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Abstract 

Graphene is a novel carbon material with great promise for a range of 

applications due to its electronic and mechanical properties. Its two-dimensional nature 

translates to a high sensitivity to surface chemical interactions thereby making it an ideal 

platform for sensors. Graphene’s electronic properties are not degraded due to 

mechanical flexing or strain (Kim, K. S., et al. nature 07719, 2009) offering another 

advantage for flexible sensors integrated into numerous systems including fabrics, etc.   

We have demonstrated a graphene NO2 sensor on a solid substrate (100nm 

SiO2/heavily doped silicon). Three different methods were used to synthesize graphene 

and the sensor fabrication process was optimized accordingly. Water is used as a 

controllable p-type dopant in graphene to study the relationship between doping and 

graphene’s response to NO2. Experimental results show that interface water between 

graphene and the supporting SiO2 substrate induces higher p-doping in graphene, 

leading to a higher sensitivity to NO2, consistent with theoretical predications (Zhang, Y. 

et al., Nanotechnology 20(2009) 185504).  

We have also demonstrated a flexible and stretchable graphene-based sensor. 

Few layer graphene, grown on a Ni substrate, is etched and transferred to a highly 

stretchable polymer substrate (VHB from 3M) with preloaded stress, followed by metal 

contact formation to construct a flexible, stretchable sensor. With up to 500% 
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deformation caused by compressive stress, graphene still shows stable electrical 

response to NO2. Our results suggest that higher compressive stress results in smaller 

sheet resistance and higher sensitivity to NO2.  

A possible molecular detection sensor utilizing Surface Enhanced Raman 

Spectrum (SERS) based on a graphene/gallium nanoparticles platform is also studied. By 

correlating the enhancement of the graphene Raman modes with metal coverage, we 

propose that the Ga transfers electrons to the graphene creating local regions of 

enhanced electron concentration modifying the Raman scattering in graphene. 

.  
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1 Motivation and Introduction 

1.1 Toxic Gas Sensing – Motivation  

One motivation for the detection of toxic gases is the need for environmental 

monitoring of gas pollutants such as NOx, CO and CO2.  For example, nitrogen dioxide 

(NO2), a member of the family of nitrogen oxide (NOx) gases, is an important marker of 

air quality standards for the NOx gases. NO2 forms naturally in the atmosphere by 

lightning and is also generated from water, plants or sand. However, only 1% of the 

atmospheric NO2 is formed naturally and the rest is primarily generated from fuel 

combustion processes as a byproduct. Upon reaction with water, NO2 can form HNO3 

which is the main component in acid rain which poses a significant threat to the 

environment. Due to increasing populations and industrial development, Los Angles 

has suffered from significant air pollution consisting of NOx, CO, O3 and other oxidizers 

since the 1940s leading to the first Air Pollution Control Act in 1955 [1]. In 1971, the 

United States Environmental Protection Agency (EPA) [2] set the NO2 exposure primary 

(for human health) and secondary standards (for public welfare) at 0.053 parts per 

million (ppm). 

Gases are critical reactants for numerous manufacturing processes, so an 

accurate and low-cost method to determine gas composition is critical. In addition, the 

presence of NO/NO2 may indicate an explosive event. As a result, wireless sensor 
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networks have been installed in coal mines to detect low concentrations of NO/NO2 to 

improve the explosions security of the mine [3].  

NOx is harmful to human respiration systems at concentrations of 3 ppm. Studies 

have shown that NO2 enhances the effects of allergens [4], as well as bronchial reactivity. 

NO2 is a deep-lung irritant which can cause pulmonary edema (exposure to 50ppm NO2) 

and is fatal at high concentrations (>100ppm inhaled). Recent epidemiological studies 

suggest a strong correlation between the development of chronic lung disease and 

respiratory symptoms with long-term exposure to NO2 [5]. NO2 concentrations near 

vehicles are two to three times higher than that in the atmosphere of a city. People who 

spend significant time near vehicles are at high risk for short term exposure to NO2, 

putting them at risk for respiratory problems, especially asthma [6]. Therefore, an 

accurate and sensitive toxic gas sensor for NO2 is needed.  

1.2 Commercially Available Gas Sensors 

There are several commercially available gas sensors. These are described below 

in terms of their basic transconduction mechanisms and their limitations in terms of 

being developed as a smart sensor integrating signal processing in an embedded 

implementation for mobile applications.  
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1.2.1 Electrochemical Sensors 

Electrochemical sensors utilize specific electrochemical processes resulting from 

the reaction of gases on a sensing electrode which produces a voltage proportional to the 

gas concentration. A typical electrochemical sensor is shown in Figure 1-1 [7]. The sensor 

is protected from environmental gases and uses a capillary diffusion barrier at the 

entrance for the target gas. After diffusion through the hydrophobic membrane, the 

target gas interacts with the sensing electrode leading to oxidation or reduction reactions 

on the sensing electrodes. The sensing electrode material is specifically chosen to 

catalyze the target gas reaction. A reference electrode is used for calibration. If a resistor 

is connected between the sensing electrode and the counter electrode, a current can be 

generated that is proportional to the target gas concentration. 

 

Figure 1-1 Typical Electrochemical Sensor Configuration 
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Electrochemical sensors have low power consumption and are small, and thus 

can be widely used in portable instruments and confined spaces. However, 

electrochemical reactions lead to cross-sensitivity which impacts selectivity. In addition, 

the temperature impacts detection sensitivity. Although noble metals such as platinum 

or gold are normally chosen as the sensing electrode, the lifetime of an electrochemical 

sensor is highly compromised at high sensitivity, especially for corrosive and reactive 

gases. Normal electrochemical sensors have a life expectancy of 1 to 2 years. 

1.2.2 Infrared Sensors 

A typical infrared (IR) gas detection instrument is shown in Figure 1-2 [8]. It can 

be easily divided into three parts: an IR source, a bandpass filter and a detector. The 

basic principle of IR sensing is the adsorption of IR radiation at specific molecular 

vibrational frequencies to increase the temperature of the target gas in proportion to 

their concentration. The detector in the IR gas sensor measures the temperature change.   

 

Figure 1-2 A basic infrared gas detector lay out 
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The detector of an IR sensor is protected by optical instruments so that gas 

molecules directly react with light. The protection part can be designed to be resist to 

corrosion and can be easily removed for subsequent maintenance or replacement. 

Therefore a well-designed IR gas detector has s life expectancy of more than 10 years. 

Infrared sensors are sensitive and have long lifetimes. However, they are typically 

expensive, cumbersome and complicated. Also, since IR gas sensors are in essence a 

temperature sensor, they can be sensitive to ambient temperature changes.  

1.2.3 Metal Oxide Gas Sensors 

The mechanism for metal-oxide powder-based and catalyst-free gas sensing is 

shown in Figure 1-3 [9]. In Figure 1-3 (a), metal oxide grains are shown with O2 adsorbed 

on the surfaces. Adsorbed oxygen molecules extract conduction electrons from the metal 

oxide in the near surface region, depleting a thin layer at the surface. After electrons 

interact with oxygen molecules, positive donors are left in the material. 

Figure 1-3 (b) is a band model, showing the energy barriers created by the 

depletion layer. For conduction, these barriers must be surmounted. Therefore, the metal 

oxide sensor is based on current change as a function of different gas concentrations, 

through chemically-induced changes in the depletion region width. 
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Figure 1-3 Grains of Metal Oxide to show the sensing mechanism and resistance 

change 

If RH2 is our target gas, then the chemical process is  

                                                           Equation 1-1 

                                                                Equation 1-2 

Temperature is critical to determining the reactions on the surface and 

consequently affects the conductivity change and therefore the sensitivity of the sensor. 

With the introduction of    , the adsorbed    is reduced on the surface reducing the 

depletion layer and increasing conductivity. Higher concentrations of    increase the 

rate of the reaction in Equation 1-2, yielding a higher conductivity change. If the 

temperature is too low, the process given by Equation 1-2 is too slow yielding low 

sensitivity. Also, if the temperature is too high, the process in Equation 1-1 is too 
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aggressive and the reducing agent, RH2, becomes diffusion-limited [9] also reducing the 

sensitivity. So in order to obtain reasonable sensitivity, a suitable operation temperature 

must be determined and controlled. 

The energy band gap of typical metal oxide sensors is relatively high and the 

conductivity is limited. In order to increase the conductivity, elevated temperatures are 

used. Figure 1-4 is the structure of a typical metal oxide-based gas sensor. A substrate is 

encapsulated between electrodes and integrated with a heater. The requirement of high 

temperature operation makes the metal oxide sensor unsuitable for flexible and smart 

sensors applications.  

 

Figure 1-4 structures for metal oxide based gas sensors 
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1.3 Flexible and Integrated Sensors 

1.3.1 Solid State Sensors 

Solid state sensors present numerous advantages for gas molecule detection due 

to their low cost, portability and label-free operation. In addition, many solid-state 

sensors are based on semiconductor materials such as Si, GaAs, InAS and are, therefore, 

readily integrable with signal processing electronics enabling concurrent detection of 

multiple gas phase constituents and other factors such as temperature and humidity. 

Extensive research and development has been aimed towards integrating solid-state 

sensors with CMOS circuits to create smart sensors [10-12]. 

Figure 1-5 shows the energy band diagram of a semiconductor integrated with a 

molecular overlayer for sensing [13]. Four regions exist in Figure 1-5 (a): the 

semiconductor bulk region (neutral charge region), the semiconductor space charge 

region, the semiconductor surface and the adsorbed molecular layers. Figure 1-5 (b) 

shows the corresponding energy diagram in each region. The electron affinity     is 

defined as the energy for an electron to escape from the conduction band to the vacuum 

level      and the work function of the semiconductor     is defined as the minimum 

energy for an electron to escape from the solid Fermi energy to the vacuum level. So the 

relationship between work function and electron affinity is: 

                   Equation 1-3 

                           Equation 1-4 



 

9 

Because the periodicity of the bulk crystal is interrupted at the surface, dangling 

bonds form, leading to surface states in the band gap. There are two different surface 

states: donor and acceptor states. The donor states are charge neutral when occupied 

with electrons and are positive when unoccupied, just like a donor in semiconductor. 

The acceptor state behaves oppositely; it is charge neutral when the state is empty and is 

negatively charged when occupied with electrons. Assuming a clean surface without 

any adsorption, unoccupied acceptor surface states and occupied donor surface states 

will contribute to a flat energy band at the surface. However, the occupation of the 

surface states is normally unbalanced and therefore the surface will be charged. Figure 

1-5 (c) shows the energy band diagram of an n-doped semiconductor with a depletion 

layer at the surface. The donor states are fully occupied while the acceptor states are 

partially occupied, leading to a negative charge on the surface. The positively ionized 

donor region has the built-in potential (surface barrier band bending)     to balance the 

electron flow from the bulk region to the surface. According to Madou, M. J. et al. [14], 

the energy an electron needs to attain before they can move to the surface     is 

determined by the net density of the ions in the space charge region   , the density of 

charged surface states   , and the permittivity of the semiconductor   .  

      
           Equation 1-5 

And the corresponding electron density at the surface is   

           (
    

 

         
)   Equation 1-6 



 

10 

   is the doping concentration of the semiconductor, assuming an uniform 

doping. So, when a molecule is bonded at the semiconductor’s surface, the charge 

transfer leads to a dipole formation between the molecule and the semiconductor 

surface, which will change the energy band bending at the surface.  

Any adsorbed molecules layers will form some molecule dipole outside the solid 

(the arrows in the figure shows the dipole direction from positive charge to the negative 

charge). This induced dipole layer will change the electrical potential and will ultimately 

affect the semiconductor’s measured electron affinity. In addition to the dipole 

modulation, adsorbed molecules can modify the surface net carrier density and the 

surface potential through a charge transfer process with regards to the difference of the 

Fermi level in the semiconductor and the LUMO in the adsorbed molecule layers.  
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Figure 1-5 Basic mechanism of adsorbed molecules on semiconductor surface. 

(a)Four different regions will form in the semiconductor-adsorbed molecule hybrid 

system with the existence of surface states. (b)The energy band of semiconductor 

interacts with molecules highest occupied molecular orbit (HOMO) and lowest 

unoccupied molecular orbit (LOMO). (c)The occupation of surface states is normally 

unbalanced and the surface will be charges. In the case of an n-type semiconductor, 

the accumulated charge on the surface is negative.  [13]. 

(a) 

(b) 

(c) 
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As for a molecular sensor, the adsorption on the surface can be divided into two 

categories: physical adsorption and chemical adsorption. They are generally defined by 

the heat generated in the adsorption process: physisorption is normally less than 6 Kcal 

mol-1, and chemisorption is larger than 15 Kcal mol-1. The energy function of both 

physisoption and chemisorption is described by the Lennard Jones Model. Physisorption 

is preferred for a reversible solid-state sensor with long-lived functionality. However, 

the physisorption solid-state sensors sacrifice selectivity and sensitivity due to relatively 

low adsorption energy. Thus chemisorption mechanism is exploited when a high 

electivity and sensitivity is needed.  

 

1.4 Outlines of The Thesis 

This thesis is divided into seven chapters including this motivation and outline 

chapter.  

In chapter 2, I review the synthesis, characterization and device properties of 

graphene. Graphene’s special two-dimensional honeycomb crystal structure results in a 

linear E-K dispersion relationship with zero energy bandgap. The doping and transport 

properties of graphene are discussed in detail and are critical to understanding 

graphene-based transistors. The impact of strain and stress on graphene’s electronic 

properties are also discussed in detail. A detailed review of current cutting-edge 
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graphene-based gas sensors is also reported, as well as graphene-based flexible gas 

sensors.  

Chapter 3 contains a detailed description of the three methods I used to produce 

graphene; mechanical exfoliation, high-temperature thermal annealing of SiC, and 

chemical vapor deposition on Cu substrates. The device fabrication process developed 

for mechanical exfoliated or CVD produced graphene is discussed in detail. Also, the 

device characterization and gas sensor testing systems are described.  

Chapter 4 describes the investigation of the graphene sensor response and the 

impact of water adsorption on gas sensitivity. SiO2 substrates are treated with HMDS to 

suppress water adsorption at the interface between graphene and its SiO2 substrate. 

Graphene on HMDS treated SiO2 shows lower p-type doping and an increased mobility. 

However, decreased gas sensitivity is observed for graphene on HMDS/SiO2 and is 

believed to be a result of the reduced doping and its impact on molecular adsorption. 

Chapter 5 is a demonstration of a graphene-based stretchable gas sensor 

developed in collaboration with Prof. Xuanhe Zhao in Mechanical Engineering and 

Material Science department in Duke University. ‘Crumpled’ graphene is created using 

a highly-stretchable polymer substrate. We demonstrated that this sensor under 500% 

compressing strain shows higher NO2 sensitivity compared with unmodified graphene. 

This enhanced sensitivity is possibly due to an enhanced electricalchemical activity at 
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the sample peaks after crumpling the graphene. The work function as a function of the 

surface curvature is determining using KPFM measurements. 

Chapter 6 covers research supporting the implementation of a possible molecular 

sensor utilizing graphene as a surface enhanced Raman spectroscopy (SERS) substrate. 

We deposited Ga nanoparticles (NPs) using Molecular Beam Epitaxy (MBE) on both 

mechanically-exfoliated graphene and high-temperature annealed graphene. X-ray 

photoelectron spectroscopy (XPS) is used to determine the charge transfer between 

graphene and Ga NPs upon contact. An enhanced Raman signal of graphene is observed 

and related to the transferred electron density. Numerous reports in the literature show 

enhanced Raman of graphene modes using Ag or Au NPs, but the mechanism is under 

debate. We show that the charge transfer is the primary mechanism for SERS in 

graphene. We also demonstrate the use of Ga NPs/graphene as a substrate for crystal 

violet (CV) molecule detection with SERS.   

Chapter 7 is the conclusion and also suggestions for future work. 
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2 The Properties of Graphene 

2.1 Introduction to Graphene  

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are 

densely packed in a honeycomb crystal lattice. The name comes from GRAPHITE + ENE 

[15], which first appeared to describe the single sheet of graphite as one of the 

constituents of graphite intercalation compounds (GICs). The term was also used in 

earlier descriptions of carbon nanotubes (CNT) [16] and epitaxial graphene [17]. 

However, none of these examples were truly free-standing, two-dimensional graphene 

until the first demonstration of a free-standing graphene-based field effect transistor 

(FET) made by Novoselov et al. in 2004 [18]. Andre Geim and Konstantin Novoselov 

were awarded the 2010 Nobel Prize in Physics for the development of graphene.  

The graphene crystal structure is first described to understand its electronic 

properties. Each carbon atom contains six electrons in total: two in the innermost 1s2 

orbital and the other four in the outer valence shell filling the s electrons and 3 p states. 

The three p electrons can be denoted as px, py and pz. Using hybridization theory [19], 

these four valence electrons hybridize when carbon atoms bond. The s electron can 

hybridize with 2 p electrons (px and py) to form sp2 bonding or with all the three p 

electrons forming sp3 bonding. Diamond is based on sp3 bonding while graphene is a sp2 

bonded building block for other sp2 carbon-based structures: two dimensional graphene 
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can be wrapped up into 0D buckyballs, rolled into 1D CNT or stacked into 3D graphite 

[20].  

Figure 2-1 [21] demonstrates the basic carbon structure of graphene and the 

corresponding electron hybridization states. The px or py elongation is called   bonding 

and the pz electron forms π bonding [22]. sp2 bonds enable graphene to have three 

electrons in   bonding states and one remaining electron for π bonding. Individual   

bonds have 120° between them and as a consequence, graphene forms a hexagonal 

structure. The   bond is a strong covalent bond leading to excellent mechanical stiffness 

in graphene. According to the Pauli Exclusion Principle, each energy state can be filled 

with two electrons with opposite spin, so the   bond is filled with two electrons while 

the    bond is empty [19].  

 

Figure 2-1   bonding and   bonding in graphene cell for carbon atoms. 

As discussed in ref. [23], the unit cell in graphene has two atoms, A and B. Figure 

2-2 (a) shows the real space crystal structure; and a1 and a2 can be denoted as the basis 

vector;    ⃗⃗  ⃗     √     and   ⃗⃗  ⃗      √     in which   is the lattice constant of      ̇ 
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[24]. Due to its hexagonal structure, the reciprocal space representation shown in Figure 

2-2(b), also possesses a hexagonal structure, where b1 and b2 are the vectors used in 

reciprocal space. Using the conversion          , we have  

      
  

⁄    
  

⁄ (  
 

√ 
)    

√   
⁄ (√   )   Equation 2-1 

and       
  

⁄    
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Thus the magnitude of each reciprocal lattice vector is  
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     Equation 2-3 

 

Figure 2-2 Graphene lattice (a) real space, (b) Reciprocal space 

The first Brillioum zone is shown in Figure 2-3 (a) identifying the points T 

(center), k and k’ (corner), and M (center of k and k’). The two atoms in graphene’s unit 

cell A (the pink atom) and B (the blue atom) are shown in Figure 2-3 (b). In tight 

bonding theory, only the nearest neighbor atoms that are within the lattice constant     

in the primitive unit cell contribute to the energy band [25], so the vectors indicate the 

electron hopping direction from A to B (blue vectors) as well as from B to A (pink 

vectors). The two triangles represent the sublattice in graphene. 
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Following the general procedure for calculating energy bands using tight 

bonding theory , the Hamiltonian for atom A is  

  ⃗⃗   
  ⃗   

 

√ 
∑ ∑             

  
∑       ⃗    

⃗⃗⃗⃗  ⃗      
 
  

   Equation 2-4 

Let’s define two expressions:  

   〈  | ̂|  〉 ‘self-energy of 2px orbital (overlapping integral)’ 

  〈  | ̂|  〉  ‘Transfer integral’.   is the “hopping interaction parameter” 

between the nearest neighbor carbon atoms; which is also the carbon-carbon orbital 

interaction energy.  

 

Figure 2-3 First Brillium zone in graphene. 

From this, the energy relationship in graphene can be denoted as 

 (     )       {               (   )     (        ) }
   

  Equation 2-5 

where    is the energy overlap integral between nearest neighbors. In the tight 

bonding model, the   bonding can be derived as 

 (     )    {       
√    

 
    (

   

 
)        

   

 
 }

   

   Equation 2-6 
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Graphene’s E-K relationship is shown in Figure 2-4. We can see that the valence 

band and conduction band are in contact at both k and k’ positions. At the k point, the 

graphene energy is      which suggests that the antibonding    and the bonding   

states touch at the K point and forming a zero-gap semiconductor or as a zero-Density of 

States (DOS) metal [26].   

 

Figure 2-4 The energy structure of graphene.   

2.2 Electronic Properties and Doping  

Graphene’s linear E-k relationship leads to zero effective mass for both electrons 

and holes [27]. The carriers in graphene are, in essence, relativistic particles such as 

photons and follow the Dirac equation rather than Schrodinger equations. For a bulk 

K 

K’ 
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material, the carriers inside can be described as  ̂  
 ̂ 

   ⁄   where    is the effective 

mass of the carriers; and massless Dirac particles in graphene follows equation as  

 ̂      ̂ , while   is the Pauli Matrix. The energy linear dispersion relation at K point is 

described as    ( ⃗ )      | ⃗ |      √  
    

 ,    is the k-point electron velocity: 

   
√  

  
  

   

  
         [20].  

2.2.1 Gap Formation in Graphene 

With some perturbation or symmetry break, an energy band gap can be induced 

in graphene. Such factors include inequivalent atoms A and B in the unit cell, such as in 

boron nitride (BN). Interlayer interactions will induce symmetry breaks in multilayer 

graphene or graphene and the supporting substrate such as epitaxial growth. In 

addition, an external electric field will open a gap in bilayer graphene [28]. Finally, edge 

states in extremely narrow graphene nano-ribbons can produce an energy band gap [29].  

Under such conditions, the Hamiltonian is  

 ̂   (  )     (
       

        
)  Equation 2-7  

and the resulting energy band dispersion relationship change is  

    √       | |    Equation 2-8  

with a band gap equal to   . With the introduction of a band gap in graphene, 

the carriers have an effective mass     
  

 ⁄  [30]. 
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2.2.2 Transport in Graphene and Contact Resistance 

Due to graphene’s two dimensional properties, the electrons in graphene possess 

very long mean free paths in the micrometer range [30]. Graphene exhibits high material 

quality and ballistic transport at submicron distances [31]. An electron mobility as high 

as 200,000 cm2V-1s-1 at a current density of 2 ×1011 cm−2 was reported for suspended single 

layer graphene [32]. 

Graphene’s minimum conductivity of    

 ⁄  occurs when the carrier (electrons 

and holes) concentration in graphene is zero, that is, the Fermi energy is at the Dirac 

point. A linear dependence of the conductivity on the carrier concentrations is observed 

at low carrier density range (     
  ⁄  ) even at high doping concentration.  

2.2.3 Noise in Graphene 

There are three major sources of noise in semiconductors: thermal noise (Johnson 

noise, or Nyquist noise), low frequency noise, and shot noise.  

Thermal noise results from the thermal fluctuations of carriers in conductors, and 

has no dependence on applied voltage or frequency. The root mean square (RMS) 

voltage due to thermal noise    is    √         over bandwidth    where    is the 

Boltzmann’s constant and T is the resistor’s absolute temperature [33]. R is the resistance 

of the resistor and due to the high conductivity of graphene, low thermal noise is 

guaranteed in graphene[20].  
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Shot noise originates from electrical charge variations, and it is related to the 

applied voltage [34]. L. Dicalo et al. studied shot noise in graphene [35] and suggested 

that graphene has relatively low shot noise due to its good crystal quality.  

The third important noise source is flicker or 1/f noise that is inversely 

proportional to frequency. The origination of 1/f noise is believed to be fluctuations in 

carrier density and mobility. It has been reported that bilayer graphene [36] shows 

strong noise suppression and that the external impurity charges on graphene can 

effectively screen charge fluctuations and reduce graphene noise level.  

 The phenomenological Hooge parameter γH (Hooge’s law) is an important 

indicator of material’s flicker noise, which are found to be in the 10-7 ~ 10-6 in few layer 

graphene and monolayer graphene device at room temperature and even on substrates 

[37]. This value is among the lowest known for metal or semiconductor nanostructures. 

The extremely low noise level in graphene is attributed to the strong charge screening in 

graphene [38].   

2.2.4 Strain Effects on Graphene 

Due to its two-dimensional nature, graphene is a soft membrane and is 

vulnerable to distortions which can be caused by thermal fluctuations or interactions 

with a substrate, scaffold or adsorbates [39]. Distortion occurs due to the change of the 

distance and relative angles between carbon atoms. Three-dimensional materials are 

immune from this kind of distortion.   
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The bending of a graphene sheet is demonstrated in Figure 2-5. Due to bending, 

electrons in graphene are subject to a potential change of                   , where 

           is a constant depending on mesoscopic details [30]. This means that 

carriers in graphene are scattered by ripples and therefore dependent on the curvature 

of the local bending. 

 

Figure 2-5 Bending graphene effect on electronic properties 

2.2.5 Graphene Material Synthesis 

There are four primary synthesis methods which are widely used to produce 

graphene: mechanical exfoliation (ME), high-temperature annealing of SiC, chemical 

vapor deposition (CVD) growth on metal, and chemical reduction of graphene oxide 

(GO). 

Mechanical exfoliation was the first method used to successfully produce 

graphene [18]. A tape is used to peel off layers from highly ordered pyrolytic graphite 
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(HOPG). Almost at the same time of the initial ME demonstration, De Heer and 

coworkers demonstrated that SiC thermally decomposes when heated at extremely high 

temperatures [40]. The silicon evaporates and leaving carbon layers on the surface, 

which can rearrange forming graphene. Finally chemical vapor deposition (CVD) can be 

used to deposit graphene on Ni [41], Cu [42] or other metal substrates. One can also 

thermally or chemically reduce graphene from GO. It is important to find a high quality, 

low cost and large area material synthesis methods; and different methods are best 

suited for different applications which we will discuss in detail in the following chapter. 

Graphite Oxide (GO) is widely used and is produced by oxidizing pure graphite 

powder with subsequent sonication, following the well-known Hummers method [43]. 

