) was 
an important element for better approximation. Interestingly, both high and low 
acetylene flow rates could afford graphene with low defect. On the other hand, 
medium acetylene flow rate (X5) could increase I(D)/I(G). The interaction between 
acetylene flow rate (X5) and Ar-H2 flow rates (X4) was suppressed at high Ar-H2 flow 
rates (X4) and parabolic change was observed at very low Ar-H2 flow rates (X4) (Figure 
4.10(C)).  

 

 
Figure 4.11 Response surface plots of I(2D)/I(G) for growth temperature and acetylene 

flow rate  
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 Model of I(2D)/I(G) concerned only to growth temperature (X3) and acetylene 
flow rate (X5). Figure 4.11(A) shows that growth temperature (X3) was still a dominant 
factor. Interestingly, I(2D)/I(G) rapidly changed with acetylene flow rate (X5) when it 
was greater than 0.95 sccm but the change became gradual when acetylene flow 
rate (X5) was lower than 0.975 sccm. Such observation was more obvious at higher 
growth temperature (X3). The maximum I(2D)/I(G) was observed at lowest acetylene 
flow rate (X5) and highest growth temperature within investigating space. 

   

 

 
Figure 4.12 Response surface plots of FWHM(G) for (A) growth temperature and Ar-H2 

flow rates, (B) growth temperature and acetylene flow rate and (C) Ar-H2 
flow rates and acetylene flow rate  

  

For FWHM(G), no interaction term was present in the model. There were only 
three linear terms (X3, X4 and X5) and a quadratic term of acetylene flow rate (X5

2). 
Growth temperature was once again a key factor to tune FWHM(G). The lowest 
FWHM(G) was obtained at high Ar-H2 flow rates (X4) and growth temperature (X3) (Figure 
4.12(A)). Decreasing acetylene flow rate (X5) can also decrease FWHM(G) (Figure 4.12(B)). 
This observation was more obvious when acetylene flow rate (X5) was lower than 0.6 
sccm.   
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Figure 4.13 Response surface plots of FWHM(2D) for (A) growth temperature and Ar-

H2 flow rates, (B) growth temperature and acetylene flow rate and (C) Ar-
H2 flow rates and acetylene flow rate  

 

FWHM(2D) is the most precise indicator for approximating the number of 
graphene layer because it is not disturbed efficiently by charge impurity.  Figure 
4.13(B) showed that the best quality graphene was produced at high temperature (X3) 
with low acetylene flow rate (X5). While high flow rates of Ar and H2 (X4) showed 
small negative effect on FWHM(2D) (Figure 4.13(A) and 4.13(B)). The thinnest graphene 
synthesized under investigating space was bilayer with FWHM(2D) of 40-50 cm–1. 

In summary, growth temperature (X3), acetylene flow rate (X5) and Ar-H2 flow 
rates (X4) are important factors to achieve the thinnest graphene with lowest defect. 
The response surface models suggested that the best quality graphene could be 
produced at 1050 °C with Ar-H2-acetylene flow rate ratio of 900/100/0.4.   

 Nucleation and growth rates are kinetic parameters controlling growth of 
graphene. Low nucleation and high growth rates are preferred because they could lead 
to large graphene grain with low defect. Defects on graphene usually refer to graphene 
edges or non-6-membered ring structures. Defect density can be estimated by I(D)/I(G) 
ratio from Raman spectra. Due to high pyrolysis rate of acetylene, nucleation rate of 
the process is often high resulting in high edge defects. Furthermore, high nucleation 
rate could create additional graphene layer resulting in multilayer structure. The effects 
of CVD parameters must be investigated in order to reduce nucleation rate 

According to this study, growth temperature (X3), Ar-H2 flow rates (X4) and 
acetylene flow rate (X5) were involved in the models. The most convenient way to 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

71 

reduce nucleation rate is to dilute acetylene gas by increasing Ar-H2 flow rates (X4) and 
decreasing acetylene flow rate (X5). In addition, increasing Ar-H2 flow rates (X4) could 
also reduce resident time of gases. Consequently, acetylene has a time limit to adsorb 
on Cu surface. However, those two factors (X4 and X5) had less effects than growth 
temperature (X3). Based on Bertran’s report [79], nucleation rate drops as temperature 
increases. Therefore, synthesizing CVD process at high temperature could afford 
graphene with low defect. 
 