The produced GO can be spin coated or cast on arbitrary substrates to form a large and 

continuous film which is easy and low cost. However, pure GO is electrically insulating 

with a high concentration of oxygen defects sites creating sp3 bonding. Therefore, a 

process to restore graphene electrical characteristic is required. Basically, there are two 

different methods to reduce graphene oxide to graphene: one is a chemically reduction 

method using hydrazine, and the other is thermal reduction at low temperature in argon 

flow. It is worthy to note that none of these two methods can fully restore graphene’s 

electrical properties and oxygen will remain in the reduced GO film, at a ratio of carbon 

to oxygen of approximately 10:1 [44]. With different reduction processes, reduced GO 

sensor performance varies due to different functional groups left after reduction.  
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2.3 The Optical Properties of Graphene 

In addition to its extraordinary electrical properties, graphene has unique optical 

properties. Its electronic properties produce an unexpectedly high opacity for an atomic 

monolayer of graphene. It is predicted to absorb         (  is the fine-structure 

constant) of white light [45] in theory, which has also been confirmed experimentally 

[46]. Graphene has been exploited as a transparent conductor for solar cells [47], liquid 

crystal displays (LCD) [48], and light emitting diodes [49, 50]. Some studies also show 

that graphene maintains transparency over the UV range comparable to Indium tin 

oxide (ITO), a widely-used transparent electrode in optoelectronics; and is therefore 

favorable for implementation into ultra violet LEDs [51, 52].  It has also been 

demonstrated that graphene exhibits strong fluorescence quenching which is favorable 

for biosensing [53-55].  

2.3.1 Phonons in Graphene 

Since there are two atoms in each unit cell in graphene, and therefore six 

branches of phonons, as shown in Figure 2-6 [56]: three acoustic branches and three 

optical phonon branches. Both acoustic phonon modes and optical phonon modes have 

one longitudinal mode (LA and LO) and two transverse modes (TA and TO). All the 

longitudinal modes are in-plane (iLO and iLA). The transverse phonon modes they 

include in-plane (iTA and iTO) and out-of-plane (oTA and oTO) vibrations. Based on 



 

26 

group theory selection rules, not all the phonon branches are involved in light-graphene 

interactions; we discuss this next in describing the Raman spectrum. 

 

Figure 2-6 [56] Phonon branches in graphene 

2.3.2 Light-Matter Interactions in Graphene 

When light is incident on matter, part of the light will be transmitted, and the 

remaining photons will interact with the material through processes including 

adsorption, reflection, refraction (light scattering) and light emission [57]. The 

vibrational energy states of the material and the incident light energy determine the 

degree of the processes interaction, since different energy phonons will stimulate 

different optical transitions inside the material.  

Depending on the incident photon energy, adsorption and light scattering 

mechanisms differ and we will review them following ref. [57]. 

I. High energy adsorption 

When the incoming photon energy is larger than the energy bandgap of a 

semiconductor, electron-hole pairs are created due to photon adsorption. The 
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adsorption coefficient is normally around 10
5
cm

-1
. If the photon energy is slightly 

smaller (10
0
 to 10

1
 eV) than the bandgap, an exciton may be created with an 

adsorption coefficient (α) of 10
1
 cm

-1
 to 10

2
 cm

-1
 range. 

When impurity levels are present in the bandgap, photon adsorption 

associated with valence band to donor or acceptor to conduction band may occur 

with α less than 10 cm
-1

.  

II. Free carrier adsorption 

Free carrier concentrations are high in metals and doped semiconductors, 

and they can adsorb photon energy over a range of energies from 1eV to 10meV. 

When the photon energy is smaller than the valence band to acceptor or donor to 

conduction-band energies, free carrier adsorption dominants the light adsorption 

process with α around 2cm
-1

.  

With higher energy photon injection (10
-1

 to 10
0
 eV), the electrons in the 

solid can respond with a harmonic collective excitation or plasmon. With a much 

higher energy (1–10 eV) photon injection, electrons in the material are able to 

escape and are emitted to vacuum level. 

III. Optical Phonons 

When the incident photon energy is in the range of 50meV to 0.2eV, 

photon-phonon interactions or photon-electron-phonon interactions can occur 

with rich phenomena.  
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Figure 2-7 (a) vibrational modes in material and (b) – (e) energy modes in 

material [57]. 

Figure 2-7 shows common photon-electron/phonon interactions while Figure 2-7 

(a) shows the vibration modes and (b) to (e) shows the energy band structure.  

(a) IR adsorption: If the incident photon energy matches the phonon creation energy 

then the direct adsorption of a photon by either an acoustic or optical phonon can 

occur. The process is shown in Figure 2-7 (a).   

(b) Non-Radiative Decay: In a gapless system for metals and graphene, incident 

photons can excite electrons from the valence band to the conduction band and 

generate an electron-hole pair. Electrons and holes will decay to their ground 

states generating several phonon modes without any radiation.  
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(c) Photoluminescence: For systems with energy bandgaps, photo-excited electron-

hole pairs will thermalize creating phonons and then will recombine emitting light 

as shown in Figure 2-7 (c).  

(d)  Rayleigh Scattering: It is the elastic scattering of incident photons with electrons 

in virtual states. The incoming and outgoing photons have the same energy with 

opposite momentum.  

(e)  Inelastic Scattering: It includes an electron-acoustic phonon interaction (Brillouin 

scattering) and electron-optical phonon interaction (Raman scattering). Brilloin 

scattering generally occurs at low energy region of an optical phenomena and 

special equipment is needed to filter the Rayleigh scattering.  

(f) Raman Scattering: As demonstrated in Figure 2-7 (e), one electron is excited into 

higher-energy virtual states and then scatters with one or more phonons (the small 

arrow), finally emitting another photon with different frequency. This is Raman 

scattering if optical phonons are involved in. The Raman spectrum is the scattered 

light intensity as a function of photon wavenumber.  

2.3.3 Raman Scattering in Graphene 

Raman scattering is used extensively to characterize graphene. There are three 

important phonon scattering peaks in graphene. For first order Raman scattering 

involving only one phonon is involved, due to the requirement of momentum 

conservation, the momentum of phonon    . Only the optical phonon with zero 
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momentum can participate with a frequency around 1600 cm-1. This peak is called the G 

peak and is observable in all carbon-based materials. 

If more than one phonon is involved in the Raman scattering process, than the 

    requirement is loosened to        . The two atoms in the unit cell of graphene 

lead to two Dirac cones present in the Brillouin Zone. If the electrons excite/decay in the 

same side, it is called inter-valley transition; while it is intra-valley transition with 

electron excite/decay in different side. According to group theory selection rules, second 

order Raman scattering will yield the “2D” peak with wave number around 2700 cm-1 in 

graphene. The 2D peak is actually resonant scattering in which the incident photon 

energy coincides with the real energy band. Therefore it is sensitive to EF change in 

graphene, as a result of doping and other effects.  

If disorder is present in the material, the zero momentum requirement can also 

be broken since defects in material will provide another energy level to change phonon 

momentum leading to “D” peak.  The D peak is not observable in defect free carbon 

material.  

2.4 Graphene based Gas Sensor 

Due to its two-dimensional nature, graphene has a maximum 100% surface to 

volume ratio and is highly suitable for sensors based on surface interactions, such as gas 

sensors. In addition, due to its low density of defect states and metallic conductivity, 

graphene has small 1/f noise and low Johnson noise. Its low noise and high mobility 
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together lead to high signal-to-noise ratio (SNR) which is critical for the sensor’s 

detection limit. In addition, 2D materials can screen charge fluctuations better than 1D 

materials like carbon nanotubes (CNT) [58]. Finally, compared with a CNT-based gas 

sensor, graphene’s planar structure enables Hall pattern fabrication and four probe 

measurements, limiting the contact resistance impact and help to focus on only sensitive 

active area. 

2.4.1 Graphene-based Gas Sensors’ Performance Overview 

Schedin et al. [59] demonstrate the first graphene-based gas sensor detecting 

NO2, H2O, CO and NH3. The graphene was produced using mechanical exfoliation and 

was fabricated on a SiO2 substrate with a back gate. Due to the observed conductance 

changes, their results suggest that NO2 as well as H2O are acceptors, and CO together 

with NH3 are donors in graphene. Upon exposure to gas molecules, the carrier density 

in graphene changed while the mobility was independent of molecular adsorption. The 

authors monitored the Hall resistivity     and mobility   during dilute NO2 adsorption 

and desorption. They observed steps rather than smooth curves in 

adsorption/desorption time dependent conductivity changes and claimed that the 

quantized response corresponds to individual NO2 gas molecule detection. The 

optimized conditions for them to observe individual gas molecules adsorption or 

desorption included: 1) vacuum annealing to tune the sensor’s back gate charge 

neutrality point to be close to zero; 2) the use of few-layer graphene (3-5 layers) instead 
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of single layer graphene to reduce the contact resistance to approximately      ; and 3) 

high current sourcing to suppress Johnson noise.  

Following this first demonstration of a graphene gas sensor, there are numerous 

reports of sensors based on different device implementations.  

Ko et al. [60] repeated Schedin et al.’s work with graphene produced using  

mechanical exfoliation and a more simple two-terminal device structure instead of the 

Hall structure used in [59]. This device had a thickness of 3.5 nm to 5 nm corresponding 

to 7-10 layers of graphene. They observed similar acceptor behavior to [59] when this 

thicker graphene two-terminal device was exposed to higher NO2 concentrations of 1% 

at room temperature. However, this sample showed relatively low detection limit 

compared Schedin et al.’s work and had an incomplete recovery process due to lack of 

vacuum during testing. 

Jesse D Fowler et al. [61] used chemically derived graphene from GO to produce 

a large area (1cm) graphene sensor with four probe interdigitated metal electrodes. They 

tested the sensor’s response to NO2, NH3 and 2,4-dintrotoluene (DNT). An I-V (current -

voltage) measurement in both N2 and dilute 5 ppm NO2, showed good ohmic contacts 

for both measurements in air and in an NO2 environment. It is suggested that the contact 

resistance doesn’t play a significant role in graphene-based NO2 sensing due to the four 

probe measurements, and that the charge transfer is the major contribution. They also 

measured the reduced GO response to dilute 5ppm NO2 at various temperatures from 
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21°C to 149°C. With increasing temperature, a smaller but faster response can be 

observed with 7% resistance change (sensitivity) at 149°C compared to 27% resistance 

change at room temperature. Also, measurements taken at 149°C show full recovery 

upon exposure to N2. The desorption energy calculated from the initial response slope at 

various temperatures was 5.7 kcal/mol (250meV) which is much larger than the 

theoretically calculated NO2 adsorption energy on pure graphene at 67meV 

(1.5kcal/mol) [62]. The oxidation process induces residual oxygen defects, carboxylates 

or epoxides that can contribute to the larger adsorption energy leading to a higher 

desorption energy. 

Robinson et al.  [44] also studied reduced GO sensors and observed a two 

component response upon exposure to dilute NO2: a rapid response and a slow 

response. In order to determine the phenomenon leading to each response component, 

they tried to control the degree of reduction of the graphene with controlled chemical 

reduction time. They observed that with increased reducing time, associated with fewer 

oxygen-related functional groups, a larger fast-response component and smaller slow-

response were obtained. They concluded that the rapid response is related to molecular 

interactions with low-energy binding sites in graphene such as the sp2-bonded carbon; 

whereas the slow response resulted from molecular adsorption at high-binding energy 

sites such as vacancies, structural defects, and remaining oxygen functional groups. 

Since the signal noise to ratio is critical in determining sensors’ detection limit, they also 
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performed a 1/f noise measurement of rGO and CNT films to understand how the 

reduction time impacted sensing. The measurements show that rGO has 1/f noise 10 

orders of magnitude smaller than comparable CNT devices. Thus rGO can be used for 

higher SNR achieving a noticeably enhanced detection limit compared with CNT film. 

Also, the noise level reduced with thicker graphene film.  

With the thermal reduction of GO method applied by Lu et al. [63], extra 

nitrogen groups induced by chemical reduction are removed. Lu et al. did not observe 

the same two component response after a 200°C thermal anneal in argon. By 

characterizing the back gate transfer performance, they determined that the GO device is 

p-type doped. NO2 is a strong electron withdrawing molecule so after NO2 adsorption 

electrons are extracted from graphene to NO2. The graphene is initially p-type doped, 

with more holes presented after NO2 adsorption, and then the conductance is increased.   

Table 1 summarizes the performance of graphene gas sensors for a variety of 

analytes. 
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Table 1 Comparison of sensor performance parameters based on different graphene material synthesis techniques 

Detection 

Mode 

Sensor material Gases or Vapor 

Detected 

Detection Limit Sensitivity Response 

Time 

Recovery 

Time 

Ref. 

Conduc- 

tance 
 

Mechanical Exfoliated 

Graphene 

H2O,NH3,nonanal, 

octanoic acid, 

trimethylamine 

Photoresist dependent 

<<5 ppm for nonanal 

without resist; 

 > 30ppm with resist 

   [64] 

NO2, NH3, H2O, CO, 

ethanol 

~1ppb    [59] 

NO2 100ppm 14% @100ppm ~70 100s ~200 300s [60] 

Epitaxial Graphene 

NO2 500ppb 10%@18ppm 50 100s 150 200s [65] 

NO2 2.5ppm  0.005@50ppm ~1h ~2 3h [66] 

Ozone-treated graphene NO2 200ppb 19.7% @200ppm ~12 15 min ~25 30min [67] 

Pd- graphene nanoribbon H2 40ppm 55%@40ppm ~10 30s ~few min [68] 

Thermal-reduced GO NO2 2ppm 1.56@ 100ppm 15 min 25 min [63] 

Chemically-reduced GO 

HCN, CEES, 

DMMP, DTN 

70ppb, 0.599b, 5 ppb, 

0.1ppb 

   [44] 

NO2/NH3/2,4-DTN 5ppm NO2 and NH3 

28 ppb DNT 

   [61] 

Reduced GO  H2O 0.1 Torr of H2O Vapor    [69] 

CVD graphene NH3 65ppm 3.8%@65ppm ~9 14min ~7 12 min [70] 

Field Effect 

Transistor 

 

Chemically reduced GO Ethanol  16.5%@ ethanol 

vapor 

~5 10s ~30 40s [71] 

Thermally reduced GO NO2, NH3 2 ppm, 1% 1.41%@2ppm, 

 22.2@1% 

~ 15 min ~ 30 min [72] 

Surface 

Acoustic Wave 

(SAW) 

Hydrazine reduced FO H2, CO 600ppm H2, 125ppm 

CO 

1.7kHz (H2), 

7kHz(CO) 

~min ~min [73] 

 

35 
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2.4.2 Gas Sensing Mechanisms  

In order to improve the performance of gas sensors, it is crucial to understand 

the underlying sensing mechanism. Although the well-studied CNT gas sensor system 

has made tremendous progress in performance since the initial work by Kong et al. [74], 

the fundamental sensing mechanism still remains unclear. Several mechanisms have 

been proposed. Kong et al. suggested that NO2 has an adsorption energy          on 

the CNT surface and 0.1 electrons transfer from the tube to each NO2 molecule based on 

density function theory (DFT) [74].  However, there is no binding affinity between NH3 

molecules and CNTs. They proposed that the indirect bonding between NH3 and the 

hydroxyl group on the SiO2 substrate partially neutralizes the negatively charged-

groups at the interface between CNT and SiO2 and changes the CNT conductance 

accordingly. Pan et al. use an ab initio study to show that the hydroxyl groups adsorbed 

on SWCNT can dramatically change the electronic properties of semiconducting 

SWCNTs [75]. The pre-adsorbed water on SiO2 could be an important factor in the 

graphene/SiO2/Si system. Levesque et al. observed an significant change in the Dirac 

point shift with pre-adsorbed water at the interface between graphene and SiO2 which 

affected the gas sensor response correspondingly [76].   

As for graphene, when a gas molecule is adsorbed on the surface, the 

Hamiltonian of the graphene atoms changes as well as the density of states. Both 

Leenaerts [62] and Wehling [77] used DFT to simulate the impact of gas adsorbates on 
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graphene surfaces on the system’s total energy and density of states (DOS). The 

resulting charge transfer is calculated using Hirshfeld charge analysis. Leenaerts 

suggested that for a strongly polarized molecule such NO2, the LUMO is located 0.3eV 

below the Dirac point. By taking the orbital mixture into account, the induced charge 

transfer per-molecule is 0.039e to graphene. 

Imani et al. [78] applied Maximally Localized Wannier function to specifying the 

orientation of adsorbed gas molecules on graphene as either parallel or perpendicular to 

the surface with a constant angle between atoms in the molecule as in the isolated cases 

of NO and NO2. With optimized orientations of gas adsorbates, they derive the same 

conclusion: NO2 serves as an acceptor and NO serves as a donor. Also, graphene shows 

a larger binding energy and higher sensitivity towards NO2 compared with NO.  

2.4.3 Increasing Sensor Sensitivity and Selectivity 

There are several methods proposed to functionize graphene to improve the 

sensor’s sensitivity and selectivity. In order for graphene-based gas sensors to respond 

to a target gas molecular, two steps are required: 1) the gas molecule must adsorb 

graphene, 2) and the molecule must vague with the surface to modify conductivity.  

Zhang et al. [79] proposed to increase graphene’s sensitivity by introducing 

dopants and defects and studied this using first principle simulations. Their simulations 

compute the adsorption energy of small gas molecules on graphene, that is:     

                                            , where                     ,              and 
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            are the total energies of the gas molecule on graphene, graphene and the 

molecule separately. While higher adsorption energy indicates a higher density of 

molecules on the surface, it does not necessary lead to a higher sensitivity. According to 

their calculation, NO2, NH3, CO and NH3, all have higher adsorption energy on p-type 

graphene (doping by B), n-type graphene (doping by N) and defective graphene in 

comparison to pristine graphene. All of the four gas molecules on pristine graphene 

have relatively small adsorption energies (-0.2eV range) and little charge transfer, 

indicating that pristine graphene is not suitable for many gas sensor applications and 

some modification of the graphene is needed for practical sensors implementations. 

Two-terminal current vs. voltage measurements show that NO2 on p-type graphene and 

NH3 on p-type graphene show significant increases (two orders of magnitude) in the 

current at the same voltage. Similarly, Ao et al. [80] suggest that CO detection can be 

enhanced with Al-doped graphene due to stronger chemisorption bonds.  

Huang et al. [81] investigated the impact of edge states on a graphene nano-

ribbon (GNR)-based gas sensor. Dangling-bond defects can form covalent bonds with 

some gas molecules and will significantly influence GNR’s electronic properties.  They 

confirmed that CO, NO2, O2 and CO2 have electron-withdrawing properties and NH3 

serves as electron-donating molecule with 10 atom width GNR. Different gas molecules 

will induce different effect. The simulation results indicate a strong binding energy 

between NO2 and dangling bonds at the edge states of the GNR. NO2 adsorption leads 
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to fully-occupied, non-localized states which are strongly hybridized with the bulk 

states. This hybridization will pin the Fermi energy at the valence band, but will not 

change the band structure of graphene. On the other hand, CO2 or O2 adsorption will 

contribute to localized states near the valence band, and, as a result, will not lead to a 

significant electron conductivity change. CO and NO adsorption will induce impurity 

states in the band gap and will decrease the energy band. It is worth noting that NH3 

will create unoccupied local states in the conduction band of graphene, greatly 

enhancing the GNR’s conductivity.  

Following theoretical simulation results, some experimental data has been 

reported as well. Dan et al. [64] fabricated a two-terminal graphene sensor using 

mechanically-exfoliated graphene and E-beam lithography. They annealed this 

graphene sensor in an H2/Ar2 mixture at 400°C for 1 hour to completely remove the 

PMMA residue induced resulting from the device fabrication process and confirmed 

contaminantion removal after annealing with AFM measurements. They compared the 

gas sensor response to Nonanal vapor before and after annealing. It was surprising to 

them that the sensor’s sensitivity was decreased after thorough cleaning. They also 

found that the clean graphene devices showed very little conductivity change upon 

exposure to NH3 concentration < 300ppm. 

Defects can also be an important determinant of graphene’s sensitivity. Chung et 

al. [67] used ozone to create defects to enhance the sensitivity to NO2. They used 
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graphene grown by CVD and subsequently transfered to SiO2 for sensor fabrication. The 

sensors were then treated by ultraviolet (UV) lamp irradiation at 254 nm and 20mW/cm2 

for various times.  The Raman spectrum showed a reduction of the G/D ratio by a factor 

of 30 and the sheet resistance increased by 800 ohm/sq after a 90 second ozone 

treatment, suggesting an enhanced defect density in the graphene. By varying the ozone 

treatment time, they observed both an enhanced sensitivity and improved response 

time, which peaked with a 70s treatment. The introduction of defect states will introduce 

two competing factors: 1) defects states provide higher adsorption energies for NO2 

molecules and are therefore favorable for sensitivity and 2) defect states increase sheet 

resistance and will degrade sensitivity (  
     

  
). So a trade-off exists in introducing 

defects.  

Similarly, Hajati et al. [82] irradiated graphene with 30keV Ga+ ions in an 

FIB/SEM vacuum chamber to introduce controllable point defects by controlling the ion 

beam treatment time. Stone-Wales defects or other vacancy defects are formed after 

sputtered carbon atom redeposition. They tried two successive irradiation cycles and 

characterized the graphene using Raman spectroscopy and NO2 response. Similar to 

Chung’s [67] result, the Raman spectrum showed decreasing G/D ratio after ion 

irradiation, and the gas sensor response showed an improved sensitivity of a factor of 

three and a faster response time with 172 second reduction after the first ion irradiation 

cycle. The performance was degraded after the second ion irradiation cycle. They further 
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investigated NO2 gas adsorption on both pristine and irradiated graphene under the 

assumption that the modified conductivity of graphene sensor is directly related to NO2 

molecule surface coverage. Their modeling suggests that with the higher binding energy 

of irradiated graphene, the recovery time constant is decreased compared with pristine 

graphene which is also consistentt with their experimental results.  

Finally, research on the introduction of larger size (nm range) defect created with 

patterning and subsequent O2 plasma etching has been explored. Paul et al. [83] used a 

simple reactive ion etching-modified polystyrene - nanosphere lithography method to 

produce a graphene nano-mesh with 20nm as the neck width. The material used in this 

work was ethanol-based CVD-grown graphene with p-type doping transferred to 

SiO2/Si substrate. The Ion/Ioff ratio of the sensor increased to 6 after nanomesh formation. 

In addition, the graphene nano-mesh exhibited 6% sensitivity towards 1ppm NO2, 

compared to no response for the continuous graphene film. They also reported a 

detection limit of NO2 and NH3 of 15 and 160 ppb respectively; which is comparable to 

SWNT detection limit of 44ppb to NO2 [84] and 262 ppb to NH3 [85] for pristine material.  

2.4.4 Molecular Functionization and Sensor Selectivity 

Selectivity is another crucial requirement for many practical gas sensor 

applications. Pattern recognition can be used in some cases eliminating the need for 

molecular functionization. For example, since NO2 and NH3 serve as acceptors and 

donors, respectively, for graphene, thus in an environment where the amount of either 
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NO2 or NH3 present is known, we can recognize the target gas by the sensor’s increasing 

or reducing conductivity with gas flow. There are only a few reports on graphene gas 

sensor’s selectivity to date [70, 86-89] . 

Gautam et al. [70] discussed the cross-sensitivity problem which is common for 

conductance-based graphene gas sensors. Their results indicate that graphene can 

maintain its sensitivity to ppm NH3 with H2 as the background gas, and its selectivity 

between H2/CH4 is promising. However, with the presence of CH4 in NH3 detection, no 

significant sensitivity degradation is observed.   

There is also another experiment reporting on selective gas sensing using pristine 

graphene with different low frequency noise patterns by Pumyantsev et al. [86]. They 

used the mechanical exfoliation method to produce graphene and a standard process to 

fabricate a two-terminal resistor. Since the change in conductivity and noise are not 

always correlated, upon target gas exposure, they combined the resistance change for 

sensitivity determination and the low frequency noise amplitude enabling pattern 

recognition for improved selectivity. According to their measurements, some gas 

molecules such as Toluene and Methylene Chloride change the conductivity of graphene 

while maintaining the noise spectrum. Other gas molecules modify both the resistance 

and noise pattern simultaneously upon exposure including Ethanol, Methanol, 

Tetrahydrofuran, Chloroform and Acetonitrile. It is worth to noticing that individual gas 
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adsorbate will change the noise pattern differently which is favorable for selectivity 

improvement.   

Another method to improve graphene sensor selectivity is to incorporate metal 

nanostructures. Chung et al. [87] used thermally-deposited palladium nanoparticles 

(NPs) on CVD-grown graphene transferred to Polyethylene terephthalate (PET) 

substrates to form a flexible hydrogen sensor. With 3nm-thick Pd NPs on graphene, the 

sensitivity to 1000ppm H2 peaks at 33%, while pristine graphene almost shows no 

response to H2.   

Albert Gutes et al. [88] used copper substrates which is the catalyst for graphene 

CVD growth as a reducing agent to produce gold, platinum or palladium NPs on 

graphene. They then transferred these graphene/NPs composites to pre-patterned Au 

electrodes on a SiO2/Si substrate. They demonstrate a fast but irreversible slow recovery 

with graphene sensor decorated with Au NPs. Deng et al. [89] used reduced graphene 

oxide (rGO) conjugated Cu2O nanowire composite for high-performance NO2 gas 

sensor.  

2.5 Graphene Flexible Gas Sensor 

Flexible devices replace the semiconductor substrate with plastic or a steel roll as 

a support. The fabrication processes for thin-film transistors are well established, 

however, there are several problems relating to the use of flexible substrates. First of all, 

the entire process is limited by the temperature that a flexible substrate can withstand, 
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for example, a maximum at 200°C for plastic substrates. Several different approaches 

have been explored including amorphous silicon [90], low temperature polycrystalline 

silicon (LTPS) [91] and organic FET (OFET) [92] in order to fulfill the low processing 

temperature requirement. However, low-temperature synthesis materials typically 

possess high defect densities and extremely low carrier motilities. One of graphene’s 

counterparts, the CNT, appears to be one of the most promising materials for flexible 

electronics. Takenobu et al. [93] reported a transparent flexible transistor based on 

carbon nanotubes. They achieved a mobility of 0.5 cm2/V-s and an on/off current ratio of 

~ 104. Cao et al. [94] demonstrated the first prototype of CNT-based integrated circuits 

on flexible plastic substrates with mobilities as high as 80 cm2/Vs. 

Table 2 Characteristic comparison among different material based flexible 

devices. 

 Mobility(

cm2/V-s) 

Bending 

radii(mm) 

Temperature 

(°C) 

Ion/Ioff Off current(A) 

OFET [92] 0.12 ~ Room 

temperature 

107 ~ 

Amorphous  

Si[90] 

0.8 ~ 75 102 10-9 

Poly Si[91] 30 ~ 150 104 ~ 

CNT [93] 0.5 7.5 180 104 10-11 

Graphene [41] 3700 2.7 Room 

temperature 

~ ~ 
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As for graphene, it is mechanically flexible and possesses extremely high 

mobility. Table 2shows a comparison between graphene and other materials, from 

which we may see that graphene has extraordinary mobility, compared other materials. 

For flexible sensors, it is not only important to have high mobility but also to 

maintain the required application-specific sensitivity. There are several reports on 

carbon nanotube-based flexible gas sensors [95-97].  Graphene-based flexible gas sensors 

are being rapidly developed and are based on various material synthesis methods. A 

general comparison is listed in Table 3.  

Jeong et al. [98] demonstrated a hybrid film of CNT and reduced graphene as a 

flexible NO2 gas sensor, by taking the advantage of CNT’s larger surface areas. 

Graphene is used as the flexible substrate supporting CNTs and serves as the electrical 

connection between the CNT and the Au electrode since it is still hard to directly grown 

vertically-aligned CNT on a flexible platform. This hybrid film demonstrated 

significantly higher sensitivity compared with an rGO film. While the sensor’s 

sensitivity peaks at 200°C, the recovery rate increases with increasing temperature in the 

flat state. Subsequent bending tests at room temperature showed that this flexible sensor 

has comparable NO2 gas sensing response under extreme bending states (15mm bending 

radius) compared with the flat conformation. However, this method requires prior 

graphene oxide deposition on a SiO2/Si substrate and a thermal reduction at 600°C 

followed by transfer to an Au/polymide flexible substrate. Because the prepared 
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graphene oxide is an insulator, it is not a useful gas sensor, and a reduction is required 

to produce conducting graphene. Since thermal reduction requires a high temperature of 

600°C, it is not compatible with a flexible polymide flexible substrate.  

Table 3 Chracterization comparison among different graphene based flexible 

sensor system. 

Reference Material Target 

molecule 

Sensitivity Limit of 

detection 

Maximum 

bending 

radius(mm) 

[98] CNT/reduced 

graphene 

NO2 20% @ 

10ppm 

 15 

[99] Laser Scribe 

Graphene 

NO2    

[100] Inkejet-printed 

reduced graphene 

Oxide 

NO2 6% /10ppm 500ppb  

[101] Inkejet-printed 

reduced graphene 

Oxide 

NH3 6%@500pp

m 

  

[102] Graphene Foam NO2 and 

NH3 

3%@20ppm 

5%@20ppm 

  

 

There are several other reports using different GO reduction methods to fabricate 

graphene-based flexible gas sensors. Strong et al. [99] proposed using a laser scriber 

technology which is compatible with commercial CD/DVDs to produce a rGO flexible 

gas sensor. This method can yield rGO with a sheet resistance around of        , which 

is comparable with either thermal or chemical reduction method [63]. In addition, this 

method can produce complex lithography patterns without extra steps with area in mm 

range. This method enables direct rGO and Au electrode deposition on flexible 
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substrates with ease and low cost. NO2 sensor measurements showed 10% sensitivity to 

20ppm NO2 in dry air.  

3D macroscopic graphene foams have been used to create a flexible gas sensor 

[102]. The basic process is to apply a scaffold of porous nickel foam as the starting mask 

and using CVD for graphene formation on the surface of the porous nickel foam. 

Subsequently, the residual Ni is removed by chemical etching with either hot HCl or 

FeCl3. PMMA is spincoated on the graphene before etching serving as a protective layer. 

After etching, a macroscopic graphene foam featuring sizes of 0.5mm can be obtained, 

which means no substrate is required to support graphene. This graphene foam can be 

directly mounted to electrodes. This sensor yielded 5% sensitivity to 20ppm NH3 and 3% 

for 20ppm NO2, which is comparable with reported flexible reduced-graphene oxide 

sensors. Another advantage of this graphene foam is that since the polymer substrate is 

not required, the maximum heating temperature limitation during processing can be 

removed. The authors also tried to apply current thorough this resistive graphene form 

to create joule heating which is helpful for molecular desorption reducing the gas sensor 

recovery. The sample was heated through a temperature range of 300-450k under 

vacuum showing almost complete (~100%) recovery after target gases adsorption.   
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3 Graphene Synthesis and Sensor Fabrication Applied 

3.1 Comparison of Graphene Synthesis Methods 

A controllable, cost-effective and uniform fabrication process for future flexible 

graphene-based electronics is desired. There are numerous methods for synthesizing 

graphene. Generally, there are four categories: mechanical exfoliation of atomic layers 

from Highly Oriented Pyrolytic Graphite (HOPG), epitaxial growth on different 

substrates, chemical vapor deposition (CVD) growth of graphene on metals, and 

chemical reduction from Graphite Oxide (GO) as described in Chapter 2.3.5. 

Three different methods were employed to produce graphene during this 

research, including mechanical exfoliation, CVD and epitaxial growth using SiC.  I will 

discuss the details associated with each method in this chapter. Table 4 is a general 

comparison between the widely applied methods for graphene synthesis. From the 

table, we can see that the mechanical exfoliation methods yield graphene with the 

highest material quality based on crystallite size and mobility, but is limited to the 

smallest area with sample size less than 1 mm. Reduction from GO method produces 

graphene films with largest possible areas but poorest material quality. CVD 

synthesized graphene falls in between these methods in are and quality. Depending on 

the application, different material synthesis methods will be used. Since our research is 

to create gas sensors, we implement materials using mechanical exfoliation, CVD and 

SiC methods.  
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Table 4 Properties of graphene obtained by different methods, adopted from 

[103] 

Method  Crystallite 

size (μm)  

 

Sample size 

(mm)  

 

Charge carrier 

mobility (at 

ambient 

temperature) 

(cm2 V−1 s−1)  

 

Applications  

 

Mechanical 

exfoliation  
>1,000  

 

<1  

 

>2 × 10
5
 and > 

10
6
 (at low 

temperature)  

 

Research  

 

Chemical 

exfoliation 

via  
graphene 

oxide  

~100  

 

Infinite as a 

layer of 

overlapping 

flakes  

1 (for a layer 

of  overlapping 

flakes)  

Coatings, paint/ink, 

composites, transparent 

conductive layers, energy 

storage, bioapplications  

CVD  1,000  ~1,000  10,000  Photonics, nanoelectronics, 

transparent conductive layers, 

sensors, bioapplications  

SiC  50  100  10,000  High-frequency transistors and 

other electronic devices  

 

3.2 Mechanical Exfoliation to Create Graphene 

Graphene was first experimentally produced by exfoliating graphite layers [18]. 

HOPG is one of the best sources for high material quality graphene layers [104]. By 

continually using tweezers to peel layers off the bulk graphite crystal, monolayer or 

several layers of graphene are eventually obtained. The resulting crystal can be perfectly 

free from defects [20]. By placing the graphene on top of SiO2 with specific thicknesses 

(300 nm or 100nm), it is possible to observe monolayer graphene with an optical 

microscope due to SiO2’s reflective index [105].  
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We exploited this method to produce material for our initial platform following 

ref. [106]. A 100 nm SiO2 on a heavily-doped silicon substrate is cleaned with acetone, 

IPA and methanol with ultrasonic for 5 minutes. The cleaned sample is then heated to 

105˚C for 5 min on the hot plate to remove any solvent residue. Our material source is 

ZYA grade Highly Orientated Pyrolytic Graphite (HOPG) from SPI. 3M tape is gently 

pressed on the HOPG and then peeled away. A new tape is then pressed onto the 

previously peeled-off tape to mechanically exfoliate the graphite several times. This 

peeling off process is continued until the first tape becomes transparent. At this point, a 

beaker is placed on a hot plate upside down and heated for 90s at 180˚C. After 90s, a 

clean SiO2 sample is placed on the beaker, and the transparent tape with HOPG is placed 

on the SiO2 sample’s surface. A q-tip is applied on the tape to create slight pressure to 

the bond between the HOPG and the SiO2 surface. The tape/SiO2/beaker is heated on the 

hot plate for 90s at 180˚C and is then removed from the hot plate to cool. The tape on the 

SiO2 is not removed until they are cooled to room temperature.  

The post-treatment substrate is then investigated under an optical microscope to 

examine the attached sample. Figure 3-1 shows an optical image of monolayer graphene. 

Monolayer graphene and few-layers graphene can be differentiated under just the 

optical microscope; however, when the thickness is a monolayer or bilayer, it is very 

hard to differentiate between them. Therfore a Raman spectrum is needed after optical 

microscope investigation, the result of which is shown in Figure 3-1 (b).  
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Figure 3-1 (a) optical microscope image of monolayer graphene, (b) The Raman 

data of monolayer, bilayer graphene and few layers graphite 

As mentioned before, the Raman method allows a non-destructive identification 

of numbers of graphene layers [107] and three primary peaks in the graphene’s Raman 

can be observed. 2D peak is smaller compared with G peak in few-layers graphite but is 
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approximately two times larger than G peak in monolayer graphene. We can use a 

Lorentz distribution function to fit this peak and the fitting will yield only a single peak.  

3.3 Growth on Copper 

The mechanical exfoliation method is obviously not applicable for large-volume 

industrial synthesis since it is time-consuming, and inefficient only creating small area 

(10-100um2) of material. The CVD method for graphene synthesis overcomes some of 

these weaknesses. It has been known for over 40 years that the CVD of hydrocarbons on 

reactive nickel or transition-metal-carbide surfaces can produce thin graphitic layers 

[108]. Kim et al. flowed a gas mixture (Ch4:H2:Ar = 50:65:200 standard cubic centimeters 

per minute) over thin Ni film with thickness of less than 300nm on silicon substrate in 

the quartz tube under an argon atmosphere up to 1,000 °C [41]. With rapid cooling of the 

samples to room temperature with flowing argon, several layers of graphene can be 

grown on the Ni film. The material had a low sheet resistance of 280   per square, with 

~80 percent optical transparency. They then used a dry-transfer process with PDMS to 

transfer the graphene to an arbitrary substrate after etching the Ni away. After the 

monolayer was transferred to the SiO2 substrate, the material showed an electron 

mobility greater than 3,700 cm2/V-S, which is comparable to that created using 

mechanical exfoliation.  They also tried to transfer the graphene to a polyethylene 

terephthalate (PET) substrate (thickness, ~100 μm) coated with a thin PDMS layer 

(thickness, ~200 μm) for different bending radii for compress and stretch stress 
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measurement. The resistance showed little variation up to the bending radius of 2.3 mm 

(approximately tensile stress of 6.5%) and can be perfectly recovered after unbending. 

This proves that the graphene is a promising candidate for flexible electronics 

applications 

Some other attempts to produce graphene on other metal substrates have been 

made. Li et al. tried to grow graphene directly on a copper surface by a surface-

catalyzed process [42] . As shown in Figure 3-2, the solubility of carbon in copper is 

relatively low (not exceeding 0.02%) even at high temperature compared to Ni. There is 

no copper carbide as well. Since the process is self-limiting, a highly uniform graphene 

thin film can be produced. The film is predominantly single layer graphene with < 5% of 

the area containing two- and three- layer graphene flakes. The temperature used in this 

process is approximately 1000°C.  

There is much more subsequent research on graphene synthesis. Wafer-scale 

homogenous bilayer graphene can be made [109] and transferred to an arbitrary 

substrate [110] such as SiO2 [42], poly(ethyleneterephthalate) (PET) or even rubber [42, 

111]. A number of investigators have explored transfer-free fabrication [112, 113]. 

Levendorf et al. demonstrated a transfer-free graphene batch fabrication method based 

on evaporated copper on SiO2. Their results suggest that the copper evaporated during 

the growth process so a minimum of 500nm thickness of copper is needed for growth. 

Using material produced by this technique, Cao et al. demonstrated the quantum Hall 
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effect and weak localization in a device [114]. One of the most significant advantages of 

the CVD growth method is that the graphene material’s area is determined by the 

substrate. Bae et al. demonstrated a roll-to-roll process and produced a 30-inch graphene 

film on copper in 2010 [115]. 

 

Figure 3-2 (a)The phase diagram of Cu-C, a really low solubility of carbon in 

copper is observed, (b), the mechanism demonstration of graphene growth on copper. 

In order to obtain device quality and uniform graphene, we need to understand 

the growth mechanism. Gruneis et al. used time-dependent photoemission to reveal that 

growth on Cu is a self-limiting process, i.e. the growth terminated when a monolayer of 

graphene covered the metal surface[116]. Li et al. used carbon isotope labeling to study 

the evolution of graphene on Ni and Cu[117]. Their results suggest that graphene on Ni 

is initiated by carbon mixing with Ni first, and then segregating and precipitating on the 

Ni surface to form a graphene layer. However, growth on Cu is a linear process of 

surface adsorption on the Cu surface. Wofford et al. showed the well-ordered graphene 

growth is initiated at a temperature above ~790°C on Cu [118]. 
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We collaborated with Prof. Jie Liu’s group in Chemistry Department in Duke 

University to work on the CVD graphene growth which is described below. A 25-µm 

thick Cu foil (Alfa Aesar, item No.13382, 1cm X 1cm) is immersed in acetic acid (99.7%) 

at 35˚C for 10 minutes in order to remove most of the copper oxide [119]. The cleaned 

copper is dried using N2 and then quickly loaded into a 3-inch diameter quartz tube in 

the CVD system. Argon is first flushed through the system and it is pumped down to 11 

Torr base pressure with 150 sccm constant H2 flow. The reaction tube is heated up to 

1000˚C using a 40˚C/min ramp speed. After reaching the temperature and stabilizing for 

5 minutes, 875 sccm of CH4 is added to initialize the growth while the pressure is 

maintained at 11 Torr. The growth step is continued for 15 minutes and then followed 

by cooling at 20˚C/min speed. The H2 and CH4 flow is not terminated until the tube is 

cooled to 200˚C. The process is demonstrated in Figure 3-3.  
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Figure 3-3 The CVD growth of graphene on copper process. 
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The sample is unloaded after argon purging of the system. Figure 3-4 shows (a) a 

Raman spectrum and (b) an SEM image of graphene grown on copper. The Raman 

spectrum has a comparable 2D peak to the G peak which suggests a monolayer 

graphene is formed.  
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Figure 3-4 Raman data for graphene on copper and SEM picture. 

Since copper is conductive, we cannot directly use graphene grown on copper to 

fabricate devices, so a process is needed to transfer graphene on copper to a dielectric 

substrate, such as SiO2. During the thermal oxide growth, an approximately 100 nm 
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thick SiO2 layer is also grown on the back side of the silicon substrate and is etched away 

using BOE. A 5nm Cr and 100nm Au film is immediately deposited to protect the 

backside silicon from being oxidized in air. The SiO2 substrate is ready for subsequent 

treatment or graphene transfer after backside Cr/Au deposition.  

 

Figure 3-5 Transfer graphene on copper to SiO2. 
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Figure 3-5 shows our process for transfer. PMMA is used to protect the graphene 

and is spun on at 500rpm/5s followed by 2000rpm/30s. The PMMA is then cured at 

180°C on hotplate for 3 min. Then the film is immersed in a FeCl3 solution. The foil will 

float on the surface of the solution. After approximately 10 minutes, as the copper is 

etched away, the PMMA/graphene is then transferred to SiO2 substrate after rinsing 

several times with DI water. The film dries overnight to remove the remaining moisture 

and form a strong bond between the graphene and SiO2. Finally the 

PMMA/graphene/SiO2 structure is dipped in Dichloromethane (DCM) for four hours to 

thoroughly remove the PMMA. Devices can then be fabricated. 

After successfully transferring graphene to SiO2, it is important to characterize 

the film to determine the impact of the process. Pinholes during transfer may occur. In 

addition, it is impossible to completely remove the copper during FeCl3 etching. An 

optical microscope is used to identify holes, as shown in Figure 3-6 (a) and (c).   Figure 

3-6 (a) shows the image of a good transfer process while the graphene film in Figure 3-6 

(c) shows holes and wrinkles suggesting poor transfer. We discovered that dark field 

imaging can be used to specifically study the film’s cleanness. Figure 3-6 (b) and Figure 

3-6 (d) are the corresponding dark-field images. We can see that the successful graphene 

transfer process not only yields continuous graphene films, it has minimal copper 

residue encapsulated between the graphene and SiO2 (Figure 3-6 (b)). Figure 3-6 (d) 

shows that the poorer transfer has remaining copper contamination.  
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Figure 3-6 images for graphene transferred to SiO2, good transfer results for (a) 

bright field, (b) dark field, poor transfer results for (c) bright field, (d) dark field. 

3.4 High Temperature Annealing of SiC to Produce Graphene 

Another method for producing graphene is the high temperature annealing of 

SiC which can produce larger area graphene films, on a non-conductive substrate.  De 

Heer et al. first used graphitization of SiC substrate by heating substrates from 1250°C to 

1450°C for 1-20 minutes [120] to generate graphene.  

Figure 3-7 shows the system used to produce graphene on SiC. The system can 

be used to heat SiC to 1350°C under ultra-high vacuum (10-10 Torr). The high-

temperature annealing system is connected to an X-ray photoelectron spectroscopy 

(XPS) system and the details of this system are discussed in the Appendix A. 

(a) (b) 

(c) (d) 
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Figure 3-7 the system used in our group. 

XPS can be used to determine film thickness. The C 1s core level of annealed SiC 

is shown in Figure 3-8 (a) compared to SiC. Two major subpeaks can be observed on the 

bare SiC: adventitious sp3 carbon which is normally at 285 eVand the C-Si peak at 284.5 

eV. After the high temperature anneal, a third peak appears due to sp2 carbon in 

graphene. Also, we can see that the intensity of the SiC peak is highly damped due to 

the graphene formation. The relative SiC intensity before and after the annealing can be 

used to calculate the thickness of the graphene.  

 



 

 61   

 

Figure 3-8 XPS comparison before and after high temperature annealing. 

According to Fadly [121], under 90° emission conditions: 

 
    
         

    
                    Equation 3-1 

where     
         

 is the normalized area intensity of Si 2p peak of the graphene 

sample, which is 46946.1 in our sample;     
      is the normalized area intensity of the Si 2p 

peak for bulk SiC sample, which is 79060.1 in our sample; t is the thickness of graphene 

layer, and   is the inelastic mean free path with kinetic energy of      in graphene. Since 

this value is unknown for graphene we can use   for graphite as an approximation. Since 
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we are using Mg as the beam source at 1253.6eV, this inelastic mean free path is found to 

be 1.82nm [122]. Therefore, we can determine that the final thickness of graphene is 9.5 ̇.  

3.5 Graphene Sensor Fabrication 

A graphene FET structure is used for the sensor platform. A SiO2 substrate is 

used for both the mechanically exfoliated graphene and transferred CVD graphene.  

 

Figure 3-9 Schematic of mechanically-exfoliated graphene based device. 

A schematic of the fabricated device is shown in Figure 3-9. A heavily-doped Si 

substrate serves as a back-gate. In order to reduce the back gate voltage required for 

device operation, a 100nm thermal oxide SiO2 (from SVM) is chosen. The details are 

discussed in Appendix A. 
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Figure 3-10 fabrication process of graphene sensor. a) the distance between 

graphene flake and given pattern matrix is measured; b) the mesa patter is formed by 

e-beam lithography. c) the graphene flake after O2 plasma etching. d) final device 

after metal deposition and lift-off. The intersects are the real picture of the process. 

The sensor fabrication process using mechanically exfoliated graphene is shown 

in the Figure 3-10. A pattern of markers is pre-deposited on the 100nm SiO2/n-doped Si 

substrate using photolithography and Ti/Au deposition, as shown in Figure 3-10 a). 

Graphene is then produced by mechanical exfoliation bonded to the SiO2. The distance 

between the graphene flakes and the nearest pre-patterned mark is measured to identify 

graphene’s location for subsequent E-beam lithography mask design. If a four-terminal 

Van Der Pauw (VDP) or a Hall Bridge structure is needed, a mesa is etched using O2 
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plasma (RIE). The source/drain ohmic contact formation using e-beam evaporated 

Ti/Pd/Au (2 nm/5 nm/35 nm) and lift-off is subsequently carried out.  

The fabrication process is similar for CVD-graphene transferred to SiO2 but with 

conventional photolithography applied. A mesa etch is carried out using O2 etching 

followed by Ti/Pd/Au contact formation. It is a batch fabrication process with more than 

one device fabricated simultaneously and much larger device active area can be 

achieved.  

After successfully fabricating the graphene sensor, a two-terminal resistance 

and/or back-gated device characterization is performed. Figure 3-11 is the transfer and 

output characteristic of one back-gated graphene device. Graphene shows ambipolar 

conductance with back gate voltage applied from both hole and electron conduction, as 

shown in Figure 3-11 (a). The voltage where Ef aligns with the Dirac point is called the 

charge neutral point (CNP or Vcn), and is used to determine the graphene’s doping level. 

When       > 0, EF is higher than the CNP so the graphene possesses electron 

conductivity; and when       < 0, EF is lower than the CNP and graphene shows hole 

conductivity. Some asymmetry between the hole and electron conductivity curves exist 

due to differences in the scattering cross-sections for the holes and electrons [123] or the 

drift of charged impurities from the substrate [124]. 
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Figure 3-11 The output characteristic of back gated graphene gate which demonstrate 

bipolar conductance. 

Hall measurements were conducted at room temperature using a Hall bar 

pattern as shown in Figure 3-12. A typical Hall measurement at room temperature has 

an electron sheet density of 4.85 x 1012 cm-2 and an electron mobility of 8597 cm2/Vs. This 

mobility is comparable to that in numerous reports [125]. 
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Figure 3-12 Layout of the Hall Bridge for Hall measurements. 

The device is then wire bonded to a commercially-available plastic substrate for 

gas sensor measurements. This plastic substrate contains four contacts: I+, I-, V+, V- as 

shown in Figure 3-13. Current is sourced into the chip from port I+ to port I- , and voltage 

is measured correspondingly from V+ to V- .  

 

Figure 3-13 the device is wire bonded to the supported substrate 

3.6 Graphene Gas Sensor Performance 

The devices are tested in the system shown in Figure 3-14. The system can be 

divided into three parts: 1) Sources: Eight different channels are connected to N2, O2, 

I

+ 

I

- 

V

- 

V

+ 
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NO, NO2, CO, CO2 and NH3 sources separately. The individual gas flow rates are 

controlled by mass flow controllers (MFC) and mixed after the control values. The 

minimum flow rate is 2 sccm and the maximum flow rate is 100sccm for all but N2 which 

is 1000sccm. The gas concentration is monitored and controlled real-time and 

synchronized with electrical measurements using a LabVIEW program. 

 

 

Figure 3-14: Gaseous Environment VDP Experiment Apparatus 

(2) Measurement Cell: The sensors are in a closed cell connected to a Kiethley 

system 2790. A flask is filled half full of non-reactive paraffin oil and is used to prevent 

the backflow of O2 or other possible contaminants into the system while atmospheric 

pressure is maintained in the measurement cell.  
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(3) NO Calibration: an outlet is connected to a nitride oxide analyzer (NOA) 

system which can measure NO concentrations from 1 ppb to 100ppm. This is used to 

calibrate the system. Normal test exposures are in the part per million (ppm) 

concentrations. We can relate this to gas flow with: 
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Figure 3-15 Graphene sensor’s response of NO2. 

Figure 3-15 shows the response of a graphene device to NO2. A gas mixture of 

NO2/N2 at a flow rate of 200 sccm is used. The graphene sensor is exposed to the NO2/N2 

gas mixture with varying NO2  concentrations for 10 minutes and then pure N2 for 20 

minutes. The resistance of the graphene sensor is measured during the exposure cycles. 

A pulsed current source is applied for 3 minutes and the voltage is measured. The 

resistance first decreases after exposure to NO2/N2 gases and increases when pure N2 is 

introduced. The sensing signal is highly dependent on the NO2 concentration: the larger 
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the NO2 concentration, the larger the resistance change. The sensitivity is 10% when the 

NO2 is 300ppm. The figure also demonstrates that reversible NO2 detection at a response 

time of less than 1 minute in the ppm range can be achieved. Though the resistance 

cannot be fully recovered after each NO2/N2 and N2 cycle, our device shows comparable 

or even better performance compared with previous work [60, 61]. Ko et al. reported a 

5% sensitivity for a mechanically exfoliated graphene-based two terminal device when a 

100ppm NO2 is sourced into the system [60]. Fowler et al. reported a 5% sensitivity 

corresponding to 5ppm NO2 concentration gas flow based on a rGO sensor with a larger 

area (2.4mm   1.9mm) [61] compared to this work (200µm    100 µm). Since the current 

(10uA) supplied is small, the graphene sensor also has low power consumption.  
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4 The Impact of Interfacial Water on Gas Sensitivity 

4.1 Introduction 

A key challenge to effective sensing is graphene’s sensitivity to environmental 

conditions including its interface with its substrate or support. Recent work has shown 

that the substrate can impact graphene’s morphology [126, 127], effective doping [128], 

mobility [129]. Bolotin et al. demonstrated that very high electron mobility in excess of 

200,000 cm2V-1s-1 is achieved by suspending the graphene to eliminate the impact of 

substrate [32]. Ambient environment can impact graphene performance [130] and the 

presence of moisture can worsen this effect [131]. 

The SiO2 surface is saturated with – OH groups from water and O2 from the 

possible reaction: O2 + 2H2O + 4e– → 4OH–  [132], and this -OH group layer will transfer 

charge with the graphene, serving as a p-type dopant for the graphene [62]. Moser et al. 

[133] used electrostatic force microscopy to measure the potential of graphene in both 

dry and humid environments. Their results suggest that water and O2 form a dipole 

layer on top of the graphene. 

Water can split on graphene and underlying substrates like SiC [134] and Ru 

(100) [135].  By applying van der Waals density function theory simulation, Li et al. 

found that the charge carrier doping can be tuned after water adsorption which is 

weakly bonded to the graphene/metal contact yielding an approximately 100 meV Fermi 
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energy shift in graphene [136].  Yavari et al. discovered a tunable bandgap in graphene 

can be achieved by controlling water adsorption [137].  