4.3 Functionalization of CVD-grown graphene 

 
Figure 4.14 IR spectrum of 4-nitrobenzenediazonium tetrafluoroborate (4NBDT) 

  

As grown graphene was functionalized with 4 -nitrobenzenediazonium 
tetrafluoroborate (4NBDT). Firstly, 4NBDT was synthesized from 4-nitroaniline and the 
product was then characterized by IR spectroscopy and NMR spectroscopy. IR spectra 
provide information about the functional groups of substance while NMR spectra 
confirm the structure of organic compound. 

 The IR spectrum of 4NDBT as shown in Figure 4.14 exhibited 5 characteristic 
peaks. The diazonium vibration (N≡N) was clearly observed at 2307 cm–1 while no 
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amine peak was observed around 3600 cm–1. This indicated that the amine reactant 
was successfully converted to diazonium salt. Moreover, high intense peak of B—F 
vibration appeared at 1033 cm–1 suggesting that tetrafluoroborate ion was the 
counterion of diazonium salt. Meanwhile, the vibrational peak of O—N=O group was 
also observed at 1356 and 1317 cm–1 and the C=C and C—H vibrations of phenyl core 
structure also appeared at 1540 and 3118 cm–1. 

  

 
Figure 4.15 NMR spectra of 4-nitrobenzenediazonium tetrafluoroborate (4NBDT) (top) 

and 4-nitroaniline (bottom)  
 

 NMR spectra of 4NBDT and 4-nitroaniline were compared in Figure 4.15. After 
diazotization, the doublet amino protons around 8 ppm disappeared and phenyl 
protons were shifted to lower field for approximately 2 ppm. This suggested that 
after amine was converted to diazonium ion, protons on phenyl ring became more 
electron-deficient. These NMR results confirmed that 4NBDT was successfully 
synthesized. 
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4.3.1 Effect of substrate on functionalization 

 

 

Figure 4.16 (A) Optical micrograph of modified graphene and (B) Raman spectra of 
graphene before functionalization (top) and after functionalization on 
SiO2/Si (bottom) 

 

The procedure reported by Strano and co-worker [51] was tested with 
graphene synthesized from acetylene. Graphene on SiO2/Si was incubated in stirred 
25 mM 4NBDT in 1 % w/v SDS/H2O for 7 hr. The reaction was carried out in a dark 
fume hood. After the reaction was completed, the sample was washed with copious 
amounts of water before incubating in water overnight to make sure that all 
unreacted reactants were removed. However, in their publication, they used 
mechanical exfoliated single layer graphene while the graphene used in our 
experiment was CVD graphene. Although our graphene film was not entirely uniform, 
its average thickness was bilayer. 

 Interestingly, after modification, some parts of graphene film were lost as 
illustrated in Figure 4.16(A). This might be due to weak interactions between substrate 
and graphene.  

Modified graphene remained on the substrate was subjected to Raman 
measurement. Figure 4.16(B) showed Raman spectra of graphene before and after 
functionalization where three characteristic peaks were found. Clearly, their positions 
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and intensity changed significantly. The intensity of D peak apparently increased 
indicating that some sp2-hybridized carbons were converted to sp3-hybridized 
carbons. This implied that functionalization was successful. However, there were 
messy peaks found between D and G peak and around 1200 cm–1. These peaks were 
attributed to - interaction between unreacted diazonium salt and graphene. 
Moreover, the intensity of 2D peak significantly dropped due to doping. As well as 
Pos(G) and Pos(2D), they were also shifted whereas; FWHM(G) and FWHM(2D) had 
small increase as shown in Table 4.17.  