It has been shown that graphene’s performance can be enhanced by inserting 

Boron Nitride [138] or self-assemble monolayers (SAM) [139] in between the graphene 

layer and SiO2 substrate. SAMs like HMDS ([(CH3)3Si]2NH) spin-coated on SiO2 is a 

simple, and inexpensive method to render the hydrophilic SiO2 surface hydrophobic 

[140]. On hydrophobic surfaces, the adsorption of water and other molecules is 

suppressed [141].– OH group concentration is reduced on SiO2, therefore leading to a 

reduced doping levels and increased mobility in graphene[142-144].  

We modified the graphene/SiO2 interface using an HMDS-coating to investigate 

the effect of moisture at the SiO2 interface on sensor response.  Raman and XPS are used 

to characterize graphene on both HMDS-coated SiO2 and bare SiO2, and the results show 

that the p-type doping of graphene is reduced with HMDS-coating. Back-gate FET 

transfer measurements confirm the doping level reduction for graphene/HMDS/SiO2 

and show increased mobility [139, 144]. However, the gas sensitivity to both NO2 and 

NH3 are reduced. This effect is interpreted as a reduction in the adsorption energy of 

target gas molecules (NO2 and NH3) on graphene, due to the doping reduction.  

4.2 Experiments and Results 

The uniformity of HMDS on SiO2 is critical. The sample was cleaned in acetone at 

55°C for 15 minutes, and then in IPA at 55C for 15 minutes, followed by a 2 hour bake at 
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120°C. After baking the sample, it is immediately dipped into HMDS solution for 

overnight coating. 

 

Figure 4-1 Contact angle measurement for bare SiO2 (a) and HMDS coated 

SiO2 (b). 

Contact angle measurements were used to confirm the coating of HMDS. The DI 

water droplet on both bare SiO2 and HMDs-coated SiO2 are shown in Figure 4-1. The 

contact angle for water on SiO2 is measured to be 42°, which suggests a hydrophilic 

surface. The contact angle for water on HMDS-treated SiO2 is 102°, confirming that 

HMDS creates a hydrophobic surface.  

CVD graphene grown on copper is transferred to both HMDS-treated or bare 

SiO2 for subsequent gas sensor fabrication. The process is demonstrated in Figure 4-2. 

Graphene grown on the copper foil is spincoated with PMMA for protection; followed 

by the copper etch process in 1M FeCl3. The clean PMMA/graphene film is then 

transferred to both HMDS-coated SiO2 substrate and bare SiO2. HMDS coating 

introduces difficulties in this seemly simple transfer process due to its hydrophobicity. 

Since graphene is also hydrophobic, the water associated with transfer process forms big 

SiO2: 42° 
HMDS/SiO2

2
: 110° 

(a) (b) 
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droplets sandwiched in between the graphene and SiO2. Additional baking at 180°C for 

2hours is used to introduce PMMA film’s reflow to produce much continuous graphene 

film and also desorb water underneath the graphene [145]. After transfer, the graphene 

is submerged in Dichloromethane (DCM) solution for four hours followed by acetone 

and IPA cleaning to minimize PMMA residual contamination.  

 

Figure 4-2 graphene transfer to HMDS coated SiO2 substrate. 
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After graphene transfer, Raman scattering measurements were performed. 

Figure 4-3 shows the Raman spectra for both graphene transferred to HMDS treated and 

bare SiO2 substrates. As we already discussed in previous chapters, there are two 

primary components in Raman spectroscopy for graphene: G peak for the double 

degenerated E2g [107] edge representation at approximately 1580cm-1, and the 2D peak at 

2680 cm-1 which is sensitive to doping level [146]. Raman can be used to detect different 

doping levels in graphene with both G and 2D peak frequency shifts, and their intensity 

ratio (I2D/IG) change. According to Das et al. [147], I2D/IG decreases with both electron and 

hole doping. As can be seen in Figure 4-3, both graphene on HMDS-coated SiO2 and 

bare SiO2 show a small D peak suggesting relatively low level defect density. The G 

peaks are almost the same intensity while there are significant differences between the 

2D peaks. The I2D/IG ratio increased from 1.6 for graphene on non-treated SiO2 to 1.9 for 

graphene on HMDS treated substrate. The relative change after HMDS coating for I2D/IG 

ratio is 1.176 while the reported change in Lee’s result [139] is around 1.153. This is 

consistent with ref. [139] suggesting a reduced doping level for graphene on the HMDS-

treated sample using our fabrication process.  
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Figure 4-3 Raman comparison for graphene on SiO2 and HMDS coated SiO2. 

We also conducted an XPS study on both graphene samples to determine the 

water adsorption level in both samples. From Figure 4-4 (a), we may see that there is 

only one peak fit for the Si 2p for graphene on SiO2, which is the Si-O bonding. 

Additional peaks appear on HMDS-coated SiO2 due to HMDS bonds. Since graphene is 

only an atomic layer and the XPS depth is always around 10 nm, the 102 eV peak 

confirms HMDS coating even after graphene transfer. There are two primary peaks for 

the O 1s core levels: 533eV for SiO2 and 534eV for adsorbed water at the SiO2 interface 

[148]. We may see that the water peak (534eV) is larger on the graphene/SiO2 sample 

compared with HMDS-treated one; which confirms that, the HMDS-treatment 

suppressed water adsorption on SiO2. The C 1s peak fit is more complex and five sub 

peaks can extracted after deconvolution. We set the adventitious carbon peak at 285eV 

as a calibration. The sp2 carbon bonding in graphene has a lower energy at 
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approximately 284.5eV. The three peaks with higher energies are the carbon oxides 

including C-OH, C-O and O-C=OH with peak areas of 9.98%, 5.09% and 5.2% for the 

HMDS sample and 13.19%, 6.99% and 7.59% for non-treated SiO2 sample. These data 

indicate that the HMDS results in adventitious carbon-oxygen contamination as a result 

of the reduced water adsorption.  

 

Figure 4-4 XPS comparison for graphene on HMDS/SiO2 (upper) and bare SiO2 

(lower) for (a) Si 2p core level (b)O 1s core level and (c) C 1s core level. 

Hall bar devices were fabricated on both samples using conventional 

photolithography. The graphene active area is etched using O2 plasma, followed by 5nm 

Ti/20nm Pd/200nm Au metal contact deposition and lift-off. Figure 4-5 a) shows the 

cross-section of the device. As mentioned before, a back side Cr/Au contact is applied 

before the graphene transfer process and serves as a back gate. The Hall bar dimensions 
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are 540µm (length) and 20µm (width). Each adjacent pair is 50 µm long. Figure 4-5 b) 

shows the device after fabrication. The final wire-bonded and PCB mounted device is 

shown in Figure 4-5 c). 

 

 

 

Figure 4-5 (a) crosection view of graphene device after fabrication, (b) photo of 

Hall bar device under optical microscope, (c) device wire bonded to print circuit 

board. 

The back gate transfer curves are shown in Figure 4-6 (a). A two terminal 

resistance measurement first ensured good ohmic contact formation between the metal 

and graphene. The transfer curve shows drain current and transconductance as a 

function of variant gate voltage. The ambipolar nature of graphene with both electron 

and hole conduction yields a valley shaped curve on different gate voltages. At the CNP, 

Fermi energy is at the Dirac Cone intersection point and no carriers are involved in the 
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conducting process and maximum resistance (smallest drain current) is achieved. By 

comparing the characteristics, we can see that both HMDS- and non-treated SiO2 

samples show a positive CNP, indicating p-type doping for both graphene samples. 

However, the HMDS-sample has a smaller CNP of approximately 15V compared with 

19V for the non-treated SiO2 sample, suggesting a lower p-type doping level. Lower 

doping is confirmed using Hall measurements. The Hall measurement indicated p-type 

carriers with densities and mobility at               and                for 

graphene on HMDS, as well as                and               for graphene on 

the non-treated SiO2. The mobility of the HMDS-treated sample was higher consistent 

with the report of ref. [144, 149]. When sweeping the gate voltage from positive to 

negative, the CNP shifts towards higher voltage in both samples, showing hysteresis. 

Hysteresis is observed in many graphene devices [150-153]. The gate voltage hysteresis 

is 4V for the HMDS-treated sample and 7.2 V for non-treated SiO2 sample. The 

hysteresis is modified by the gate voltage sweep speed. From Figure 4-6 c), we see that 

the voltage sweep speed from 1.7 V/s (fast) to 1 V/s (medium), the transfer curve for the 

device on the HMDS-treated SiO2 is approximately unchanged. When the sweeping 

speed is continually decreased to 0.3 V/s (slow), a small difference can be observed as 

the CNP is slightly increased (~3V). The differences are much larger in the SiO2 sample 

as shown in Figure 4-6 d). The CNP increases with reduced sweep speed. With fast, 
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medium and slow sweeping, the CNP for positive sweep is 13V, 19V and > 35V 

respectively and the hysteresis increases.  
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Figure 4-6 Back gate (a) transfer curve for graphene device both on HMDS and 

on SiO2, (b) conductance change. 

The CNP hysteresis is discussed in many papers [150-153] and the mechanism is 

not known with certainty. Two types of hysteresis are observed. One is CNP hysteresis, 

which is due to water molecule adsorption on the substrate [154]. Another is 

transconductance hysteresis: as the gate voltage is swept in different directions, the 

(a) (b) 

(c) 
(d) 
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transconductance (slope of this curve) changes. This is caused by electron traps in the 

near-surface silanol groups on SiO2 [151]. However, a recent study claims that the 

electron trapping centers in SiO2 could not be the cause for the hysteresis observed using 

high frequency pulsed gate measurements [155] as models indicate the traps cannot 

provide the required electron density changes, consistent with the data.  

A recent study reveals the relationship between hysteresis and surface-based 

electrochemical processes caused by water adsorption [156]. Due to graphene’s 

hydrophobicity, water is only present at edges and contaminants, such as photoresist 

residue. The electric field resulting from the back gate will cause water to be split into H+ 

and OH- which changes the pH, changing the CNP. This is also confirmed with a pH 

sensor study [157] showing only hydrophilic graphene with contaminants that can 

respond to pH changes. 

As stated earlier, previous literature [77] reports that graphene is sensitive to 

both NO2 and NH3, and NO2 acts as a p-dopant while NH3 introduces electrons. In order 

to explore and differentiate the hysteresis mechanism; we used both NO2 and NH3 due 

to their opposite doping type. 

Four terminal measurements were used. As illustrated in Figure 4-5 (b), 10µA 

current source is applied from terminal 1 to 6. The voltage drop is measured on pairs 

2(10) to 3(9), or pairs 4(8) to 5(7). This measurement configuration allows us to eliminate 

any contact resistance difference in the devices. Also, no back gate voltage bias is 
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applied and both devices exhibit p-type doping.  The recorded gas sensor response is the 

measured resistance change for the device (measured voltage /applied current source) as 

a function of time.  

The gas sensor response is shown in Figure 4-7 a) (the inset is an expansion after 

pre-saturation). We note that when the samples are first exposed to NO2 or NH3, the 

sensor shows a very large sensitivity with small recovery, suggesting possible 

chemisorption of species and/or surface after ‘cleaning’ at the first exposure. This 

behavior has not been reported. After the first stage of one hour exposure, the resistance 

begins to recover. We call this first stage the ‘pre-saturation’ stage and use 25 ppm 

concentration of NO2 for one hour to ‘pre-saturate’ the graphene surface. The sensor 

sensitivity in this stage is 25.32% on HMDS-treated and 35.3% on SiO2 devices. After the 

pre-saturation stage, we apply NO2 gas using a random concentration vs. time pattern to 

determine the sensor response linearity. Generally, we can see that the relative resistance 

changes for both samples are dependent on NO2 concentration. In order to accurately 

determine the linearity, we extract the relative sensitivity for each specific concentration 

as shown in Figure 4-7 b).  Both samples show good response-concentration linearity. 

The sensitivities of graphene on bare SiO2 remain larger than those of graphene on 

HMDS sample.  

Similar measurements are taken for both samples using NH3 and the results are 

shown in Figure 4-7 (c). The graphene on the SiO2 sample again demonstrated better 
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sensor response compared with graphene on HMDS-treated SiO2. 25ppm NH3 is used to 

pre-saturate graphene device surface and the initial sensitivities are 36% for graphene on 

bare SiO2 and 29.5% for graphene on HMDS-treated SiO2. The sensitivity dependence to 

NH3 after the pre-saturation stage is shown in Figure 4-7 (d). Again, the graphene 

sample without any treatment has a higher sensitivity compared to the device on 

HMDS-treated SiO2.  
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Figure 4-7 Sensor response comparison between graphene on HMDS/SiO2 and 

SiO2 for NO2 (a) and NH3 (c). 
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4.3 Detection Mechanism 

As shown in the Figure 4-8, the only difference between the two devices is the 

graphene/SiO2 interface. According to Y. H. Zhang et al. [79], the σ bonding states are 

normally not conductive, and conduction results from electron hopping in the π bonds. 

As discussed earlier, Wehling et al. [77] suggested that when an NO2 molecule is 

adsorbed on graphene, due to the difference between the EF in graphene and the LUMO 

and HOMO positions of the NO2, charge transfer can occur. When NO2 is introduced 

into the cell, some NO2 molecules will be adsorbed on the graphene. We do not expect 

interfacial water or HMDS to impact this adsorption. If a back gate voltage is applied 

during sensing, then we may expect the water at the graphene/SiO2 interface to affect the 

results, but in this case, no back-gate voltage is applied.  

 

Figure 4-8 Graphene gas sensing mechanism demonstration 
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The sensor response results help us exclude the charge trapping mechanism in 

SiO2 as the source for different sensitivity. If the electron traps interact with the incoming 

molecules, then electrons will transfer from NO2, for example, to the traps, and negative 

charges will occur at the SiO2 interface. We would observe a conductivity increase. In 

this case, graphene on SiO2 will exhibit a larger sensitivity compared to the HMDS-

treated sample for NO2, but the result will be opposite for NH3. Given that we observe 

enhanced sensitivity for graphene on SiO2 to both gases, we conclude that another 

mechanism is at play. 

The indirect impact of water is that the induced additional p doping may play an 

important role. According to Zhang’s DFT simulation results [79], the adsorption energy 

of both NO2 and NH3 decrease on p-type graphene compared to pristine graphene. That 

means the concentration of adsorbed molecules will increase with additional holes from 

water acting as the dopant. There are also experimental results showing that after H2 

and Ar2 anneals at 350°C, graphene possesses reduced gate hysteresis as well as reduced 

sensitivity to gases [64].  So we therefore assume that the additional doping assists the 

gas sensing through increased adsorption. 

4.4 Summary 

In conclusion, an HMDS treatment introduces two effects in graphene: a lower p-

type doping concentration and reduced electron trap density. P-type doping from water 
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may lead to graphene’s larger sensitivity to both NO2 and NH3 due to higher moleculer 

surface adsorption.   
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5 Flexible and Stretchable Graphene Sensors 

5.1 Introduction: 

As mentioned in the background, rGO or graphene foam are promising 

candidates for flexible gas sensor applications due to their mechanical strength, 

flexibility and high carrier mobility under stress.  

CVD graphene, patterned into hexagons [158] or strips [159], has been utilized as 

a stress or strain sensor. However, both reports use PDMS as the flexible substrate, 

which has limited strechablity. So it is important to find a suitable substrate which can 

maximize grpahene’s mechanical stress.  

Zang et al. [160] has demonstrated a new method to produce “crumpled” 

graphene with 500% stretchability that maintains graphene’s electrical conductivity 

under high stress. Applying this method, I collaborated with Dr. Jianfeng Zang in Prof. 

Zhao’s group to demonstrate a highly flexible and stretchable graphene-based gas 

sensor.  

5.2 Experiments and Results: 

Many-layer graphene grown by CVD on nickel substrates was processed to 

produce crumpled graphene as shown in Figure 5-1. PDMS is spin-coated onto the 

graphene/Ni film and cured for ten minutes at 110°C. The sample is then etched to 

remove Ni with FeCl3. After Ni is fully etched away, the remaining graphene/PDMS is 
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cleaned with DI water. In the meantime, a highly-stretchable polymer (VHB) to tape 

(3M) is loaded onto a custom device which can stretch the VHB in either one or two 

directions. For example, we can stretch the VHB film to 500% of its initial dimension 

which induces 400% stress inside the VHB films.  

After the VHB film is stretched, the graphene/PDMS sample is pressed onto the 

VHB tape. Since the adhesion between graphene and VHB is larger than that between 

graphene and PDMS, it is easy to peel off the PDMS and leave the graphene on the VHB. 

It is worth mentioning that the VHB is now 500% stretched, and there is no force on the 

graphene flakes. After successfully transferring graphene onto the VHB, we can then 

wire bond contacts to it with liquid metal and soft indium wire as illustrated in Figure 

5-1 b) to d).  

The stretchable module is designed so that we can readily modify the stretch 

percentage and consequently modulate the strain level in the graphene and the VHB 

tape. As demonstrated in Figure 5-1 b, the VHB tape is initially 500% stretched and the 

graphene is unstretched. We then release the 500% stretch in the VHB to 200% as shown 

in Figure 5-1 c. Now the graphene is under a 200% equal compressive strain. Due to this 

strain, the area of the graphene shrinks and its transparency is reduced. Under 

compressive strain, the sample will buckle up to release the strain and ridges will form 

in the graphene. These nano scale ridges are shown in the AFM and SEM image in 

Figure 5-2. 
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Figure 5-1 Transfer demonstration 

We can continue to reduce the strain level in the VHB to zero, correspondingly 

increasing the compressive strain in graphene to 400%. The image of the released VHB is 

c d 

(a) 

(b) (c) (d) 
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shown in Figure 5-1 d. The width of the graphene flake does not change due to strain 

only in x direction. As the transparency of the graphene correlates with the thickness, 

the image shows that the thickness per unit area is larger with compressively-strained 

graphene.  

Figure 5-2 b) is an expanded image of the graphene. The ridges have height of around 

400 nm while the width is around 100 nm. In addition, the ridges have some periodicity 

and the wavelength can be roughly estimated to be 1 µm. Figure 5-2 c) and d) are the 

SEM images. From Figure 5-2 c) we can see that some regularity in the structure and the 

ridges are roughly aligned perpendicular to the direction of the compressive stress. If we 

look carefully of the Figure 5-2 d), it is interesting to observe that even under high 

(400%) compressive strain, the graphene is still continuous: no obvious breaks can be 

observed in the film. As we mentioned earlier in the background, the bending of the 

graphene film will change the angle between π – π bonding of two carbon atoms, which 

will ultimately modify the electronic properties of the crumpled graphene. However, 

since the film is still continuous, we assume that no significant edge states are 

introduced.  

As reported by Zang et al. [160], the same graphene material with less area will 

result in smaller resistance. After 50 cycles of stretching and releasing, the crumpled 

graphene still acts as a resistor. Also, the resistance of graphene is relatively constant 
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even after 50 stretching cycles. Therefore the crumpled graphene is robust, both 

mechanically and electrically.  

 

                   

 

Figure 5-2 (a) and (b)AFM image, (c) and (d) SEM image of crumple graphene 

 We used Kelvin probe force microscope (KPFM) to determine the work function 

difference between the ridges and the valleys in the structure. KPFM measures the 

(b) (a) 

(c) (d) 
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material’s work function using an AFM. Figure 5-3 a) shows the AFM image of 

uniaxially crumpled graphene and Figure 5-3 b) is the corresponding KPFM image.  

 

 

Figure 5-3  (a) AFM and corresponding (b) KPFM image, (c) overlay plot for 

both AFM and KPFM as a function locations 

We observe similar patterns but it is difficult to correlate the images. Matlab was 

used to correlate the measured height and work function as a function of location as 

shown in Figure 5-3 c). The color image is the potential data (KPFM) with deep blue 
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corresponding to lower work function and red to higher work function. The three-

dimensional slope is plotted. There is a 66 percent correlation between the potential and 

the slope data. This is consistent with a report that the work function of monolayer 

graphene increases for positive strain and decreases for negative strain[161]. 

 

 

Figure 5-4 Au NPs on ridges 

We also tried to visualize the free energy difference between the ridges and the 

valleys. Due to the different work functions, the surface free energy differs between 

ridge and the bottom. We deposited 60 nm Au NPs rom solution (purchased from SPI) 

using spin-coating on the crumpled graphene and after solution evaporation, we can 

image the sample using SEM as shown in Figure 5-4. The Au NPs are not uniformly 

distributed on the surface. We know that NPs tend to aggregate at the defects and we 
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see that the Au NPs sit on top and along the ridges while no Au NPs are observed on the 

relatively smooth surface.  

We performed gas sensor measurements using crumpled graphene devices with 

150% stress and 400% stress, as shown in Figure 5-5.  We see that with higher stress in 

the graphene, a higher sensitivity is observed. 

 

Figure 5-5 Gas sensor response 
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Figure 5-6 biaxial stretch process 

We can also stretch the VHB tape biaxially so that graphene will encounter 

compressive stress in both the x- and y- directions. Figure 5-6 shows the biaxial 

stretching process. Similar to the uniaxial process, the graphene film on the Ni is first 
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protected by PDMS and then etched away with FeCl3 solution. We then stretch the VHB 

tape in both directions with different percentages. Later we can release the stress in the 

VHB, thus compressing the graphene by different percentages in both directions. 

The SEM image for a biaxially crumpled graphene is shown in Figure 5-7. From 

the zoomed-in SEM image in Figure 5-7 b), we can see that the graphene is still 

continuous.  

 

 

Figure 5-7 SEM image of biaxial crumple graphene 

(a) 

(b) 
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Gas sensor measurements are compared for crumpled graphene with different 

biaxial stretching and flat states. Here again a larger stress yields a larger gas sensitivity 

as shown in Figure 5-8.  
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Figure 5-8 Gas sensor measurement comparison for graphene under different 

biaxial stretch states.  

 

5.3 Conclusions 

(a) 

(b) 
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We prepared crumpled graphene with either uniaxial or biaxial strain. The films 

are found to be continuous with high compressive strain. Flexible and stretchable 

graphene gas sensors are demonstrated. 
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6 Gallium Nanoparticles (NPs) on Graphene
1
 

6.1 NPs on Graphene 

Graphene possesses demonstrated strong light-matter interactions [162] 

providing a strong basis for the pursuit of graphene-based optical sensors [163, 164]. 

Raman scattering has been the primary means of characterizing the materials properties 

of graphene. Raman fingerprints reveal electron-photon interactions and allow the 

nondestructive identification of graphene thickness [107], edge structure [165], doping 

[166, 167] and defects [168, 169].  

Metal nanoparticles (NPs)/graphene platforms are useful not only as a structure 

for exploring the fundamental properties of graphene and their interfaces and 

interactions with metals, but also for creating functional structures. In addition, metals 

on graphene allow the controlled modification of the Fermi energy across the system, 

enabling effective graphene doping [170, 171] From a technological point of view, 

graphene-metal NP nanocomposites [172] are a novel class of materials with substantial 

promise across numerous applications such as plasmonic enhanced photonics [173], 

plasmonic advanced graphene based photodetectors [174], plasmonic photocatalysis 

                                                      

1 Part of the text of this chapter has been adapted from the following previously published article: Yi, 

Congwen, Tong‐Ho Kim, Wenyuan Jiao, Yang Yang, Anne Lazarides, Kurt Hingerl, Giovanni Bruno, April 

Brown, and Maria Losurdo. "Evidence of Plasmonic Coupling in Gallium 

Nanoparticles/Graphene/SiC." Small (2012). 
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(e.g. Ag-graphene based nanocomposites) [175],  sensors (e.g. Pt/graphene/SiC is used as 

H2 sensor) [176, 177] and memories [178]. 

Table 5 Summary of Studies of Metal Nanoparticles on Graphene 

 Graphene 

material 

Metal/preparation 

method 

Enhancement Mecha

-nism 

Notes 

J. lee et 

al.[179] 

ME 

graphene 

4nm Ag/Thermal 

evaporation 

24(G)/16(2D)  Layer dependent G 

peak splitting 

H. Zhou 

et al. 

[180] 

ME 

graphene 

2nm & 4nm 

Ag/Thermal 

evaporation 

15.9(G)/8.3(2D)* 

49.5(G)/17.9(2D)# 

EM High temperature 

annealing. 

Larger Ag NPs, larger 

enhancement 

J. Lee et 

al. [181] 

ME 

graphene 

Au film/ Thermal 

evaporation 

120* EM Enhancement depends 

on density and 

excitation wavelength 

F. 

Schedin 

et al. 

[182] 

ME 

graphene 

Cr/Au disk /EBL 60* EM  

X. Fu et 

al. [183] 

GO Au & Pd NPs /in 

situ chemical 

synthesis 

Two orders of 

magnitude D&G 

resonant at 

593nm 

SPR Charge transfer 

occurred 

D/G ratio increased 

K. Jasuja 

et al. 

[184] 

GO Dendritic Au 

nanostructure/ 

Chemical 

synthesis 

250%, 800%  Band gap and 

Schottkey Barrier form 

at the metal graphene 

interface 

X. Zhou 

et al. 

[185] 

GO Au and Ag 

NPs/chemical 

synthesis 

 EM  

N. Kim 

et al. 

[186] 

CVD 

graphene 

Au substrate & Au 

NPs 

Few tens EM  

L. Gao 

et al. 

[164] 

ME 

graphene 

Al2O3 substrate & 

SMO substrate 

103   

 

However, most studies of metal NPs/graphene interface interactions are with 

structures with high defect densities. Two methods for incorporating metal NPs on 
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graphene are primarily used: 1) thermal evaporation or electron beam lithography (EBL) 

pre-patterning for depositing noble metals [182, 187]; and 2) chemical synthesis enabling 

the integration metal nanoparticles and graphite oxide films in solution [184, 185, 188]. 

Both of these methods suffer from limitations in controlling the metal NPs surface 

coverage on graphene, particularly the NP ensemble distribution, and the NP size and 

shape. EBL offers the advantage of controlled position and size; however, the super 

hydrophobicity of graphene causes metal NPs to have low adhesion and hence they are 

easily peeled off from the graphene surface after lift-off [182]. Annealing presents 

another challenge in such systems. It has been shown that the thermal evaporation of Ag 

or Au NPs on graphene creates ensembles that are not sensitive to differences in the 

number of graphene layers, and hence to electrostatic interactions, before annealing 

[180], which means that their ensemble properties are created under kinetically-limited 

conditions. In order to study Au NPs on graphene nearer to equilibrium, annealing at 

1260°C in vacuum for 30s [189] or at 400°C in forming gas for 5 hrs is needed [190]. 

However, it has been shown that post-deposition anneals applied to Au/Ag NPs induces 

defects in the graphene as shown by the increasing intensity of the Raman D peak at 

1350 cm-1 [191]. In terms of exploiting solution-based chemical synthesis, structures are 

limited to those with graphite oxide (GO) with high defect states. Furthermore, it should 

be pointed out that the SERS phenomenon has been primarily observed using gold NPs 

deposited on graphene/SiO2/Si substrates, where, in addition to the electromagnetic and 
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chemical enhancement interactions, an enhancement resulting from the multiple 

reflections between SiO2 (300 nm)/Si substrate and the deposited metal NPs must be 

considered. 

Unlike transition metals, Ga (gallium) is an sp metal yielding a predominantly 

ionic interaction with graphene, i.e. without strong hybridization between the pz orbitals 

of graphene and the valence electrons of Ga, and with a weak bonding charge yielding 

minimal distortion of the graphene lattice [170]. In addition, Ga does not react with 

carbon to form carbides. We compared the valence band maximum (VBM) determined 

using XPS on graphene before and after Ga deposition in Figure 6-1. According to [192], 

there are two peaks in the valence band spectrum in XPS which relate to π bonding. We 

see after the Ga NPs deposition, these two peaks preserve their form without any 

distortion which suggests that Ga does not affect  graphene’s  π bonding.  

The evolution of the Ga NP ensemble is driven by the interfacial properties of 

Ga, the support on which it is deposited, and the synthesis process and specific 

conditions: in our case via vacuum deposition using a molecular beam (MBE) system. 

Ga deposition follows Volmer Weber (VW) process and Ga atoms assemble to form 

truncated NPs on the substrate with island formation. The thickness of Ga NPs layer is 

quantified using equivalent monolayers [193] with every seconds of deposition yielding 

0.0014 mono layers (mLs) Ga. 
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Figure 6-1 Valence band maxium of graphene before (red) and after Ga NPs 

deposition(blue). 

Wu et al. have demonstrated that the room temperature deposition of Ga yields 

ensembles that are thermally stable upon heating from 30°C to 700°C [194]. We have also 

determined that the Ga NPs distribution depends on the number of graphene layers on 

which the ensemble is created without annealing. In addition, the Raman signal D peak 

does not show a significant increase after NPs deposition, which suggests no defects are 

induced.  Graphene/NP platforms are of interest as a surface Raman enhancement 

spectroscopy (SERS) substrate for the detection of specific molecules [195-199]. 
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Figure 6-2 MBE system embedded with SE measurement facility. (b) Ga NPs 

deposition on material with MBE system.  

6.2 Ga NPs on Graphene/SiC 

Among the various graphene/support platforms now available, the graphene/SiC 

heterosystem is important for high performance electronic devices [200]. Before this 

(b) 

(a) 
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work, there has been no previous report on NP-based SERS of graphene/SiC or on the 

plasmonic properties of metal NPs on graphene/SiC. An attempt to observe SERS for 

graphene/SiC was reported by Domke et al. [201] using a scanning tunneling 

miscoscopy (STM) tip to enable TERS (tip-enhanced Raman spectroscopy). However, 

they observed SiC mode enhancement rather than the Raman enhancement of graphene 

modes.  

The plasmonic characteristics of graphene/SiC coupled to gallium (Ga) NPs are 

studied here. We show direct evidence of the LSPR of Ga NPs on graphene/SiC by 

observing in real-time the changes in the extinction coefficient of the ensemble during 

the nucleation and growth of Ga NPs on graphene/SiC. The plasmonic Ga 

NP/graphene/SiC (C-face) is chosen for this study because Ga is weakly bound to 

graphene, as stated earlier [170, 202, 203]. Specifically, Ga NPs offer broad LSPR 

tunability, from the UV to the near-IR range [204, 205], enabling coupling of the plasmon 

resonance with graphene UV absorption at 4.6 eV [206] and its intrinsic π plasmon [207]. 

The role of graphene in the charge transfer, between the metal NPs and the SiC support, 

on the plasmon resonance energy and amplitude is discussed.  

Ga nanoparticles are deposited onto the graphene substrate in a Veeco GEN II 

plasma-assisted molecular beam epitaxial system under ultra-high vacuum conditions 

[194]. The growth time is varied to tune the average NP size and, hence, the LSPR 

energy. For comparison, the same Ga overlayers were also deposited on C-face 4H-SiC. 



 

 105   

The LSPR of the ensemble of Ga NPs can be tuned from 6.5 eV to 0.6 eV (the limits of our 

measurement setup) on a variety of substrates including SiC, glass, sapphire, GaN and 

ZnO [208]. Real-time spectroscopic ellipsometry (SE) [209] was used to monitor the in 

situ evolution of Ga induced plasmons.  

Figure 6-3 shows a large-area SEM image of the interrconnected graphene 

islands heterogeneously seeded across the SiC substrate; the presence of boundaries 

suggests that graphene sheets do not always uniformly merge into a continuous 

graphene layer for the low annealing temperature (1350 °C) and time used here, as also 

found by others [210]. In fact, it has been established that temperatures higher than 

1500°C (not reachable in our equipment) are necessary for complete coverage [211]. The 

graphene islands consist of smaller graphene crystallites whose size is evaluated by 

Raman analysis below. 

Figure 6-3 b shows that self-assembled truncated Ga nano-spheroids form on 

graphene/SiC with a distribution of diameters peaked at approximately 60 nm (see also 

AFM hystograms in Figure 6-5). To quantitatively describe the graphene/SiC samples 

before and after Ga NPs deposition we used XPS, which provides not only the relative 

volume fractions of components but also their chemical state. The XPS survey spectra 

with compositional analysis for the graphene/SiC before and after Ga NPs deposition are 

also shown in Figure 6-3. For the graphene/SiC sample only the C 1s and Si 2p (and Si 

2s) photoelectron core levels are seen due to the SiC substrate and the graphene island 
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on it; the Si 2p peak is at ~101.3 eV showing only the SiC substrate contribution, whereas 

the details of the C 1s peak are discussed below (see Figure 6-6). Upon Ga NPs 

formation, the Ga characteristic photoelectron core levels and Auger lines [212] also 

appear together with the O 1s photoelectron peak, the latter being since Ga NPs exposed 

to air are covered by a very thin stabilizing shell of Ga2O3, while the C and Si 

contribution are still primarily from the SiC and graphene layers (see also in this case fit 

of C1s peak in Figure 6-6).  

 

 

 

Figure 6-3 SEM images of a) graphene/SiC and b) Ga NPs/graphene/SiC; the 

corresponding XPS survey scans used for the quantitative determination of the 

elements for c) graphene/SiC and d) Ga NPs/graphene/SiC are also shown. 
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Figure 6-4 (a) shows the experimental extinction coefficient spectra, <k>, for bare 

SiC, graphene/SiC, Ga NPs/SiC and Ga NPs/graphene/SiC. For comparison, the 

extinction coefficient spectrum of graphene, showing an absorption peak at 4.6 eV due 

to the van Hove singularity in the graphene density of states [213] is also shown. 

Analysis of the ellipsometric spectra in order to extract the thickness of the graphene 

layers requires an appropriate optical model to fit the experimental data. The model 

used herein for the C-face SiC consisted of two layers, i.e., substrate/graphene/air. Using 

this model and the graphene optical constants from ref. [206], the only variable required 

for the fit was the graphene thickness that we estimated to be 9.4 1 Å . This thickness is 

consistent with the value of 9.5 Å  determined by XPS using the attenuation of the SiC 

substrate signal by the graphene overlayer. As both evaluations are done on a macro-

spot, this thickness should be considered an average resulting from random bilayer and 

trilayer domains. 
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Figure 6-4 a) Experimental ellipsometric spectra of the extinction coefficient k 

of Ga NPs/graphene/SiC; for comparison, the k spectra of Ga NPs on bare SiC, of bare 

SiC, and of graphene/SiC are also shown. b) Experimental k spectra of Ga NPs of 

increasing size on graphene/SiC (the increasing size of Ga NPs is determined by the 

increasing deposited Ga monolayers, MLs); typical AFM images of the growing Ga 

NPs are also shown. c) Real-time evolution of k spectra of Ga NPs deposited on SiC. 

d) Real-time evolution of k spectra of Ga NPs deposited on graphene/SiC. 

The deposition of Ga NPs with a diameter of approximately 60 nm results in a 

LSPR peak at ~3.4 eV (365 nm) on graphene/SiC. Tuning of the LSPR from the UV to the 

visible by increasing the size of Ga NPs is shown by the experimental spectra in Figure 
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6-4 (b). For comparison, the LSPR spectra of equivalent Ga NPs deposited on bare SiC 

and on garphene/SiC are plotted with the same time resolution (i.e., every 1 sec) in 

Figure 6-4 (c) and Figure 6-4 (d), respectively. The LSPR peak for Ga on graphene is 

observed to dampen and broaden with growth and is slightly blue-shifted (365 nm) in 

comparison to that on the SiC (387 nm). The damping for Ga/graphene/SiC is an 

interesting observation since it is well known that the plasmon absorption and, hence, k, 

should increase with the increase of the deposited Ga amount (which is the situation 

observed for the Ga/SiC in Figure 6-4(c). 

 

Figure 6-5 a,b) AFM images of Ga NPs of different size obtained by depositing 

124 and 247 MLs Ga, respectively, on graphene/SiC. For comparison, (c) shows the 

AFM of equivalent Ga NPs on bare SiC (247 MLs). d–f) The corresponding density of 

Ga NPs is also indicated as well as the diameter histograms. 
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The properties of the LSPR are very sensitive to the geometry of the 

nanoparticles [214]. Figure 6-5 shows the Ga NPs size, density and distribution on 

graphene/SiC and SiC as characterized by atomic force microscopy (AFM). For the same 

amount of Ga deposited on both the bare SiC and on graphene/SiC, the Ga NPs have a 

similar density, size and aspect ratio (defined as NPs diameter/height ratio, D/H) of 

approximately D/H=3.2 0.2, and also the same surface roughness (RMS) being 8.02 nm 

and 8.18 nm for the Ga/SiC and Ga/graphene/SiC, respetively. This implies that the 

different LSPR dynamics observed for Ga/SiC and Ga/graphene/SiC in Figure 6-4 are not 

a result of differences in particle size, shape and different surface roughness. 

Furthermore, graphene and SiC have similar static dielectric constants of 9.8 ruling out 

any effect of the refractive index of the support on the observed difference. Therefore, 

other factors must be considered, such as changes in electronic properties of Ga 

NPs/graphene/SiC ensemble. In the context of the Drude model [215], the plasmon peak 

becomes narrower and its intensity increases with increasing particle size due to the 

increased lifetime of the collective plasmon oscillation resulting from reduced electron-

surface scattering relaxations (i.e., the 1/R effect, where R is the radius of the NPs) [216]. 

This can be clearly seen in the evolution of the LSPR for Ga on SiC in Figure 6-4 (c). 

Conversely, broadening with nearly constant amplitude is observed for Ga NPs on 

graphene, despite the NPs enlargement.  
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We have also checked for a possible effect/perturbation on the Ga NPs plasmonic 

dynamics from the surface palsmon polariton (SPP) at the graphene/SiC interface 

forming in the rest region of 8-10 µm detected and reported by Daas et al. [217]. We have 

performed FTIR measurements for Ga NPs/graphene/SiC and graphene/SiC, without 

observing any significant difference in the graphene/SiC SPP induced by the Ga NPs. 

Therefore, we can infer that also in the experimental range of 1.5-6.5 eV investigated 

here, electronic effects are being sampled, which do not couple to phonons, ruling out 

any effect of the graphene/SiC SPP on the Ga NPs LSPR. Additional evidence of the 

electronic coupling of Ga NPs with the graphene/SiC is provided by XPS, which has 

been used to characterize the charge transfer and potential barrier in the composite. It 

has been shown that it is difficult to quantify charge transfer [203, 218]; therefore, we use 

XPS to qualitatively infer electron transfer.  

Figure 6-6 shows the fit details and the shift of the C1s photoelectron core level 

upon graphene formation and Ga deposition. The C1s was fit using a Lorentzian 

including a Shirley background. Consistent with previous studies [219] the C 1s 

spectrum can be fit with four components ascribed to the SiC substrate at 283.2 0.1 eV, 

sp2 carbon at approximately 284.4  0.1 eV, sp3 hybridized carbon resulting from 

adventitious hydrocarbon contamination at about 285.0 eV, and finally a component at 

288.8 0.1 eV due to adsorbed carbonyl-carboxyl (CO/CO2) contamination.  
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Figure 6-6 XPS spectra of the C 1s photoelectron core level for bare SiC, Ga 

NPs on bare SiC, graphene/SiC, 124 MLs Ga NPs on graphene/SiC, and 247 MLs Ga 

NPs on graphene/SiC. 
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The bare SiC substrate only shows the SiC component at 283 eV and the 285 eV 

components due to adventitious C sp3 contamination. Upon deposition of Ga NPs, we 

do not observe either broadening of peaks nor any new carbide peaks at low binding 

energy that could be related to Ga-carbides, indicating that Ga does not react with SiC 

and with graphene. Therefore, the adsorption of Ga NPs on graphene is mainly the 

result of the ionic attractive interaction between the p-orbitals of Ga and the π-orbitals of 

the sp2-hybridized carbon, consistent with calculations [218]. This is not changed by 

increasing the Ga amount (from 124 Ga ML to 270 Ga ML), i.e., the NPs size, and the 

only observed variation in the C1s peak in Figure 6-6 is the attenuation of the graphene 

and SiC signals and a further shift to lower binding energy. The C 1s core level for 

reference graphene on SiO2 measured in our system has a binding energy of 284.4 0.1 

eV. We assume this value as representative of free-standing graphene without charge 

transfer to/from support. Upon formation of graphene on SiC, charge transfer results in 

a rigid shift of the C1s core level by approximately 0.3 eV to higher binding energy 

suggesting a weak coupling between graphene and the C-face SiC and charge transfer 

from SiC to graphene, consistent with previous observations [220]. The SiC core level 

progressively shifts closer to the Fermi level, EF from 283.1 0.1 eV in bare SiC to 

282.6 0.1 eV after graphene formation and to 281.5 0.1 eV after the deposition of 124 

MLs of Ga (see Figure 6-7).  



 

 114   

 

Figure 6-7 Shift of the C 1s photoelectron core level of SiC and of graphene. 

Schemes for the band structure of isolated graphene, of SiC and Ga NPs, and after 

they interact are also shown at the bottom, and indicate band bending in SiC, 

graphene doping, and electron transfer to Ga NPs. 

This is consistent with increasing SiC band bending indicating that a depletion 

region is formed in the SiC substrate due to charge transfer from SiC to graphene. 

Correspondingly, the graphene C1s peak shifts to lower binding energy of 283.4 eV, i.e., 

closer to the Fermi level, with Ga deposition indicating electron transfer from graphene 

to Ga NPs. Based on this XPS analysis, the energy band diagram in Ga 

NPs/graphene/SiC can be sketched as shown in Figure 6-7. The energy band gap of the 
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semi-insulating SiC is 3.26 eV [221]. Using the bare SiC valence band measurement, the 

valence band maximum - Fermi level difference is. Upon graphene formation on SiC, 

both the C1s core levels of graphene and SiC shift to lower binding energy. This is 

consistent with the transfer electrons to graphene[222, 223], which fill any empty states 

near the Fermi level EF, essentially the π* band [224], and induce a positively-charged 

depletion layer in the SiC and upward band bending of approximately 2 eV all 

consistent with the shift to lower binding energy of the C1s core level. Therefore, the 

Dirac point in graphene is below the Fermi level, as a result of electron doping [225] 

from the SiC substrate reducing the work function of graphene/SiC [226] recently 

reported to be below 4.2 eV [227] and as low as 4.0 eV [228] therefore allowing charge 

transfer to Ga which has a work function of 4.2 eV, Thus, upon Ga NPs deposition the 

further shift of the graphene and SiC C1s photoelectron core level indicates charge 

transfer from graphene to Ga NPs, as sketched in the band diagram in Figure 6-7. It is 

important to point out the role of the SiC substrate in determining the electron transfer 

to the metal NPs. For Group-III metals on graphene a modest electron transfer of 0.88 

and 0.78 electrons/per atom from the p-orbitals of Al and In atoms to graphene has been 

calculated [203, 218], which would be in agreement with the small work function 

difference between graphene and Ga. Indeed, the present data indicate that electron 

doping of graphene induced by SiC and the decrease of the work function of the 

graphene/SiC ensemble, which becomes lower than that of Ga, can activate transfer of 
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electrons from graphene to Ga, thus sustaining the LSPR of Ga NPs. Both the LSPR and 

charge transfer can play a role in the SERS of graphene modes, since the SERS 

electromagnetic enhancement results from Raman excitation and emission coupling 

with the nanoparticle LSPR modes, while resonant enhancement from metal-induced 

charge transfer can give rise to chemical enhancement.  
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Figure 6-8 Typical Raman spectra for graphene a) on C-face SiC and also after 

247 ML Ga NP deposition, and enhanced Raman peaks of graphene after Ga NP 

deposition; and b) for exfoliated graphene on SiO2 also after Ga NP deposition, the 

morphology of which is shown in the inset. 

Figure 6-8 shows the SERS spectra for the Ga NP-decorated graphene/SiC. The 

Raman data are measured. Because these graphene samples are grown in a UHV 

environment and at a temperature <1400°C, a broader 2D peak at 2680 cm-1 (full width at 

half maximum of 50 cm-1) due to small graphene crystallites and non-uniform thickness 

domains [225] and a D-peak at 1344 cm-1 due to domain boundaries are observed in 

addition to the G-band at 1582 cm-1, which corresponds to the E2g phonon at the Brillouin 

zone center [107]. As an indication of the graphene crystallite size and modest quality 
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we took the D/G ratio that is approximately 1 0.1, indicative of a very small graphene 

crystallite size of 15-20 nm [211].  

Several groups have already reported the effects of strain [229, 230], charge 

transfer doping [147] as well as the initial doping of the SiC substrate[231]on the G- and 

2D-peak position and certainly all these factors contribute to shifts of the Raman modes 

for Ga/graphene/SiC. A stiffening of the G-mode occurs for both the electron and hole 

doping of graphene [147], as well as intrinsic doping by defects can contribute to the 

blue-shift of the D-peak, not allowing uniquely to discern charge transfer. Here, 

interestingly, after Ga NPs deposition, an enhancement of the graphene Raman modes is 

observed. 

Figure 6-8 shows the difference in spectra between the Ga NPs/graphene/SiC and 

the graphene/SiC, suggesting that Ga NPs enhance only the graphene modes and do not 

impact the SiC modes. The D peak, which blueshift to 1360 cm-1 upon Ga NPs, has the 

largest enhancement followed by that of the 2D band, while the in-plane vibrational G 

band at 1591 cm-1 (1582 cm-1 before Ga) has the smallest enhancement.  

Different enhancements for the graphene modes have also been observed in 

previous works for graphene on SiO2. For example, a larger enhancement for the G-peak 

was reported for Au/graphene on Si/SiO2 in ref. [232], whereas a strong enhancement of 

the D band was observed for exfoliated monolayer graphene with Au nanoparticles in 

refs. [233, 234]. Additionally, the G-peak is known to increase for both electron and hole 
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doping and, hence, charge transfer may play a dominating role in its enhancement [178, 

191]. Additionally, the G-peak is known to increase for both electron and hole doping 

and, hence, charge transfer may play a dominating role in its enhancement [147, 235].  

On the other hand, theory predicts that the intensity of 2D should decrease as electron-

electron collisions increase strongly at high levels of n- doping [62]; hence, in the present 

case, the charge transfer to the Ga NPs compensating the electron transfer from SiC 

should not suppress the 2D-mode (contrary to the small enhancement of the 2D peak 

observed with gold NPs resulting from the n-type doping of graphene).  

The enhancement due to the electromagnetic mechanism is affected by the 

relative differences between the LSPR energy, the exciting source energy and graphene 

vibrational modes. Plasmonic enhancement would also imply decreasing enhancement 

from the D to the G and to the 2D modes.  

We can also argue that the relatively large enhancement observed for the D mode 

is not likely due to additional graphene defects generated by Ga deposition, since we 

have similarly deposited the same Ga NPs on exfoliated graphene-on-SiO2 and we have 

observed no D-peak appearing upon Ga NPs deposition, staying the enhancement of the 

graphene modes, as shown in Figure 6-8 (b). This is consistent with the fact that Ga, as 

well as all the group-III metals, does not distort the graphene lattice, even when it 

adsorbes and nucleates on B or T sites, therefore C-C bonds near Ga adatoms retain their 

sp2 character and do not rehybridize [203, 218]. However, metal adsorption and 
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nucleation is enhanced at graphene defects such as single and double vacancies [187], 

and therefore, the D-mode enhancement could be related to enhancement of the field at 

defect sites where Ga NPs nucleate. The electromagnetic enhancement is many orders of 

magnitude higher [184]; therefore, the observed enhancement of 10-20 herein is 

consistent with the fact that when a conductive film such as graphene is coupled to 

plasmonic nanoparticles, the film distorts the field distribution and quenches the field 

lines near and parallel to the surface (consistent with the observed damping of the 

longitudinal plasmon mode of Ga NPs in Figure 6-4). The weaker enhancement of the G 

and 2D graphene modes may result from an effective change of the Raman cross section 

due to the weak mixing of the graphene and Ga wavefunctions resulting from the 

charge transfer (as shown by the XPS analysis). The work functions of both Ga and 

graphene/SiC (4 - 4.2 eV) and the predominantly ionic character of the Ga-graphene 

bond facilitates the formation of weakly-bounded charge-transfer complexes. Laser 

irradiation charge-transfer transition can create a “chemical” enhancement effect [163]. 

These possible factors cannot be differentiated by the mode-dependent enhancements 

but the observations support the strong coupling of photonic and electronic interactions 

between the elements comprising the metal NP/graphene/SiC composite.  

In summary, we have experimentally demonstrated the interaction between 

plasmonic Ga NPs and graphene/SiC heterojunction. We provided direct evidence that 

Ga NPs show on graphene/SiC a surface plasmon resonance that can be tailor from the 
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UV to the visible range. Both the charge transfer and plasmonic coupling of Ga NPs with 

graphene can contribute to the enhancement of Raman modes of graphene. Therefore, as 

a whole this study shows new challenges and capabilities for graphene/SiC -based 

optoelectronics, plasmonics and composites, and it represents a step forward 

understanding the crucial role of interface and interactions between plasmonic 

nanoparticles, graphene and supporting substrates for developing large scale plasmonic 

graphene-based applications.  

6.3 Ga NPs on Graphene/SiO2 

The basis of SERS is ascribed to either the electromagnetic mechanism (EM) or 

the chemical mechanism (CM). EM-based SERS on graphene is of interest due to the 

fluorescence quenching properties of graphene [54]. However, the SERS of molecules on 

graphene has been found to result from the chemical mechanism due charge transfer 

between graphene and molecules primarily contribute to the Raman enhancement in 

this work.  

However, metal NPs or contacts [236, 237] on graphene surfaces are known to 

dope graphene through metal-graphene charge transfer driven by the interfacial work 

function difference. Raman mode intensities are also dependent on doping and hence it 

is reasonable to assume that charge transfer can modify Raman intensities.  

Ga NPs have been used for molecular SERS showing enhancement factors for 

cresyl fast violet (CFV) SERS of 80 in the visible range [238]. Our work shows that charge 
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transfer occurs between Ga NPs and graphene on CVD substrate [239]. Herein, we relate 

the localized doping induced by Ga NPs on monolayer ME graphene to the electron-

phonon interaction and modifications in the Raman scattering including a CM 

enhancement, or SERS. We also observe a slight Raman intensity enhancement after Ga 

NPs deposition and conclude that it results from charge transfer.  

6.3.1 Results and Discussion 

Mechanically-exfoliated (ME) graphene samples on 100 nm SiO2/heavily doped 

silicon substrate were prepared using mechanical exfoliation. According to nucleation 

theory [240], Ga ensemble formation is comprised of four regimes: a low-coverage 

nucleation regime, an intermediate-coverage diffusion-dominated regime, an 

aggregation regime and a coalescence and percolation regime. At the initial stage of 

deposition, the adsorption and nucleation dominates. The atoms arriving at the surface 

diffuse and form islands. Since the deposition is at room temperature we assume that all 

of the Ga adatoms arriving at the surface form NPs, i.e. they do not desorb. As more Ga 

is deposited, Ga NPs coalesce ultimately reaching a bimodal essemble distribution [241].  
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Figure 6-9 AFM image for graphene post a) 41MLs, b) 116MLs and c) 206MLs 

gallium NPs deposition and corresponding NPs radius distribution histogram d) 41 

MLs, e) 116MLs, f) 206MLs. Thick navy lines show the Gaussian fit for all the radius 

distributions. The inserts are corresponding 3D mapping of AFM imgae. 
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Figure 6-9 shows AFM images of the Ga NPs on monolayer graphene with three 

different Ga volumes deposited: (a) 41MLs, (b) 116MLs and (c) 225MLs. From these 

images, we can observe that both the radii and heights of the NPs increase with Ga 

deposition. The Ga NPs radius distribution is Gaussian and broadens with increased 

deposition time. There is a single peak in the 41 MLs deposition distribution, at 7.6 nm 

mean radius and 13.6 nm standard derivations. A second Gaussian peak begins to 

appear for the 116 MLs deposition case. Two peaks at 2 nm and 32 nm with 10.2 nm and 

15.2 nm standard derivation, respectively. The peak broadens after 206 MLs gallium 

deposition. The two peaks are centered at 2.4 nm and 50.7 nm with 8.18 nm and 18.52 

nm as the standard derivations. 

We can extract the gallium surface coverage from AFM using Gwyddion 

software [242]. With 41MLs, 124MLs and 206 MLs gallium deposition, the 

corresponding surface coverage is 66%, 75% and 92%. The finite AFM tip width leads to 

a slight over estimation of the NP diameters. The surface coverage increases as expected 

[241]. 