 

Table 4.17 Average Raman parameters of graphene before functionalization and 
after functionalization with 4NBDT on SiO2/Si  

Raman parameter 
Before 

functionalization 
After 

functionalization 
I(D)/I(G) 0.31 ± 0.01 0.44 ± 0.01 
I(2D)/I(G) 1.03 ± 0.02 0.55 ± 0.01 
Pos(G) 1589.5 ± 0.2 1596.9 ± 0.1 

FWHM(G) 24.2 ± 0.3 25.1 ± 2.7 
Pos(2D) 2693.4 ± 0.3 2701.7 ± 0.3 

FWHM(2D) 56.5 ± 0.5 64.9 ± 0.6 
 

 The XPS spectra (Figure 4.17) also confirmed that the functionalization was 
successful as the N1s peak appeared at 401 and 407 eV where two types of nitrogen 
had similar amounts. The peak at higher binding energy was assigned to nitro group 
while the peak at lower binding energy was attributed to adsorbed nitrogen gas or 
diazene. Even though XPS measurement was performed at ultrahigh vacuum, some 
nitrogen or oxygen molecules can still adsorb and their peaks can be present in the 
spectra. The diazene might stem from diazo coupling resulting in multilayer 
functionalization. According to XPS spectra, a nitro group could be found each every 
21 carbon atoms of graphene. 
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The existence of unreacted diazonium salt might affect conductivity according 
to doping. Strong interaction between diazonium salt and graphene and low reactivity 
of graphene were considered as cause of this problem. However, we could not 
produce single layer graphene from acetylene. To solve the problem, the strategy 
was changed from graphene to substrate.  

 

 
Figure 4.17 (A) Survey XPS spectrum (B) C1s XPS spectrum and (C) N1s XPS spectrum 

of functionalized graphene on SiO2/Si 
 

SIO2/Si is a promising substrate for functionalization of graphene thank to its 
polarity. Since graphene is an extremely thin material, the substrate could possibly 
retain 4NBDT on the surface of graphene. Changing substrate to less polar was an 
alternative way. 

Cu is another interesting candidate for graphene functionalization since no 
transfer step is required prior to functionalization. Moreover, graphene and Cu had 
lattice-matching because graphene was CVD grown directly on Cu. This could prevent 
loss of graphene during functionalization. More importantly, Cu is inert to diazonium 
functionalization since diazonium cannot react with Cu. 

Graphene on Cu was functionalized under same condition as graphene on 
SiO2/Si. After overnight of incubation in water, graphene was transferred to SiO2/Si for 
Raman measurement. The image taken from an optical microscope as in Figure 
4.18(A) revealed smooth and continuous surface of functionalized graphene.  
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Figure 4.18 (A) Optical micrograph of modified graphene and (B) Raman spectra of 
graphene before functionalization (top) and after functionalization on Cu 
(bottom). All samples were transferred to SiO2/Si substrate prior to taking 
an optical micrograph and measuring Raman spectra  

 

 After functionalization, the intensity of D peak distinctly increased while the 
intensity of 2D peak significantly declined as shown in Figure 4.18(B). In addition, both 
G and 2D peaks were red-shifted. Intriguingly, messy peaks found in graphene 
modified on SiO2/Si were not observed on graphene modified on Cu. However, 
degree of functionalization estimated by increase of  I (D)/I (G) in case of 
functionalization on SiO2/Si and Cu were not comparable because of different quality 
of starting graphene. Whilst the change of other Raman parameters (Table 4.18) 
corresponded to the modification on SiO2/Si. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

77 

Table 4.18 Average Raman parameters of graphene before functionalization and after 
functionalization with 4NBDT on Cu  

Raman parameter 
Before 

functionalization 
After 

functionalization 
I(D)/I(G) 0.19 ± 0.01 0.57 ± 0.02 
I(2D)/I(G) 0.99 ± 0.02 0.48 ± 0.01 
Pos(G) 1585.0 ± 0.2 1590.4 ± 0.2 

FWHM(G) 23.8 ± 0.2 31.4 ± 0.3 
Pos(2D) 2691.0 ± 0.3 2695.2 ± 0.3 

FWHM(2D) 56.8 ± 0.4 63.5 ± 0.5 
  

XPS spectra of graphene functionalized on Cu were similar to that of graphene 
functionalized on SiO2/Si as seen in Figure 4.19. However, most of nitrogen signal 
came from nitro group rather than adsorbed nitrogen gas with diazene. The calculated 
ratio of nitro group to carbon atoms of graphene was 1 to 27.  