Monolayer graphene flakes were identified by their color contrast under optical 

microscope and confirmed with Raman measurements. In order to make an accurate 

comparison of the Raman intensity before and after Ga NPs deposition, optical images 

were captured to record the relative position of laser spot for each monolayer graphene 

flake. After the Ga NPs deposition, Raman measurements were re-performed on the 
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same flake at the same positions for accurate intensity comparisons. More than 5 

samples were fabricated for each Ga NPs deposition condition. 

 

Figure 6-10: Raman spectroscopy of graphene and after different amount of 

gallium NPs deposition. The grey dotted lines are the experimental  Raman signal 

and the red lines are the fitted Lorentz curves.  

Figure 6-10 is a representative Raman intensity spectrum of pristine monolayer 

graphene and after Ga deposition. A Lorentz function is used to fit both the G peak 

around 1580 cm-1 and the 2D peak at the 2630 cm-1. The grey dots are the original Raman 

data and the red lines are the fitted Lorentzian curves. From the figure, we can see that 

with increasing Ga deposition volume the intensities of both the G peak and 2D peaks 
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increase. In addition, the G and 2D peak positions are shifted to lower frequencies. The 

details are revealed in Figure 6-11. 

Figure 6-11 a) and b) show a comparison of the G and 2D peak positions before 

(black) and after (red) deposition. According to ref. [243], the position of both the G and 

2D peaks for monolayer graphene flakes will vary as a result of the presence of different 

defects and doping levels. This variation is also observed in our samples. For the three 

sets of samples, the mean center of the G peaks is               ,               , 

and                 respectively, and and for the 2D peaks is               , 

             ,                   . A Raman peak softening is observed for all the 

samples after the deposition of Ga NPs. The G peak shifted to                , 

              ,              for 41MLs, 124MLs and 206 MLs of deposited 

gallium respectively while, the 2D peak shifted to               ,               , 

                 . In addition, the full width half maximum (FWHM) of both peaks 

increased after gallium deposition. It is interesting to see that the FWHM of G peak 

increased with increased gallium NPs deposition.  
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Figure 6-11 G peak position a) and 2D peak position b) before and after 

various gallium NPs deposition.  G peak FWHM c) and 2D peak FWHM d) before and 

after various gallium NPs deposition. Black dots are pristine graphene and red dots 

are after Ga NPs deposition. The G peak position (e) and FWHM (f) difference 

between pristine and after gallium deposition.  
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Both the peak shift and broadening can be understood with the localized doping 

effect induced by Ga. The work function of undoped monolayer graphene was 

determined to be 4.55 eV [244]; however, the graphene/SiO2 is normally p-type doped by  

ambient water and O2 [245], so the work function for p-type graphene may be larger 

than 4.55 eV. Gallium has a work function of 4.2 eV [246]. The Fermi level difference will 

drive charge transfer across the gallium/graphene interface as shown in Figure 6-13. 

Electrons are expected in this case to transfer from Ga to graphene, forming a dipole 

layer at the interface. Luo et al. [190] showed that the graphene does not screen electrons 

well and the interface dipole density is only determined by the layer numbers of 

graphene. We assume that for all the samples the dipole density is constant at the 

Ga/graphene interface. The G peak represents the doubly-degenerate center E2g optical 

phonon mode [247] and 2D mode is the second order of zone-boundary phonons [107] 

which is sensitive to doping. The Raman peak stiffening and FWHM change are 

consistent with previous experimental results using either a back gate [248] or an ionic 

liquid top gate [167] to modulate the Fermi energy in graphene and change the Raman 

peak frequency. In our case, the electron transfer increases the Fermi energy in graphene 

creating an analogous field effect.  

This is a localized effect due to the varying area of the gallium contact at the 

graphene surface. The impact of different electron concentrations on G peak position 

and FWHM has been extensively studied by [248, 249] both experimentally and 
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theoretically. By applying the finite-temperature non-adiabatic correction, Pisana et 

al.[249] showed that the G peak position decreased with lower p-type doping graphene 

until it reaches minimum value with around           hole density, then the G peak 

position began to increase until arriving at that for charge neutrality for graphene. The G 

peaks FWHM shows a relatively linear increasing trend. For our case, we know the 

graphene is initially slightly p-type doped and Ga donates electrons to graphene, which 

means that with increasing Ga deposition on graphene, there will be a lower hole 

density in graphene. As shown in the Figure 6-11 (e), with 41MLs Ga NPs, the G peak 

positions shows -1.3 cm-2 shift. With 116MLs NPs deposition, G peak shows a maximum 

change of around -5cm-2 shift. The G peak position shift reduced to -3cm-2 with 206MLs 

Ga NPs deposition. The G peak FWHM in Figure 6-11 (f) increases with additional Ga 

NPs deposition.  

This localized doping from gallium not only affects the Raman signal’s position 

and FWHM, it also impacts its intensity. Figure 6-12 shows the correlation between the 

enhancement factors (defined as Raman intensity after NPs deposition/Raman intensity 

of pristine graphene) for the G (black) and 2D peaks (red) and the Ga surface coverage. 
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Figure 6-12 Raman signal magnification ratios for both G peak (black dot) and 

2D peak (red dots) with different gallium NPs surface coverage.  

As the surface gallium coverage increases, the enhancement of both the G and 2D 

peaks increases but at different rates. The enhancement of the G peak intensity increases 

from        to        and         , and the 2D peak intensity increases from 

       to         and          for 66%, 75% and 92% surface coverage 

respectively. A similar trend in which a larger density of NPs leads to larger 

enhancement was reported for Au NPs [181] and Ag NPs [180] on multi-layer graphene,. 

Zhou et al. [180] attributed their observed SERS to the EM mechanism. They postulated 

that with increased metal density, it is more probable to form hot spots between two 

adjacent NPs and to have a rougher surface thereby creating higher local fields at 

specific locations. We postulate that the chemical effect induced by charge transfer leads 

to the Raman intensity in these experiments for the following reasons. First, the 

observed relatively low enhancement of 300% is inconsistent with the EM mechanism 

although Ga will not yield enhancements as large as Au or Ag. Secondly and 

(a) 

(b) 
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importantly, if the EM factor plays an important role, we would not expect a concurrent 

change of the Raman peak position and peak FWHM. These changes in the Raman 

response indicates that the Ga NPs modify the electron-phonon interaction. Finally, the 

Raman enhancement variations among samples increases with increasing surface 

coverage indicating that the mechanism is related to the increasing variation in NP 

radius. We can understand this positive correlation by examining Figure 6-13 (b). As 

mentioned, a dipole layer will form at the interface between graphene and Ga through 

charge transfer driven by the difference in work functions, and this interface change 

actually affects graphene bulk electronic property since graphene is only one atomic 

layer thick. The chemical enhancement suggests an enhancement of interactions between 

adsorbed molecules and the substrate surface, which results in a Raman cross section 

enhancement for selective molecular vibration modes [250]. Therefore increasing 

interfacial area of contact between the graphene and Ga NPs will increase the Raman 

signal intensity. The laser spot used in Raman measurement is 1µm X 1µm and therefore 

large compared to the NPs. With larger surface coverage, the area of interface dipole 

layer between Ga NPs and graphene is larger and the radial distribution is larger as 

well.   

Moreover, the I2D/IG ratio dependence on different Ga surface coverage amounts 

follow the localized doping model well. As we already discussed before, pristine 

graphene is p-type doped and contact with gallium reduces its p-type doping.  Larger 
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gallium surface coverage means that a higher concentration of electrons transfer to 

graphene so that the Fermi energy is increased, so graphene is more close to charge 

neutral. The I2D/IG ratio will increase towards that of undoped graphene, consistent with 

[167]. Furthermore, a larger G peak FWHM can also be understood with localized 

doping.  

According to Basko, D. M. et al. [251],  
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Figure 6-13: a) The electron energy resulted from charge transfer after gallium 

NPs deposition on graphene. b) Demonstration of Raman with laser spot on different 

amount of gallium NPs adtoms. 
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The charge transfer between Ga NPs and graphene can be confirmed using a 

back gated FET transfer characteristic measurement. We fabricated graphene back gated 

FETs with CVD grown graphene transferred to 300nm SiO2 with 50um Ti/Pd/Au pads 

and 1 mm channel length.  A back gate transfer characterization is first conducted on 

pristine graphene followed by Ga NPs deposition in MBE system. After 204MLs Ga NPs 

deposition, a back gate transfer characterization is conducted again. The comparison 

between two devices is shown in Figure 6-14. A slight reduction in the CNP can be 

observed from 39.6 V on pristine graphene to 38.1 V after Ga NPs deposition.  

 

Figure 6-14 Back gate transfer curve of graphene FET before and after Ga 

deposition 

According to reference [147], we can determine how much charge is transferred. 

For back gated graphene:  

        
⁄   Equation 6-3 
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whereas    is the electrical potential in graphene, e is the electron charge. 

             is the back gate capacitor while   is the dielectric constant of SiO2 and    

is the permittivity of free space.     is the back gate thickness which is 300nm in our 

case. The final calculated                   .  

The excess electron surface concentration is                and if we apply 

the difference in back gated CNP, the final transferred charge is calculated to be 

             .  

6.3.2 Summary: 

In summary, a series study is performed on monolayer ME graphene with 

various Ga NP deposition concentrations. Graphene’s Raman peak position and FWHM 

is correlated with Ga NP concentration, showing a similar change in electron density as 

that induced by a top, suggesting the localized doping induced by Ga. Graphene’s 

Raman signal intensity is enhanced after gallium NPs deposition, with dependence on 

the NPs surface coverage observed, which confirms the localized doping model and 

suggest that the chemical mechanism is the primary Raman enhancement mechanism 

for this system. 

6.4 SERS on Graphene 

Previous research also showed that monolayer graphene can used as SERS 

substrate for Cresyl Violet (CV) [195]. We explored this platform with the Ga 
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NP/graphene/SiO2 system. The CV molecule is spin-coated on the graphene/NP/SiO2/Si 

system and shows a comparison of the Raman spectra between the CV in solution and 

CV on Ga NP/graphene. The intensity of the CV at 633nm laser in solution is 30 times 

and is 5 times on graphene respectively for Raman measurements. From the figure we 

can see that three CV peaks are observed on graphene substrate. This demonstrates the 

potential use of graphene for SERS detection. 
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Figure 6-15 The SERS of CV on NP/graphene/SiO2 substrate   
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7 Conclusions and future work 

In this final chapter, I summarize the research carried out and suggest future 

work. 

7.1 Conclusions 

New materials for a range of devices are important and we have shown that the 

properties of graphene are useful for electronic and optical applications. Both theoretical 

and experimental reports suggest graphene is a good candidate in flexible sensors 

applications. By applying both mechanical exfoliation methods and CVD growth 

methods to produce graphene, we developed different fabrication process to produce 

graphene gas sensors.  

We showed that interfacial water between graphene and the SiO2 substrate can 

be critical to graphene-based gas sensor performance, and used HMDS to create 

graphene sensors with different degrees of water adsorption at the graphene/SiO2 

interface inducing different doping levels in the graphene. Raman, XPS and electrical 

measurements show a reduced doping carrier density for graphene devices on HMDS-

treated SiO2. Subsequent gas sensor measurements show that graphene on HMDS- 

treated SiO2 exhibits reduced sensitivity to both NO2 and NH3. We conclude that P-type 

doping assists graphene in gas sensing by increasing molecular adsorption as suggested 

by theory work.  
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We also demonstrated graphene-based flexible and stretchable gas sensors with 

crumpled graphene. Good control of the stress induced in the crumpled graphene is 

achieved and we determined the sensor’s response under 400% strain in graphene. After 

compressive strain introduction, either uniaxial or biaxial, crumpled graphene shows 

higher sensitivity to NO2 compared with unstrained graphene. This high sensitivity 

correlates with the observation of more energetically active sites on the ridge formed as 

a byproduct of the compressive strain.  

Finally we decorated graphene with Ga NPs using Molecular Beam Epitaxial 

(MBE). We carefully studied the plasmonic behavior of the NPs using in situ SE and 

Raman spectroscopy. We observed a change in the Raman spectra and correlated this 

with localized charge transfer from the Ga NPs. The calculated charge transfer according 

to Raman is confirmed by back-gate FET measurements. We also demonstrate the 

possibility of using Ga NPs/graphene as a platform for detecting CV molecules with 

SERS. 

7.2 Future Work 

Continued investigations of the graphene-based gas sensor mechanism are 

necessary for enhancing performance. 

The metal/graphene interface response to target gases is important to determine 

as modulation of the Schottky Barrier between metal contacts and CNTs can also 

account for the conductance change. Yamada et al. [252] suggested that the metal-CNT 
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interface can be relatively rough inducing a small gap between metal and CNT. If a gas 

molecule penetrates and is adsorbed at this interface, a dipole layer could form. This can 

apply to graphene-metal interfaces as well. Because the π-π bonding perpendicular to 

the graphene plane is relatively weak, it is hard to form a uniformly smooth and sticky 

interface layer with metal. Lee et al. measured the contact and edge effects in graphene 

devices using scanning photocurrent microscopy (SPCM) [253]. SPCM has a spatial 

resolution of 400nm and is used to map the local electrostatic potential of a nanotube or 

nanowire device. The fundamental idea of SPCM is to generate photons using a laser 

and the reflected light and photocurrent are recorded simultaneously to analyze 

electron-photon interactions within the device. 

Some experiments have been conducted to verify the Schottky barrier (SB) 

modulation affect in CNT gas sensors. Liu et al. tested a single-wall CNT exposing it to 0 

- 4ppm NO2 and 0 - 400ppm of NH3 with alternative CNT/contact regions or active 

regions covered by PMMA [254]. Their experiments show that CNT remains sensitive to 

NO2 and NH3 even with PMMA covering the contacts. However, Zhang et al. 

questioned the results for the PMMA coating. They indicated that it is possible for gas to 

leak through thin PMMA layers; therefore they [255] coated a structure with 200nm 

PMMA, followed by 2um SU8. Their results demonstrate that the NO2 molecule then 

had no doping effect on the active region of SWNT FETs.   
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Peng, N., et al. used Si3N4 to passivate either the contacts or the center of the CNT 

channel to investigate NH3 detection [256]. A heavily P+-doped silicon and 200nm 

thermally grown SiO2 was used as the back gate. Single-wall CNTs were aligned to 

predefined source/drain electrode using an ac dielectrophoresis technique.  Both the 

sensitivity and reversibility of the device increased as the back gate voltage increased 

from -8V to 8V. After the contacts of the device were covered by Si3N4, the NH3 detection 

response disappears even under much higher NH3 concentrations (500ppm). Though 

positive back gate voltage (4V) was applied, there is no observable response for device 

with contacts covered. This result strongly supports the importance of SB modification 

to NH3 detection in SWCNT FETs. These findings can apply to graphene.  

The impacts of edge states on graphene gas sensing are important to determine. 

Previous theoretical studies primarily apply to a perfect graphene sheet; however, 

graphene’s electronic properties are strongly modulated by the presence of edge states. 

The edge states in graphene can be treated as similar to surface states in bulk 

semiconductors. When the width of graphene is much smaller than its length and is less 

than 10nm, the edge states strongly affect graphene’s electronic properties. Son et al. 

suggested that an energy band gap can be induced in such graphene nanoribbons with a 

width up to 50 Å  [29]. This open band gap was observed by Li et al. experimentally with 

a chemically derived graphene nanoribbons with sub-10nm width [257]. Huang et al. 

used first principle simulations to study the adsorption of gas molecules on graphene 
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nanoribbons [81]. Their work suggested that NH3 molecule adsorption can significantly 

modulate graphene nanoribbon’s electronic and transport properties while the edge 

states in graphene do not significantly impact the sensitivity to other gas molecules 

compared with NH3.  

It is challenging to create sub-10 nanometer features with photolithography to 

produce graphene nanoribbons and, in addition, difficult to control the edge states 

through conventional O2 plasma etching, so the idea of a graphene nanomesh was 

introduced [258] in 2010. Bai et al. demonstrated an easy technique to fabricate graphene 

transistors with an energy gap by introducing a matrix of nanopores in graphene sheet. 

They used a poly (styrene-block-meththacrylate) (P(S-b-MMA)) block copolymer thin 

film with cylindrical domains as the etching mask for graphene nanomesh. A graphene 

nanomesh with a 27nm periodicity and 9.3nm neckwith matrix can be obtained and a 

significant cut off current can be observed for this graphene nanomesh-based FET with 

Vg below a threshold voltage.  

Zhang et al. compared the sensitivity of intrinsic graphene and defective 

graphene using first principle simulations [79]. Their work suggested that defective 

graphene is more sensitive to gases, especially to CO, compared with defect-free 

graphene.  

  



 

 141   

Appendix A – Produce graphene 

Appendix A.1 Mechanical Exfoliation to produce graphene 

Device Fabrication 

I. Mask design 

1) Measure the distance between.  

2) Input this data into the mask design. 

3) Write down the marker position for subsequent EBL alignment. 

II. Mesa Etching: 

1) Sample cleaning: acetone@5min, IPA@5min, hotplate 105°C@5min. 

2) PMMA spincoat: PMMA 495 A8, 500rpm@5s, 3000rpm@40s, hotplate 

180C@4min. 

3) Load sample into the EBL: current 1nA, field: 600µm, det:60,000. 

4) Development: MIBK:IPA=1:3 @130s, IPA@20s, DI water@20s 

5) O2 plasma etching using RIE1: O2 gas flow=45, pressure = 95mTorr, RIE 

power=20W, etching time: 6s 

III. Contact formation 

1) Sample cleaning: acetone@5min, IPA@5min, hotplate 105°C@5min. 

2)  PMMA spincoat: PMMA 495 A8, 500rpm@5s, 4000rpm@40s, hotplate 

180C@4min. 

3) Load sample into the EBL 

4) Metal deposition using EVAP1: 

  Ti-2 20Å , 2Å /s 

  Pd    50Å , 2Å /s 

  Au    250 Å , 2Å /s 

5) Lift off in DCM overnight 

     

 

Appendix A.2 Chemical Vapor Deposition to produce graphene 

Graphene transfer to SiO2 

I. Cut the graphene/Cu foil into small pieces, approximately 1cmX 1cm 

II. Sandwiched cut graphene/Cu foil into two clean glasses, gently press on the 

upper glass to flatten the graphene/Cu foil. Remember not to slide the glass 

which will damage graphene layers. 
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III. Tape the flattened graphene/Cu foil on the underneath glass, make sure all the 

edge are covered by tape. 

IV. PMMA spincoat: PMMA 495 A8, 500rpm@5s, 2000rpm@20s, hotplate 

180C@3min. 

V. Use blade to cut the inner part of graphene which was not taped, and put the 

PMMA/graphene/Cu foil in to APS-100 solution (purchase from Transene). 

VI. Wait for all the copper were etched away by APS-100, which takes about seven 

minutes. Then scoop the transparent PMMA/graphene into DI water. 

VII. Clean PMMA/graphene in DI water for three times, then scoop into HCl:DI 

water=1:10 solution for 10 minutes to resolve the not etched away copper NPs 

and remove APS-100. 

VIII. Clean PMMA/graphene in DI water for ten times, and then use SiO2 substrate to 

scoop graphene on it. 

IX. Use Nitrogen gun to gently blow PMMA/graphene/SiO2 until there is no visible 

water droplet encapsulated in between graphene and SiO2.  

X. Put the whole system on hotplate, heating from room temperature to 180°C 

which is critical point for PMMA reflow and keep the sample at that temperature 

for four hours.  

XI. Cool down PMMA/graphene/SiO2 sample to room temperature and wait 

overnight. 

XII. Put PMMA/graphene/SiO2 sample in to DCM for four hours to thoroughly clean 

the PMMA residue and then acetone, IPA, N2 dry. 

 

 

Device fabrication 

I. Mask designed using Photoscience 

II. Mesa Etching: 

1) Sample cleaning: acetone@5min, IPA@5min, N2 dry 

2) Pre-bake: oven 90°C@5min. 

3) AZ5214E spincoat: 500rpm@5s, 4000rpm@40s 

4) Soft bake: oven 90°C@5min. 

5) MA6 (Photo2) exposure: mode/hard, gap/70, time @5s. 

6) Development: MF-319 @60s, DI water, N2 dry. 

7) O2 plasma etching using RIE1: O2 gas flow=45, pressure = 95mTorr, RIE 

power=20W, etching time: 60s 

III. Contact formation 

1) Sample cleaning: acetone@5min, IPA@5min, N2 dry. 

2) Pre-bake: oven 90°C@5min. 

3)  AZ5214E spincoat: 500rpm@5s, 4000rpm@40s 
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4) Soft bake: oven 90°C@5min. 

5) MA6 (Photo2) exposure: mode/hard, gap/70, time @0.8s 

6) Hard bake: hotplate 120 °C@1min. (critical step) 

7) MA6 (Photo2) flood exposure: time @0.8. 

8) Development: MF-319 @120s, DI water, N2 dry. 

9) Oven bake: 90°C@5min. 

10) Metal deposition using EVAP1: 

Ti-2 50Å , 2Å /s 

  Pd    200Å , 2Å /s 

  Au    600 Å , 2Å /s 

11) Lift off in DCM overnight 

 

Appendix A.3 High Temperature annealing of SiC 

I. System overview 

 
 

Figure Appendix-A 1 System overview of High temperature annealing system 

II. Load/Unload sample 
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Figure Appendix-A 2 Image of vacuum control of the sample loading chamber 

1) Make sure the two lights are red (Gate valve is closed and interlock is on) 

2) Open the screw of the sample chamber, press power button (remember to 

press only once) to stop turbo pump, stop mechanical pump.  

3) Wait for 5 minutes for Nitrogen flow in the sample loading chamber, load 

the sample inside. (N2 will vent for 5 minutes). 

4) Pump down the system. Close the sample chamber and make sure the 

vacuum doesn’t go up, no N2 flow. 

p

ower 

Green is open 

Red is close  
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5) Then open the mechanical pump. 

6) Wait until the pressure is below 10e-2;  press the power to start turbo 

pump. (make sure only press the button once, otherwise it will vent 

again) 

 

 

                                              
              

Figure Appendix-A 3 The sample holder position:  

 

 

III. Sample parking lot 

1) When the vacuum is below 5 X10-7, it is O.K. to open the gate valve to 

transfer sample inside. 

2) Open the gate valve. (If the interlock light is red, gate valve cannot open. 

Move transfer arm to unlock interlock. ) 

3) Before transfer samples inside XPS system, make sure the sample parking 

lot is at the lowest position. 

4) If the sample is needed to transfer to sample parking lot, there are two 

sample holder positions: 47 and 77. 

IV. Trolley system 

1) Transfer the sample gently and slowly. 

2) Always keep an eye on the sample holder during the transfer process.  

3) Sample holder overview in trolley system; remember to keep the sample 

holder position. 
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Figure Appendix-A 4 Sample holder on trolley holder 

4) Always keep the whole sample holder sits at the left position relatively to 

the transfer arm fork.  After the sample holder is picked up by the 

transfer arm fork, move the whole sample holder sits to right in the 

trolley system in avoid of sample holder drop. 

5) It is better to keep the transfer arm fork slightly off the sample position. 

V. Load sample to High temperature high vacuum system 

1) Open the gate valve. (Don’t over turn when you feel tight of the screw ) 

2) Move one circle in the rod arm in HT system, it moves 0.1 inch. Adjust 

the rod position no more than 2 circles each time.  

3) Put the alumina foil at the transfer position when load sample from 

transfer arm.  

4) After successful load the sample holder to the rod, put the alumina foil at 

the load position. 

5) Carefully move up the rod, be careful to not hit the shields during load. 

6) Stop at the position marked on the rod.   

VI. HT system 

7) Make sure the water cooling is running. 

8) Make sure pressure is less than 1e-7. 

9) Read different thermal coupler. The supporting rod cannot exceed 400˚C. 

10) Attach electrical fan to protect the glass.   

11) The current and temperature relation table for a typical run: 
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Table Apendix 1 The time table to change current and accordingly temperature 

Time 

(minutes) 

Current pressure temperature Current set 

point 

0 0A 1e-09 20 50A 

15  50A 6e-08 600 70A 

30  70A 1e-08 950 80A 

45 80A 3e-08 1050 85A 

60 85A 3.8e-08 1100 90A 

75 90A 1e-07 1150 95A 

90 95A 2e-07 1200 100A 

105 100A 5e-07 1250 105A 

120 105A 1.4e-07 1300 110A 

135 110A 2.5e-07 1350 110A 

150 110A 7.7e-07 1350 60A 

165 60A 3.0e-08 900 0A 
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Appendix B Gas sensing system 

I. Fundamental schematic 

 
Figure Appendix-B 1 Gas measurement system in our lab 

 

II. Software  

1. Log in to the supporting computer. 

Username: Administrator; Password: Brown. 

2. Click on both “Gas flow Control.llb” and “Gas sensors.llb” icons on the 

desktop 
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Figure Appendix-B 2 Desktop capture of the computer 

3. Click the first line of the both pumped windows as following image. 

 

 
Figure Appendix-B 3 Labview symbol and window 

 

4. At the gas control window: 

1) Choose the folder you want to save your files. 

2) Initialize MKS 647 click Yes, then wait for several minutes. 
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3) Load recipe set: you can pre-set the gas forming recipe with text “or” 

You can change the recipe set one step by one step through the highlighted part. 

After set the recipe, click Yes in the “Recipe done” window. 

4) Click Yes after start process, it will pumps up a window 

 

 
Figure Appendix-B 4 gas control window 
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5) Turn on all the gas valve at the back side, then click yes which start gas forming. 

 
 

Figure Appendix-B 5 backside gas valves 

 

 

5. At the sensor measurement window: 

1) Path: choose the path you want to save your file. 

2) Name: type the name you want to make for the file. 

3) # Devices: device number from 1~4. 

4) Current: Sourcing current you want to use, unit is A. 

5) Minutes: automatically generates; 

6) Range: give an estimation of your sensor’s resistance times sourcing 

current. 

7) Sensor ID: Name each device up to 4. 

8) MFC sync: need to be on with control gas recipe on. 
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Figure Appendix-B 6 sensor measurement window 

 

III. Gas line and change gas 

Each gas line is hooked with certain gas.  

 
Figure Appendix-B 7 gas tank 

a 
b 
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Figure Appendix-B 8 MFC controller 

 

As the gas valves a, b, c, d listed in figure 9 and figure 10, in order to change the 

gas: 

1) Close d(only leaves the line you want to change), close a & b, open c, open 

mechanical pump. 

2) Close c, [close d, the one of which you want to change]. (not quite sure?) 

3) Change gas tank, hook up new tank. 

4) Open b, open c, pumping. 

5) Close c, open a, close a, open c, pumping. Repeat 5) for at least 3 times. 

6) Close c, open a, b, d. 

 

IV. Electrical wiring 

1: We have four different colors: green, white, black and red. 

The corresponding source terminal is: 

 

 

 

d 

c 
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Table Apendix 2 Wire color and corresponding electrode terminal 

white green red black 

Sense low Source low Sense high Source high 

V
-
 I

-
 V

+
 I

+
 

 

 
Figure Apendix-B 9 electrical cable 

 

The corresponding PCB board is demonstrates in figure 10. And the electrical 

connection is: 

 

Table Appendix 3 Relation between wire color, electrode terminal and PCB 

number 

3 1 4 2 

white green red black 

Sense low Source low Sense high Source high 

V
-
 I

-
 V

+
 I

+
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Figure Appendix-B 10 PCB board demonstration 
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Appendix C Hall measurement system 

The Hall effects is a very useful effect in the electro-magnetic field. Consider a 

cubic conductor like Figure 1. Its length is L in x direction, width is W in y direction and 

thickness is t in z direction. A magnetic field Bz is put in the z direction which cross the 

x-y intersection of the cubic conductor.  Then a current is added in the x direction. The 

charge carriers will get a drift velocity. The carriers can be either positive holes or 

negative electrons. In this analysis, the carriers are considered as negative electrons. In 

this case, we can get the current: 

                                      Ix=JxWt=nqvxWt                            (1.1) 

As there is a magnetic field across the conductor, the carriers are also influenced 

by a Lorenz force. The Lorenz force can be expressed as: 

                               ( )F q E v B                                (1.2) 

The result of this force is to lead the carriers to the side of the conductor which 

will cause a electrical field in the y direction. However, this electrical field will also cause 

a force to inhibit the carriers to go to the side. When equilibrium has been achieved, no 

carriers will continue to go to the side and an electrical field and a voltage has been 

established between the two sides of the conductor which is called the Hall voltage.  

                        VH=EHW=vxBzW=(1/nq)*IxBz/t                     (1.3) 

(1/nq) is the Hall coefficient. The Hall coefficient can be negative if the major 

carriers are electrons RH=rH/qn and positive if the major carriers are holes RH=rH/qp. If 
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the current of the sample is carried both by electrons and holes, RH=(pup2-

nun2)/q(pup+nun)2. rH is the Hall factor which is related to the material. 

 
Figure Appendix-C 1 Hall Effect 

 

In the Hall Effect measurements, the carrier density, sheet resistance and mobility 

can be easy to measure. Two structures are usually used in the semiconductor 

measurement based on the Hall Effect, Hall bar structure and Van der Pauw structure.  

Hall bar structure contains a cubic slab and several contacts. A common Hall Bar 

structure is just like Figure Appendix-C 2 which is a 12 contacts Hall bar structure. If we 

input the current in contact 1 and the current is out in contact 8, the Hall voltage is V34. 

Then the sheet carrier density can be calculated by the equation (1.3) which is  

                              n= IB/qV34                                            (1.4) 

Sheet resistance can be calculated by measuring the V26 which is  

                                 Rs= V26*W/L                                          (1.5)  
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The mobility can be calculated by  

                                  uH=|RH|/                                    (1.6) 

where  is the electrical resistivity which can be calculated by 

                              =V26*W*t/I/L                                (1.7) 

 
Figure Appendix-C 2 Hall Bar Structure 

 

Hall bar structure is good to measure the electrical properties as more than half 

of the voltage across the sample appears between the measurement contacts. However, 

the measurement of Hall bar structure rely on the geometry of the structure very much 

and the length and width of the structure is relative difficult to measure. Also the 

minimum requirement for the contact is six if the mobility is measured.  

The experiment setup chart is like Figure 3. The current source supplies a current 

and goes into the contact 1 of the device. Then the current goes out from contact 8 and 

then go back to the current source from a current meter. The voltage meter can be used 

to measure the voltage between contact 3 and contact 4 (Hall voltage) and voltage 

between contact 2 and contact 6 (Sheet resistance and resistivity measurement). Another 

holder is used to hold the hall bar sample and keep it in a dark place to avoid the 

potential influenced by the light. The holder is connected to a multi-port connector 
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which can connect the voltage meter and current meter. In our work, Keithley 220 

Programmable Current Source is used as current source. Keithley 485 Autoranging 

Picoammeter is used as current meter. Keithley 2000 Multimeter is used as voltage 

meter. Model 7500R Regulator and AL 7500 Power Supply are used to generate the 

magnetic field 

 

Figure Appendix-C 3 Hall Measurement Chart 

 

Appendix C.1 Hall Bar Measurements Manual  

Getting the Software Started 

1) Login to the Hall System computer under: 

a) Username: Halluser 

b) Password: smifhall 

2) Open the Labview virtual instrument program file: 

a) Double-Click on the icon for “Duke Hall.llb” on the Desktop 
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b) Select the “Duke Hall Main Program v2.vi” file to open 

c) Turn on the brown power stick in the back of the yellow Measurement cabinet. 

d) Make sure the instruments initialize and power up correctly. 

 

Figure Appendix-C 4: Main Control Panel 

3) Choose “number of Magnetic Field Values”, normally is 2 (which means three 

different magnetic field values are chosen) 

4)  Choose “number of voltage reading to average”, normally is 50.  

5) Choose “Maximum number of voltage measurements”, normally is 100.  

6) Type the path to save a measurement file with the sample name in “Path”. 

7) Start the measurement with three different magnetic fields: 0.2 T, 0.4 T and 0.6 T.  
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Appendix C.2 Van der Pauw/Hall Measurements Manual 

Getting the Software Started 

1) Login to the Hall System computer under: 

a) Username: Halluser 

b) Password: smifhall 

2) Open the Labview virtual instrument program file: 

a) Double-Click on the icon for “Duke Hall.llb” on the Desktop 

b) Select the “HallSystem_Duke.vi” file to open 

c) Turn on the brown power stick in the back of the yellow Measurement cabinet. 

d) Make sure the instruments initialize and power up correctly. 

 

Figure Appendix-C 5: Main Control Panel 

3) Type in your sample’s name in the “Sample/File Name” field. 
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4) Type in any notes that you want to store with this measurement in the “Sample 

Notes” field. 

5) Enter the Sample Thickness (in μm) in the “Sample Thickness” field. 

6) Enter the Current (in Amps) to be sourced in the “Current to be Sourced” field, this 

current should be high enough to result in an average Resistivity Voltage of 5mV-

35mV.  You may have to start and stop the measurement several times to achieve 

this, but generally start around 100mA. 

7) Enter the desired B-Field (in Gauss) in the “B Field” field.  The Magnet ranges from 

200 -25000 Gauss.  The current standard that is used for Duke is 2940 Gauss, but can 

be changed based on the sample.  One way to achieve a lower Hall Coefficient Error 

% is to increase the magnetic field.  However, a magnetic field that is too high will 

affect the monitor and possibly other equipment around it because it is not shielded. 

8) Choose which Resistivity setting is right for your sample.  If your sample has a 

resistance of less than 1 MΩ (as most do) then it should be set to “Low”.  For samples 

of greater resistance, this setting should be “High”. 

9) After the run your data will be saved in the “C:\Hall System\” directory under the 

name of the sample with a “csv” extension.  Example for sample A772 in Figure 1, the 

file will be saved to the following path “C:\Hall System\A772.csv”.  If the file doesn’t 

exist, it will be created with a heading row and the data beneath.  If the file does exist, 

it will append the new data to the end of the file.  The format is tab-delimited text that 

can be imported into MS Excel or any other spreadsheet program.  The File is saved 

at the end of the resistivity run (if you hit “Cancel”) or after you complete the entire 

Hall measurements. 

  



 

 163   

Reference 

1. http://www.aqmd.gov/news1/Archives/History/marchcov.html 

2. http://www.epa.gov/air/nitrogenoxides/ 

3. Li, M. and Y. Liu, Underground coal mine monitoring with wireless sensor networks. 

ACM Transactions on Sensor Networks (TOSN), 2009. 5(2): p. 1-29. 

4. http://www.euro.who.int/__data/assets/pdf_file/0005/112199/E79097.pdf 

5. http://emedicine.medscape.com/article/820431-overview 

6. http://www.epa.gov/air/nitrogenoxides/health.html 

7. http://www.intlsensor.com/pdf/electrochemical.pdf 

8. http://www.intlsensor.com/pdf/infrared.pdf 

9. Morrison, S.R., Selectivity in semiconductor gas sensors. Sensors and Actuators, 

1987. 12(4): p. 425-440. 

10. Smith, J., et al. Embedded micromechanical devices for the monolithic integration of 

MEMS with CMOS. 2002. IEEE. 

11. Hagleitner, C., et al., Smart single-chip gas sensor microsystem. Nature, 2001. 

414(6861): p. 293-296. 

12. Sheng, L., et al., A low-power CMOS compatible integrated gas sensor using maskless 

tin oxide sputtering. Sensors and Actuators B: Chemical, 1998. 49(1-2): p. 81-87. 

13. Vilan, A. and D. Cahen, How organic molecules can control electronic devices. Trends 

in biotechnology, 2002. 20(1): p. 22-29. 

http://www.aqmd.gov/news1/Archives/History/marchcov.html
http://www.epa.gov/air/nitrogenoxides/
http://www.euro.who.int/__data/assets/pdf_file/0005/112199/E79097.pdf
http://emedicine.medscape.com/article/820431-overview
http://www.epa.gov/air/nitrogenoxides/health.html
http://www.intlsensor.com/pdf/electrochemical.pdf
http://www.intlsensor.com/pdf/infrared.pdf


 

 164   

14. Madou, M.J. and S.R. Morrison, Chemical sensing with solid state devices. 1989: 

Academic press San Diego. 

15. Mouras, S., et al., Synthesis of first stage graphite intercalation compounds with 

fluorides. Revue de chimie minérale, 1987. 24(5): p. 572-582. 

16. Saito, R., et al., Electronic structure of graphene tubules based on C_{60}. Physical 

Review B, 1992. 46(3): p. 1804. 

17. Forbeaux, I., J.M. Themlin, and J.M. Debever, Heteroepitaxial graphite on 6H-SiC 

(0001): Interface formation through conduction-band electronic structure. Physical 

Review B, 1998. 58(24): p. 16396-16406. 

18. Novoselov, K.S., et al., Electric Field Effect in Atomically Thin Carbon Films. Science, 

2004. 306(5696): p. 666-669. 

19. Jorio, A., et al., Raman Spectroscopy in Graphene Related Systems. 2011: Wiley-VCH. 

20. Geim, A.K. and K.S. Novoselov, The rise of graphene. Nat Mater, 2007. 6(3): p. 183-

191. 

21. http://www.pfk.ff.vu.lt/lectures/Nano-

Graphene/Graphene+Nanotubes+Fullerenes.pdf 

22. Saito, R., G. Dresselhaus, and M.S. Dresselhaus, Physical properties of carbon 

nanotubes. Vol. 35. 1998: World Scientific. 

23. http://www.pfk.ff.vu.lt/lectures/Nano-

Graphene/Graphene+Nanotubes+Fullerenes.pdf 

24. http://www.pfk.ff.vu.lt/lectures/Nano-

Graphene/Graphene+Nanotubes+Fullerenes.pdf 

http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf


 

 165   

25. http://www.pfk.ff.vu.lt/lectures/Nano-

Graphene/Graphene+Nanotubes+Fullerenes.pdf 

26. Jorio, A., G. Dresselhaus, and M.S. Dresselhaus, Carbon nanotubes: advanced topics 

in the synthesis, structure, properties and applications. 2008: Springer Verlag. 

27. Zhou, S., et al., First direct observation of Dirac fermions in graphite. Nature Physics, 

2006. 2(9): p. 595-599. 

28. Zhang, Y., et al., Direct observation of a widely tunable bandgap in bilayer graphene. 

Nature, 2009. 459(7248): p. 820-823. 

29. Son, Y.-W., M.L. Cohen, and S.G. Louie, Energy Gaps in Graphene Nanoribbons. 

Physical Review Letters, 2006. 97(21): p. 216803. 

30. Neto, A.H.C., et al., The electronic properties of graphene. Reviews of modern 

physics, 2009. 81(1): p. 109. 

31. Novoselov, K., et al., Two-dimensional gas of massless Dirac fermions in graphene. 

Nature, 2005. 438(7065): p. 197-200. 

32. Bolotin, K.I., et al., Ultrahigh electron mobility in suspended graphene. Solid State 

Communications, 2008. 146(9–10): p. 351-355. 

33. http://en.wikipedia.org/wiki/Thermal_noise 

34. http://en.wikipedia.org/wiki/Shot_noise 

35. DiCarlo, L., et al., Shot Noise in Graphene. Physical Review Letters, 2008. 100(15): 

p. 156801. 

36. Lin, Y.M. and P. Avouris, Strong suppression of electrical noise in bilayer graphene 

nanodevices. Nano letters, 2008. 8(8): p. 2119-2125. 

http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://www.pfk.ff.vu.lt/lectures/Nano-Graphene/Graphene+Nanotubes+Fullerenes.pdf
http://en.wikipedia.org/wiki/Thermal_noise
http://en.wikipedia.org/wiki/Shot_noise


 

 166   

37. Pal, A.N. and A. Ghosh, Ultralow noise field-effect transistor from multilayer 

graphene. Applied Physics Letters, 2009. 95(8): p. 082105-082105-3. 

38. Pal, A.N., et al., Microscopic Mechanism of 1/f Noise in Graphene: Role of Energy Band 

Dispersion. 2011. 

39. Swain, P.S. and D. Andelman, The influence of substrate structure on membrane 

adhesion. Langmuir, 1999. 15(26): p. 8902-8914. 

40. Berger, C., et al., Ultrathin epitaxial graphite: 2D electron gas properties and a route 

toward graphene-based nanoelectronics. The Journal of Physical Chemistry B, 2004. 

108(52): p. 19912-19916. 

41. Kim, K.S., et al., Large-scale pattern growth of graphene films for stretchable 

transparent electrodes. Nature, 2009. 457(7230): p. 706-710. 

42. Li, X., et al., Large-area synthesis of high-quality and uniform graphene films on copper 

foils. Science, 2009. 324(5932): p. 1312. 

43. Hummers Jr, W.S. and R.E. Offeman, Preparation of graphitic oxide. Journal of the 

American Chemical Society, 1958. 80(6): p. 1339-1339. 

44. Robinson, J.T., et al., Reduced Graphene Oxide Molecular Sensors. Nano letters, 2008. 

8(10): p. 3137-3140. 

45. Kuzmenko, A., et al., Universal infrared conductance of graphite. Phys Rev Lett, 

2008. 100(11): p. 117401. 

46. Nair, R., et al., Fine structure constant defines visual transparency of graphene. 

Science, 2008. 320(5881): p. 1308. 

47. Wu, J., et al., Organic solar cells with solution-processed graphene transparent 

electrodes. Applied Physics Letters, 2008. 92: p. 263302. 



 

 167   

48. Blake, P., et al., Graphene-based liquid crystal device. Nano letters, 2008. 8(6): p. 

1704-1708. 

49. Wu, J., et al., Organic light-emitting diodes on solution-processed graphene transparent 

electrodes. ACS nano, 2009. 4(1): p. 43-48. 

50. Cai, W., et al., Large area few-layer graphene/graphite films as transparent thin 

conducting electrodes. Applied Physics Letters, 2009. 95: p. 123115. 

51. Kim, B.J., et al., Transparent conductive graphene electrode in GaN-based ultra-violet 

light emitting diodes. Optics Express, 2010. 18(22): p. 23030-23034. 

52. Weber, C.M., et al., Graphene-Based Optically Transparent Electrodes for 

Spectroelectrochemistry in the UV-Vis Region. Small, 2010. 6(2): p. 184-189. 

53. Kim, J., et al., Visualizing Graphene Based Sheets by Fluorescence Quenching 

Microscopy. Journal of the American Chemical Society, 2009. 132(1): p. 260-267. 

54. Xie, L., et al., Graphene as a Substrate To Suppress Fluorescence in Resonance Raman 

Spectroscopy. Journal of the American Chemical Society, 2009. 131(29): p. 9890-

9891. 

55. Wang, Y., et al., Fluorescence Quenching in Conjugated Polymers Blended with 

Reduced Graphitic Oxide. The Journal of Physical Chemistry C, 2010. 114(9): p. 

4153-4159. 

56. Lazzeri, M., et al., Impact of the electron-electron correlation on phonon dispersion: 

Failure of LDA and GGA DFT functionals in graphene and graphite. Physical Review 

B, 2008. 78(8): p. 081406. 

57. Saito, R., et al., Raman spectroscopy of graphene and carbon nanotubes. Advances in 

Physics, 2011. 60(3): p. 413-550. 



 

 168   

58. Ratinac, K.R., et al., Toward Ubiquitous Environmental Gas Sensors  Capitalizing on 

the Promise of Graphene. Environmental science & technology, 2010. 44(4): p. 1167-

1176. 

59. Schedin, F., et al., Detection of individual gas molecules adsorbed on graphene. Nature 

Materials, 2007. 6(9): p. 652-655. 

60. Ko, G., et al., Graphene-based nitrogen dioxide gas sensors. Current Applied Physics, 

2010. 10(4): p. 1002-1004. 

61. Fowler, J.D., et al., Practical chemical sensors from chemically derived graphene. ACS 

nano, 2009. 3(2): p. 301-306. 

62. Leenaerts, O., B. Partoens, and F. Peeters, Adsorption of H_ {2} O, NH_ {3}, CO, 

NO_ {2}, and NO on graphene: A first-principles study. Physical Review B, 2008. 

77(12): p. 125416. 

63. Lu, G., L.E. Ocola, and J. Chen, Gas detection using low-temperature reduced 

graphene oxide sheets. Applied Physics Letters, 2009. 94(8): p. 083111. 

64. Dan, Y., et al., Intrinsic response of graphene vapor sensors. Nano letters, 2009. 9(4): 

p. 1472-1475. 

65. Nomani, M.W.K., et al., Highly sensitive and selective detection of NO 2 using 

epitaxial graphene on 6H-SiC. Sensors and Actuators, B: Chemical, 2010. 150(1): p. 

301-307. 

66. Pearce, R., et al., Epitaxially grown graphene based gas sensors for ultra sensitive NO 2 

detection. Sensors and Actuators, B: Chemical, 2011. 155(2): p. 451-455. 

67. Chung, M.G., et al., Highly sensitive NO< sub> 2</sub> gas sensor based on ozone 

treated graphene. Sensors and Actuators B: Chemical, 2012. 



 

 169   

68. Johnson, J.L., et al., Hydrogen Sensing Using Pd-Functionalized Multi-Layer 

Graphene Nanoribbon Networks. Advanced Materials, 2010. 22(43): p. 4877-4880. 

69. Jung, I., et al., Effect of water vapor on electrical properties of individual reduced 

graphene oxide sheets. The Journal of Physical Chemistry C, 2008. 112(51): p. 20264-

20268. 

70. Gautam, M. and A.H. Jayatissa, Gas sensing properties of graphene synthesized by 

chemical vapor deposition. Materials Science and Engineering: C, 2011. 31(7): p. 

1405-1411. 

71. Chen, B., et al., Fabrication of a graphene field effect transistor array on microchannels 

for ethanol sensing. Applied Surface Science, 2012. 258(6): p. 1971-1975. 

72. Lu, G., L.E. Ocola, and J. Chen, Reduced graphene oxide for room-temperature gas 

sensors. Nanotechnology, 2009. 20: p. 445502. 

73. Arsat, R., et al., Graphene-like nano-sheets for surface acoustic wave gas sensor 

applications. Chemical Physics Letters, 2009. 467(4-6): p. 344-347. 

74. Kong, J., et al., Nanotube molecular wires as chemical sensors. Science, 2000. 

287(5453): p. 622. 

75. Pan, H., Y.P. Feng, and J.Y. Lin, Ab initio study of OH-functionalized single-wall 

carbon nanotubes. Physical Review B, 2004. 70(24): p. 245425. 

76. Levesque, P.L., et al., Probing Charge Transfer at Surfaces Using Graphene 

Transistors. Nano letters, 2010. 11(1): p. 132-137. 

77. Wehling, T., et al., Molecular doping of graphene. Nano Lett, 2008. 8(1): p. 173-177. 

78. Imani, K., M. Abolhassani, and A. Sabouri-Dodaran, Electronic transport 

calculation of adsorbate NO 2 and NO molecules on graphene using Maximally 



 

 170   

Localized Wannier functions. The European Physical Journal B-Condensed Matter 

and Complex Systems, 2010. 74(1): p. 135-138. 

79. Zhang, Y.H., et al., Improving gas sensing properties of graphene by introducing 

dopants and defects: a first-principles study. Nanotechnology, 2009. 20: p. 185504. 

80. Ao, Z., et al., Enhancement of CO detection in Al doped graphene. Chemical Physics 

Letters, 2008. 461(4): p. 276-279. 

81. Huang, B., et al., Adsorption of gas molecules on graphene nanoribbons and its 

implication for nanoscale molecule sensor. The Journal of Physical Chemistry C, 

2008. 112(35): p. 13442-13446. 

82. Hajati, Y., et al., Improved gas sensing activity in structurally defected bilayer 

graphene. Nanotechnology, 2012. 23(50): p. 505501. 

83. Paul, R.K., et al., Graphene nanomesh as highly sensitive chemiresistor gas sensor. 

Analytical Chemistry, 2012. 

84. Qi, P., et al., Toward large arrays of multiplex functionalized carbon nanotube sensors 

for highly sensitive and selective molecular detection. Nano Letters, 2003. 3(3): p. 347-

351. 

85. Li, J., et al., Carbon nanotube sensors for gas and organic vapor detection. Nano 

Letters, 2003. 3(7): p. 929-933. 

86. Rumyantsev, S., et al., Selective Gas Sensing with a Single Pristine Graphene 

Transistor. arXiv preprint arXiv:1204.5238, 2012. 

87. Chung, M.G., et al., Flexible Hydrogen Sensors using Graphene with Palladium 

Nanoparticle Decoration. Sensors and Actuators B: Chemical, 2012. 

88. Gutés, A., et al., Graphene decoration with metal nanoparticles: Towards easy 

integration for sensing applications. Nanoscale, 2012. 4(2): p. 438-440. 



 

 171   

89. Deng, S., et al., Reduced graphene oxide conjugated cu2o nanowire mesocrystals for 

high-performance no2 gas sensor. Journal of the American Chemical Society, 2012. 

134(10): p. 4905-4917. 

90. Sazonov, A., et al., Low-temperature materials and thin film transistors for flexible 

electronics. Proceedings of the IEEE, 2005. 93(8): p. 1420-1428. 

91. Cheng, C. and S. Wagner. Monolithically Integrated p- & n- Channel Thin Film 

Transistors of Nanocrystalline Silicon on Plastic Substrates. 2004. 

92. Klauk, H., Organic electronics: materials, manufacturing and applications. 2006: Vch 

Verlagsgesellschaft Mbh. 

93. Takenobu, T., et al., High-performance transparent flexible transistors using carbon 

nanotube films. Applied Physics Letters, 2006. 88: p. 033511. 

94. Cao, Q., et al., Medium-scale carbon nanotube thin-film integrated circuits on flexible 

plastic substrates. Nature, 2008. 454(7203): p. 495-500. 

95. Parikh, K., et al., Flexible vapour sensors using single walled carbon nanotubes. 

Sensors and Actuators B: Chemical, 2006. 113(1): p. 55-63. 

96. Woo, C.S., et al., Fabrication of flexible and transparent single-wall carbon nanotube 

gas sensors by vacuum filtration and poly (dimethyl siloxane) mold transfer. 

Microelectronic Engineering, 2007. 84(5-8): p. 1610-1613. 

97. Sun, Y. and H.H. Wang, High-performance, flexible hydrogen sensors that use carbon 

nanotubes decorated with palladium nanoparticles. Advanced Materials, 2007. 19(19): 

p. 2818-2823. 

98. Jeong, H.Y., et al., Flexible room-temperature NO gas sensors based on carbon 

nanotubes/reduced graphene hybrid films. Applied Physics Letters, 2010. 96: p. 

213105. 



 

 172   

99. Strong, V., et al., Patterning and electronic tuning of laser scribed graphene for flexible 

all-carbon devices. ACS nano, 2012. 6(2): p. 1395-1403. 

100. Dua, V., et al., All Organic Vapor Sensor Using Inkjet Printed Reduced Graphene 

Oxide. Angewandte Chemie International Edition, 2010. 49(12): p. 2154-2157. 

101. Le, T., et al. Inkjet-printed graphene-based wireless gas sensor modules. in Electronic 

Components and Technology Conference (ECTC), 2012 IEEE 62nd. 2012. IEEE. 

102. Yavari, F., et al., High Sensitivity Gas Detection Using a Macroscopic Three-

Dimensional Graphene Foam Network. Scientific reports, 2011. 1. 

103. Novoselov, K., et al., A roadmap for graphene. Nature, 2012. 490(7419): p. 192-200. 

104. Ebert, L.B., Intercalation compounds of graphite. Annual Review of Materials 

Science, 1976. 6(1): p. 181-211. 

105. Blake, P., et al., Making graphene visible. Applied Physics Letters, 2007. 91(6): p. 

063124-063124-3. 

106. http://marcuslab.harvard.edu/theses/JRWthesis.pdf 

107. Ferrari, A., et al., Raman spectrum of graphene and graphene layers. Physical Review 

Letters, 2006. 97(18): p. 187401. 

108. Obraztsov, A., et al., Chemical vapor deposition of thin graphite films of nanometer 

thickness. Carbon, 2007. 45(10): p. 2017-2021. 

109. Lee, S., K. Lee, and Z. Zhong, Wafer Scale Homogeneous Bilayer Graphene Films by 

Chemical Vapor Deposition. Nano letters, 2010: p. 183-191. 