 

 
Figure 4.19 (A) Survey XPS spectrum (B) C1s XPS spectrum and (C) N1s XPS spectrum 

of graphene functionalized on Cu 
 

The XPS results indicated that functionalization on S iO2/Si could give higher 
degree of functionalization than on Cu. This observation is in consistent with those in 
other reports [57]. However, functionalization on SiO2/Si also had drawbacks. First, it 
was difficult to remove unreacted diazonium salt from graphene surface by simple 
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washing. Second, some parts of graphene were torn off due to lattice-mismatching 
and weak interactions between graphene and substrate. Therefore, functionalization 
on Cu was a better choice. 

 

4.3.2 Effect of light on functionalization 

 Diazonium salts are utilized in organic synthesis of aromatic compounds as 
versatile intermediates. Diazonium group can be substituted by hydrogen, halide, 
cyanide and hydroxyl groups or coupled with electron-rich aromatic ring. It has been 
taught in organic classes for a long time, however, a property of diazonium salt is 
usually neglected. That is sensitivity of diazonium salt to light [80]. Under irradiation 
of suitable wavelength (350-450 nm), nitrogen could cleave, and aryl cation are 
formed. The aryl cation can readily react with nucleophiles. 

 However, grafting mechanism of a diazonium salt to graphene is quite 
different. First, an electron from graphene transfers to a diazonium salt. Nitrogen gas 
is released, and aryl radical is formed. Second, the active radical reacts with graphene 
by forming a covalent bond. The first step is considered as the rate determining step 
and many approaches were made to push diazonium salt close to graphene surface. 
Another approach is to promote electron transfer from graphene to diazonium salt. 

 The conventional method uses SDS as surfactant to bring diazonium salt close 
to graphene surface so electron transfer takes place easily. However, the reaction 
takes 7 hr to complete with stirring. Additionally, there is risk that magnetic bar would 
damage graphene surface. 

 As mentioned earlier, diazonium salt could decompose under light irradiation. 
Nonetheless, there is no any clear report about the role of light in diazonium 
functionalization on graphene. Therefore, light would be employed in the following 
experiments in order to observe the effect of light on graphene functionalization. 
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Figure 4.20 Raman spectra of unmodified graphene (cyan) and modified graphene 

under dark condition (blue), blacklight (red) and daylight (black) 
 

Three experiments were conducted in order to compare modification 
methods under dark, daylight and blacklight conditions. As-grown graphene on Cu 
was incubated in 25 mM of 4NBDT under different light condition for 30 min. Then, 
all modified graphene was washed with copious amounts of water before incubating 
in water overnight. Afterwards, graphene was transferred to SiO 2/Si substrate for 
Raman measurement.  

 As illustrated in Figure 4.20, under dark condition, the intensity of D peak 
slightly increase, whereas the intensity of 2D peak marginally lessened. This implied 
that the grafting reaction could slowly take place without light.  

 As expected, under irradiation of light, D peak tremendously increased. 
However, unlike conventional method, 2D peak did not immensely decrease. This 
suggested that only covalent modification was dominant while diazonium salt rarely 
remained on graphene. Although the rise of D peak in case of irradiation under 
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blacklight was similar to that under daylight, I(D)/I(G) of graphene modified under 
blacklight was slightly higher. This indicated that light took an important role in 
enhancement of diazonium functionalization. 

 
Figure 4.21 UV spectrum of 4-nitrobenzenediazonium tetrafluoroborate (4NBDT) and 

fluorescent spectrum of blacklight used in these experiments 
 

For detailed discussion, the emission spectra of blacklight was recorded using 
a UV-Vis spectrophotometer. The blacklight emitted a broad spectrum from 275 to 
525 nm as shown in Figure 4.21. The maximum emission wavelength of 368 nm with 
full width at half maximum of 101 nm made the light falling into a UV-A region. Since 
the UV spectrum of 4NBDT revealed an apparent absorption peak at 241 nm and 
shoulder peaks at 276 and 308 nm, the absorption spectrum of 4NBDT and the 
emission spectrum of blacklight were overlapping from 300 to 350 nm. Therefore, it 
was possible that 4NBDT could absorb photon energy from blacklight to release 
nitrogen gas and form 4-nitrophenyl cation. Then, the cation would accept an 
electron from graphene via single-electron transfer (SET) and become 4-nitrophenyl 
radical as displayed in Figure 4.22. 

Additionally, it was also possible that blacklight could simultaneously interact 
with graphene. For example, photoinduced functionalization of graphene with 
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benzoyl peroxide was reported [81]. In that work, hot electrons generated from a 
514.5 nm Raman laser were considered as activators for functionalization. Similarly, 
hot electrons could be generated from graphene by blacklight in our case. Therefore, 
SET from graphene to 4-nitrophenyl cation could be accelerated. Finally, a covalent 
bond between 4-nitrophenyl radical and graphene radical was formed. 

  

 

Figure 4.22 Schematic steps explaining the generation of 4-nitrophenyl radical under 
radiation of light 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N
+

N

N
+O

–
O

+

N
+O

–
O

N
+O

–
O

hn

-N
2

SET



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

82 

CHAPTER V  
CONCLUSION 

To optimize an atmospheric CVD process for graphene synthesis on copper 
substrate from acetylene precursor, six Raman parameters of graphene including 
I(D)/I(G), I(2D)/I(G), Pos(G), FWHM(G), Pos(2D) and FWHM(2D) were selected as 
dependent variables. According to Plackett-Burman screening experiments, growth 
temperature (X3) and Ar-H2 flow rates (X4) were expected to be significant at moderate 
level of confidence (70 – 80%). Together with acetylene flow rate (X5), three 
parameters of CVD process for graphene synthesis were subject to response surface 
modeling (RSM). Only four approximation functions were obtained by performing 
multiple linear regression (MLR) of data according to Box-Behnken design; 

I(D)/I(G) = 0.899 – 0.310C – 0.095D – 0.107C*D – 0.089C2 – 0.116E2 : R2 = 0.962 
I(2D)/I(G) = 0.747 + 0.395C – 0.146E – 0.135C*E : R2 = 0.946 
FWHM(G)/cm–1 = 45.159 – 14.782C – 3.356D + 3.059E – 3.064E2 : R2 = 0.987 
FWHM(2D) /cm–1 = 71.580 – 16.515C – 2.391D + 4.172E + 3.860C*E : R2 = 0.978 

where C = 0.02*((growth temperature)/°C) – 20, D = 0.004*((Ar flow rate + H2 flow 
rate)/sccm) – 3 and E = 3.333*((acetylene flow rate)/sccm) – 2.333. Growth temperature 
is a key factor to control both defect amount and number of graphene layers by 
adjusting nucleation rate. The best condition for synthesizing graphene under our 
investigating space was growth temperature of 1050 °C and Ar, H2, C2H2 flow rates of 
900, 100, 0.4 sccm, respectively. 

 Graphene samples prepared by above condition on different substrates 
including SiO2/Si and Cu were then functionalized by 4-nitrobenzenediazonium 
tetrafluoroborate (4NBDT) and the functionalized graphene samples were 
characterized by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). 
Unreacted diazonium salts were remained on functionalized graphene samples on 
SiO2/Si. On the other hand, functionalized graphene samples on Cu afforded cleaner 
surfaces. Moreover, in the presence of light (UV-A region), degree of functionalization 
was enhanced whereas the grafting reaction slowly occurred in the dark. Light in such 
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region was presumably an electron-transfer activator because it could generate hot 
electrons from graphene and they could be transferred to 4-nitrophenyl cations 
generated simultaneously from diazonium salt also accelerated by blacklight.
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Python script for analysis of Raman spectra 
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Python function for calculating Raman parameters of graphene 
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Python function for collecting data from files 
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Python function for creating histograms 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

108 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

109 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

110 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

111 

 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

112 

Python function for statistical analysis of data  
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Python function for averaging Raman spectra 
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