110. Reina, A., et al., Large area, few-layer graphene films on arbitrary substrates by 

chemical vapor deposition. Nano letters, 2008. 9(1): p. 30-35. 

http://marcuslab.harvard.edu/theses/JRWthesis.pdf


 

 173   

111. Lee, Y., et al., Wafer-scale synthesis and transfer of graphene films. Nano letters, 2010. 

10(2): p. 490-493. 

112. Ismach, A., et al., Direct Chemical Vapor Deposition of Graphene on Dielectric 

Surfaces. Nano letters, 2010. 10(5): p. 1542-1548. 

113. Levendorf, M.P., et al., Transfer-free batch fabrication of single layer graphene 

transistors. Nano letters, 2009. 9(12): p. 4479-4483. 

114. Cao, H., et al., Electronic transport in chemical vapor deposited graphene synthesized on 

Cu: Quantum Hall effect and weak localization. Applied Physics Letters, 2010. 96: p. 

122106. 

115. Bae, S., et al., Roll-to-roll production of 30-inch graphene films for transparent 

electrodes. Nature nanotechnology, 2010. 

116. Grüneis, A., K. Kummer, and D.V. Vyalikh, Dynamics of graphene growth on a 

metal surface: a time-dependent photoemission study. New Journal of Physics, 2009. 

11: p. 073050. 

117. Li, X., et al., Evolution of graphene growth on Ni and Cu by carbon isotope labeling. 

Nano letters, 2009. 9(12): p. 4268-4272. 

118. Wofford, J.M., et al., Graphene Islands on Cu Foils: The Interplay between Shape, 

Orientation, and Defects. Nano letters, 2010: p. 183-191. 

119. Chavez, K. and D. Hess, A novel method of etching copper oxide using acetic acid. 

Journal of the Electrochemical Society, 2001. 148: p. G640. 

120. Berger, C., et al., Ultrathin Epitaxial Graphite:  2D Electron Gas Properties and a Route 

toward Graphene-based Nanoelectronics. The Journal of Physical Chemistry B, 2004. 

108(52): p. 19912-19916. 



 

 174   

121. Fadley, C.S., Angle-resolved X-ray photoelectron spectroscopy. Progress in surface 

science, 1984. 16(3): p. 275-388. 

122. Cumpson, P.J. and M.P. Seah, Elastic Scattering Corrections in AES and XPS. II. 

Estimating Attenuation Lengths and Conditions Required for their Valid Use in 

Overlayer/Substrate Experiments. Surface and Interface Analysis, 1997. 25(6): p. 

430-446. 

123. Huard, B., et al., Evidence of the role of contacts on the observed electron-hole 

asymmetry in graphene. Physical Review B, 2008. 78(12): p. 121402. 

124. Tan, Y.-W., et al., Measurement of scattering rate and minimum conductivity in 

graphene. Physical review letters, 2007. 99(24): p. 246803. 

125. Lemme, M.C., et al., A graphene field-effect device. Electron Device Letters, IEEE, 

2007. 28(4): p. 282-284. 

126. Ishigami, M., et al., Atomic Structure of Graphene on SiO2. Nano Letters, 2007. 7(6): 

p. 1643-1648. 

127. Aitken, Z.H. and R. Huang, Effects of mismatch strain and substrate surface 

corrugation on morphology of supported monolayer graphene. Journal of Applied 

Physics, 2010. 107(12): p. 123531. 

128. Shi, Y., et al., Effective doping of single-layer graphene from underlying SiO_{2} 

substrates. Physical Review B, 2009. 79(11): p. 115402. 

129. Chen, J.-H., et al., Intrinsic and extrinsic performance limits of graphene devices on 

SiO2. Nat Nano, 2008. 3(4): p. 206-209. 

130. Ponomarenko, L.A., et al., Effect of a High-κ Environment on Charge Carrier Mobility 

in Graphene. Physical Review Letters, 2009. 102(20): p. 206603. 



 

 175   

131. Ryu, S., et al., Atmospheric Oxygen Binding and Hole Doping in Deformed Graphene 

on a SiO2 Substrate. Nano Letters, 2010. 10(12): p. 4944-4951. 

132. Sque, S.J., R. Jones, and P.R. Briddon, The transfer doping of graphite and graphene. 

physica status solidi (a), 2007. 204(9): p. 3078-3084. 

133. Moser, J., et al., The environment of graphene probed by electrostatic force microscopy. 

Applied Physics Letters, 2008. 92(12): p. 123507-3. 

134. Zhou, H., et al., Understanding controls on interfacial wetting at epitaxial graphene: 

Experiment and theory. Physical Review B, 2012. 85(3): p. 035406. 

135. Feng, X., S. Maier, and M. Salmeron, Water Splits Epitaxial Graphene and 

Intercalates. Journal of the American Chemical Society, 2012. 134(12): p. 5662-5668. 

136. Li, X., et al., Influence of water on the electronic structure of metal-supported graphene: 

Insights from van der Waals density functional theory. Physical Review B, 2012. 85(8): 

p. 085425. 

137. Yavari, F., et al., Tunable Bandgap in Graphene by the Controlled Adsorption of Water 

Molecules. Small, 2010. 6(22): p. 2535-2538. 

138. Dean, C.R., et al., Boron nitride substrates for high-quality graphene electronics. Nat 

Nano, 2010. 5(10): p. 722-726. 

139. Lee, W.H., et al., Control of Graphene Field‐ Effect Transistors by Interfacial 

Hydrophobic Self‐Assembled Monolayers. Advanced Materials, 2011. 23(30): p. 

3460-3464. 

140. Kawai, A. and J. Kawakami, Characterization of SiO2 Surface Treated by HMDS 

Vapor and O2 Plasma with AFM Tip. Journal of Photopolymer Science and 

Technology, 2003. 16(5): p. 665-668. 



 

 176   

141. Doshi, D.A., et al., Reduced water density at hydrophobic surfaces: Effect of dissolved 

gases. Proceedings of the National Academy of Sciences of the United States of 

America, 2005. 102(27): p. 9458-9462. 

142. Investigating the Mechanism of Hysteresis Effect in Graphene Electrical Field Device 

Fabricated on SiO2 Substrates using Raman Spectroscopy. Small, 2012: p. n/a. 

143. Electrochemical doping of graphene with toluene. Carbon, 2011. 

144. Graphene on a hydrophobic substrate: doping reduction and hysteresis suppression under 

ambient conditions. Nano Lett., 2010. 10(4): p. 1149. 

145. Suk, J.W., et al., Transfer of CVD-Grown Monolayer Graphene onto Arbitrary 

Substrates. ACS Nano, 2011. 5(9): p. 6916-6924. 

146. Ferrari, A.C., Raman spectroscopy of graphene and graphite: Disorder, electron–phonon 

coupling, doping and nonadiabatic effects. Solid State Communications, 2007. 143(1–

2): p. 47-57. 

147. Das, A., et al., Monitoring dopants by Raman scattering in an electrochemically top-

gated graphene transistor. Nature Nanotechnology, 2008. 3(4): p. 210-215. 

148. Verdaguer, A., et al., Growth and Structure of Water on SiO2 Films on Si Investigated 

by Kelvin Probe Microscopy and in Situ X-ray Spectroscopies. Langmuir, 2007. 23(19): 

p. 9699-9703. 

149. Pezoldt, J., C. Hummel, and F. Schwierz, Graphene field effect transistor 

improvement by graphene–silicon dioxide interface modification. Physica E: Low-

dimensional Systems and Nanostructures, 2012. 44(6): p. 985-988. 

150. Wang, H., et al., Hysteresis of electronic transport in graphene transistors. ACS nano, 

2010. 4(12): p. 7221-7228. 



 

 177   

151. Joshi, P., et al., Intrinsic doping and gate hysteresis in graphene field effect devices 

fabricated on SiO2 substrates. Journal of Physics: Condensed Matter, 2010. 22(33): 

p. 334214. 

152. Liao, Z.M., et al., Hysteresis reversion in graphene field-effect transistors. The Journal 

of chemical physics, 2010. 133: p. 044703. 

153. Imam, S., S. Sabri, and T. Szkopek, Low-frequency noise and hysteresis in graphene 

field-effect transistors on oxide SA. Micro & Nano Letters, IET, 2010. 5(1): p. 37-41. 

154. Lohmann, T., K. von Klitzing, and J.H. Smet, Four-Terminal Magneto-Transport in 

Graphene p-n Junctions Created by Spatially Selective Doping. Nano Letters, 2009. 

9(5): p. 1973-1979. 

155. Fast transient charging at the graphene/SiO[sub 2] interface causing hysteretic device 

characteristics. Applied Physics Letters, 2011. 98(18): p. 183508. 

156. Veligura, A., et al., Relating hysteresis and electrochemistry in graphene field effect 

transistors. Journal of Applied Physics, 2011. 110(11): p. 113708-113708-5. 

157. Fu, W., et al., Graphene transistors are insensitive to pH changes in solution. Nano 

letters, 2011. 11(9): p. 3597-3600. 

158. Bae, S.H., et al., Graphene-Based Transparent Strain Sensor. Carbon, 2012. 

159. Wang, Y., et al., Super-Elastic Graphene Ripples for Flexible Strain Sensors. ACS 

nano, 2011. 5(5): p. 3645. 

160. Zang, J., et al., Multifunctionality and control of the crumpling and unfolding of large-

area graphene. Nat Mater, 2013. advance online publication. 

161. Leenaerts, O., An ab initio study of the adsorptionof atoms and molecules graphene. 

2010: p. 114. 



 

 178   

162. Koppens, F.H.L., D.E. Chang, and F.J. Garc a de Aba o, Graphene Plasmonics: A 

Platform for Strong Light–Matter Interactions. Nano letters, 2011. 11(8): p. 3370-

3377. 

163. Jung, N., et al., Raman Enhancement on Graphene: Adsorbed and Intercalated 

Molecular Species. ACS nano, 2010: p. 1-186. 

164. Gao, L., et al., Surface and Interference Coenhanced Raman Scattering of Graphene. 

ACS nano, 2009. 3(4): p. 933-939. 

165. You, Y.M., et al., Edge chirality determination of graphene by Raman spectroscopy. 

Applied Physics Letters, 2008. 93(16). 

166. Berciaud, S.p., et al., Probing the Intrinsic Properties of Exfoliated Graphene: Raman 

Spectroscopy of Free-Standing Monolayers. Nano letters, 2008. 9(1): p. 346-352. 

167. DasA, et al., Monitoring dopants by Raman scattering in an electrochemically top-gated 

graphene transistor. Nat Nano, 2008. 3(4): p. 210-215. 

168. Canc ado, L.G., et al., Quantifying Defects in Graphene via Raman Spectroscopy at 

Different Excitation Energies. Nano letters, 2011. 11(8): p. 3190-3196. 

169. Dresselhaus, M.S., et al., Defect characterization in graphene and carbon nanotubes 

using Raman spectroscopy. Philosophical Transactions of the Royal Society A: 

Mathematical,     Physical and Engineering Sciences, 

2010. 368(1932): p. 5355-5377. 

170. Khomyakov, P., et al., First-principles study of the interaction and charge transfer 

between graphene and metals. Physical Review B, 2009. 79(19): p. 195425. 

171. Ren, Y., et al., Controlling the electrical transport properties of graphene by in situ 

metal deposition. Applied Physics Letters, 2010. 97(5): p. 053107-053107-3. 



 

 179   

172. Zan, R., et al., Evolution of Gold Nanostructures on Graphene. small, 2011. 7(20): p. 

2868-2872. 

173. Echtermeyer, T., et al., Strong plasmonic enhancement of photovoltage in graphene. 

Nature Communications, 2011. 2: p. 458. 

174. Zhang, L.S., et al., Identification of the nitrogen species on N-doped graphene layers and 

Pt/NG composite catalyst for direct methanol fuel cell. Physical Chemistry Chemical 

Physics, 2010. 12(38): p. 12055-12059. 

175. Wen, Y., H. Ding, and Y. Shan, Preparation and visible light photocatalytic activity of 

Ag/TiO2/graphene nanocomposite. Nanoscale, 2011. 3(10): p. 4411-4417. 

176. Shafiei, M., et al., Platinum/graphene nanosheet/SiC contacts and their application for 

hydrogen gas sensing. The Journal of Physical Chemistry C, 2010. 114(32): p. 13796-

13801. 

177. Jiang, H., Chemical Preparation of Graphene‐ Based Nanomaterials and Their 

Applications in Chemical and Biological Sensors. Small, 2011. 7(17): p. 2413-2427. 

178. Myung, S., et al., Ambipolar memory devices based on reduced graphene oxide and 

nanoparticles. Advanced Materials, 2010. 22(18): p. 2045-2049. 

179. Lee, J., K.S. Novoselov, and H.S. Shin, Interaction between Metal and Graphene: 

Dependence on the Layer Number of Graphene. ACS nano, 2010. 5(1): p. 608-612. 

180. Zhou, H., et al., Thickness-Dependent Morphologies and Surface-Enhanced Raman 

Scattering of Ag Deposited on n-Layer Graphenes. The Journal of Physical Chemistry 

C, 2011. 115(23): p. 11348-11354. 

181. Lee, J., et al., Surface Enhanced Raman Scattering of Single and Few Layer Graphene by 

the Deposition of Gold Nanoparticles. Chemistry-A European Journal, 2011. 17(8): p. 

2381-2387. 



 

 180   

182. Schedin, F., et al., Surface-Enhanced Raman Spectroscopy of Graphene. ACS nano, 

2010. 4(10): p. 5617-5626. 

183. Fu, X., et al., Excitation profile of surface-enhanced Raman scattering in graphene-metal 

nanoparticle based derivatives. Nanoscale, 2010. 2(8): p. 1461-1466. 

184. Jasuja, K. and V. Berry, Implantation and Growth of Dendritic Gold Nanostructures on 

Graphene Derivatives: Electrical Property Tailoring and Raman Enhancement. ACS 

nano, 2009. 3(8): p. 2358-2366. 

185. Zhou, X., et al., In Situ Synthesis of Metal Nanoparticles on Single-Layer Graphene 

Oxide and Reduced Graphene Oxide Surfaces. The Journal of Physical Chemistry C, 

2009. 113(25): p. 10842-10846. 

186. Nayoung Kim, et al., Effect of Gold Substrates on the Raman Spectra of Graphene. 

Bull. Korean Chem. Soc, 2010. 31(4): p. 5. 

187. Luo, Z., et al., Size-selective nanoparticle growth on few-layer graphene films. Nano 

letters, 2010. 10(3): p. 777-781. 

188. Muszynski, R., B. Seger, and P.V. Kamat, Decorating Graphene Sheets with Gold 

Nanoparticles. The Journal of Physical Chemistry C, 2008. 112(14): p. 5263-5266. 

189. Zhou, H., et al., Thickness-Dependent Morphologies of Gold on N-Layer Graphenes. 

Journal of the American Chemical Society, 2009. 132(3): p. 944-946. 

190. Luo, Z., et al., Size-Selective Nanoparticle Growth on Few-Layer Graphene Films. 

Nano letters, 2010. 10(3): p. 777-781. 

191. Lee, J., et al., Surface-Enhanced Raman Scattering of Single- and Few-Layer Graphene 

by the Deposition of Gold Nanoparticles. Chemistry – A European Journal, 2011. 

17(8): p. 2381-2387. 



 

 181   

192. Luo, Z., et al., Modulating the electronic structures of graphene by controllable 

hydrogenation. Applied Physics Letters, 2010. 97(23): p. 233111-233111-3. 

193. Sharma, B.D. and J. Donohue, A refinement of the crystal structure of gallium. 

Zeitschrift für Kristallographie, 1962. 117(4): p. 293-300. 

194. Wu, P.C., et al., Real-time plasmon resonance tuning of liquid Ga nanoparticles by in 

situ spectroscopic ellipsometry. Applied Physics Letters, 2007. 90(10). 

195. Ling, X., et al., Can Graphene be used as a Substrate for Raman Enhancement? Nano 

letters, 2009. 10(2): p. 553-561. 

196. Qiu, C., et al., Investigation of n-Layer Graphenes as Substrates for Raman 

Enhancement of Crystal Violet. The Journal of Physical Chemistry C, 2011. 115(20): 

p. 10019-10025. 

197. Huh, S., et al., UV/Ozone-Oxidized Large-Scale Graphene Platform with Large 

Chemical Enhancement in Surface-Enhanced Raman Scattering. ACS nano, 2011. 

5(12): p. 9799-9806. 

198. Yu, X., et al., Tuning Chemical Enhancement of SERS by Controlling the Chemical 

Reduction of Graphene Oxide Nanosheets. ACS nano, 2011. 5(2): p. 952-958. 

199. Xu, H., et al., Effect of Graphene Fermi Level on the Raman Scattering Intensity of 

Molecules on Graphene. ACS nano, 2011. 5(7): p. 5338-5344. 

200. Berger, C., et al., Electronic confinement and coherence in patterned epitaxial graphene. 

Science, 2006. 312(5777): p. 1191-1196. 

201. Domke, K.F. and B. Pettinger, Tip‐enhanced Raman spectroscopy of 6H‐SiC with 

graphene adlayers: selective suppression of E1 modes. Journal of Raman Spectroscopy, 

2009. 40(10): p. 1427-1433. 



 

 182   

202. Yan, J., K.S. Thygesen, and K.W. Jacobsen, Nonlocal screening of plasmons in 

graphene by semiconducting and metallic substrates: first-principles calculations. 

Physical Review Letters, 2011. 106(14): p. 146803. 

203. Chan, K.T., J. Neaton, and M.L. Cohen, First-principles study of metal adatom 

adsorption on graphene. Physical Review B, 2008. 77(23): p. 235430. 

204. Wu, P.C., et al., Real-time plasmon resonance tuning of liquid Ga nanoparticles by in 

situ spectroscopic ellipsometry. Applied Physics Letters, 2007. 90(10): p. 103119-

103119-3. 

205. Wu, P.C., et al., Plasmonic gallium nanoparticles on polar semiconductors: interplay 

between nanoparticle wetting, localized surface plasmon dynamics, and interface charge. 

Langmuir, 2008. 25(2): p. 924-930. 

206. Kravets, V., et al., Spectroscopic ellipsometry of graphene and an exciton-shifted van 

Hove peak in absorption. Physical Review B, 2010. 81(15): p. 155413. 

207. Shin, S.Y., et al., Control of the pi plasmon in a single layer graphene by charge doping. 

Applied Physics Letters, 2011. 99(8). 

208. Wu, P.C., et al., Plasmonic Gallium Nanoparticles on Polar Semiconductors: Interplay 

between Nanoparticle Wetting, Localized Surface Plasmon Dynamics, and Interface 

Charge. Langmuir, 2009. 25(2): p. 924-930. 

209. Losurdo, M., et al., Spectroscopic ellipsometry and polarimetry for materials and 

systems analysis at the nanometer scale: state-of-the-art, potential, and perspectives. 

Journal of Nanoparticle Research, 2009. 11(7): p. 1521-1554. 

210. Biedermann, L.B., et al., Insights into few-layer epitaxial graphene growth on 4H-

SiC(000(1)over-bar substrates from STM studies. Physical Review B, 2009. 79(12). 

211. Robinson, J., et al., Nucleation of Epitaxial Graphene on SiC(0001). Acs Nano, 2010. 

4(1): p. 153-158. 



 

 183   

212. Chastain, J., Handbook of X-ray photoelectron spectroscopy. Eden Prairire, MN: 

Perkin-Elemer, 1992. 

213. Nelson, F.J., et al., Optical properties of large-area polycrystalline chemical vapor 

deposited graphene by spectroscopic ellipsometry. Applied Physics Letters, 2010. 

97(25). 

214. Hao, F., et al., Plasmon resonances of a gold nanostar. Nano Letters, 2007. 7(3): p. 

729-732. 

215. Kreibig, U. and M. Vollmer, Optical properties of metal clusters. 1995. 

216. Hovel, H., et al., Width of Cluster Plasmon Resonances - Bulk Dielectric Functions and 

Chemical Interface Damping. Physical Review B, 1993. 48(24): p. 18178-18188. 

217. Daas, B.K., et al., Polariton enhanced infrared reflection of epitaxial graphene. Journal 

of Applied Physics, 2011. 110(11). 

218. Liu, X., et al., Bonding and charge transfer by metal adatom adsorption on graphene. 

Physical Review B, 2011. 83(23): p. 235411. 

219. Bostwick, A., et al., Photoemission studies of graphene on SiC: Growth, interface, and 

electronic structure, in Advances in Solid State Physics, R. Haug, Editor. 2008, 

Springer-Verlag Berlin: Berlin. p. 159-170. 

220. Emtsev, K.V., et al., Interaction, growth, and ordering of epitaxial graphene on 

SiC{0001} surfaces: A comparative photoelectron spectroscopy study. Physical Review 

B, 2008. 77(15). 

221. Cree SiC wafer sheet specification 

222. Bostwick, A., et al., Quasiparticle dynamics in graphene. Nature Physics, 2007. 3(1): 

p. 36-40. 



 

 184   

223. Kopylov, S., et al., Charge transfer between epitaxial graphene and silicon carbide. 

Applied Physics Letters, 2010. 97(11). 

224. Kong, L.M., et al., Graphene/Substrate Charge Transfer Characterized by Inverse 

Photoelectron Spectroscopy. Journal of Physical Chemistry C, 2010. 114(49): p. 

21618-21624. 

225. Emtsev, K.V., et al., Towards wafer-size graphene layers by atmospheric pressure 

graphitization of silicon carbide. Nature Materials, 2009. 8(3): p. 203-207. 

226. Mattausch, A. and O. Pankratov, Ab initio study of graphene on SiC. Physical 

Review Letters, 2007. 99(7). 

227. Mathieu, C., et al., Microscopic correlation between chemical and electronic states in 

epitaxial graphene on SiC(000(1)over-bar). Physical Review B, 2011. 83(23). 

228. Chen, W., et al., Surface transfer p-type doping of epitaxial graphene. Journal of the 

American Chemical Society, 2007. 129(34): p. 10418-10422. 

229. Ni, Z.H., et al., Uniaxial Strain on Graphene: Raman Spectroscopy Study and Band-

Gap Opening. Acs Nano, 2008. 2(11): p. 2301-2305. 

230. Wang, Y.Y., et al., Raman studies of monolayer graphene: The substrate effect. Journal 

of Physical Chemistry C, 2008. 112(29): p. 10637-10640. 

231. Yang, R., et al., Substrate doping effects on Raman spectrum of epitaxial graphene on 

SiC. Journal of Applied Physics, 2010. 107(3). 

232. Lee, J., K.S. Novoselov, and H.S. Shin, Interaction between Metal and Graphene: 

Dependence on the Layer Number of Graphene. Acs Nano, 2011. 5(1): p. 608-612. 

233. Myung, S., et al., Ambipolar Memory Devices Based on Reduced Graphene Oxide and 

Nanoparticles. Advanced Materials, 2010. 22(18): p. 2045-+. 



 

 185   

234. Lee, J., et al., Surface-Enhanced Raman Scattering of Single- and Few-Layer Graphene 

by the Deposition of Gold Nanoparticles. Chemistry-a European Journal, 2011. 17(8): 

p. 2381-2387. 

235. Pisana, S., et al., Breakdown of the adiabatic Born-Oppenheimer approximation in 

graphene. Nature Materials, 2007. 6(3): p. 198-201. 

236. Giovannetti, G., et al., Doping Graphene with Metal Contacts. Physical Review 

Letters, 2008. 101(2): p. 026803. 

237. Varykhalov, A., et al., Effect of noble-metal contacts on doping and band gap of 

graphene. Physical Review B, 2010. 82(12): p. 121101. 

238. Wu, P.C., et al., Demonstration of Surface-Enhanced Raman Scattering by Tunable, 

Plasmonic Gallium Nanoparticles. Journal of the American Chemical Society, 2009. 

131(34): p. 12032-12033. 

239. Yi, C., et al., Evidence of Plasmonic Coupling in Gallium Nanoparticles/Graphene/SiC. 

Small, 2012. 8(17): p. 2721-2730. 

240. Amar, J.G., F. Family, and P.-M. Lam, Dynamic scaling of the island-size distribution 

and percolation in a model of submonolayer molecular-beam epitaxy. Physical Review 

B, 1994. 50(12): p. 8781. 

241. Ulrich, S., S. Stoll, and E. Pefferkorn, Computer Simulations of Homogeneous 

Deposition of Liquid Droplets. Langmuir, 2004. 20(5): p. 1763-1771. 

242. http://gwyddion.net/ 

243. Casiraghi, C., et al., Raman fingerprint of charged impurities in graphene. Applied 

Physics Letters, 2007. 91(23): p. 233108-3. 

244. Yu, Y.-J., et al., Tuning the Graphene Work Function by Electric Field Effect. Nano 

letters, 2009. 9(10): p. 3430-3434. 

http://gwyddion.net/


 

 186   

245. Liu, H., Y. Liu, and D. Zhu, Chemical doping of graphene. Journal of Materials 

Chemistry, 2011. 21(10): p. 3335-3345. 

246. Michaelson, H.B., The work function of the elements and its periodicity. Journal of 

Applied Physics, 1977. 48(11): p. 4729-4733. 

247. Koenig, F.T.a.J.L., Raman Spectrum of Graphite. the Journal of Chemical Physics 

1970. 53(3): p. 5. 

248. Yan, J., et al., Electric Field Effect Tuning of Electron-Phonon Coupling in Graphene. 

Physical Review Letters, 2007. 98(16): p. 166802. 

249. Pisana, S., et al., Breakdown of the adiabatic Born-Oppenheimer approximation in 

graphene. Nat Mater, 2007. 6(3): p. 198-201. 

250. Wang, X., et al., Surface-Enhanced Raman Scattering (SERS) on transition metal and 

semiconductor nanostructures. Physical Chemistry Chemical Physics, 2012. 14(17): 

p. 5891-5901. 

251. Basko, D., S. Piscanec, and A. Ferrari, Electron-electron interactions and doping 

dependence of the two-phonon Raman intensity in graphene. Physical Review B, 2009. 

80(16): p. 165413. 

252. Yamada, T., Equivalent circuit model for carbon nanotube Schottky barrier: Influence of 

neutral polarized gas molecules. Applied Physics Letters, 2006. 88: p. 083106. 

253. Lee, E.J.H., et al., Contact and edge effects in graphene devices. Nature 

nanotechnology, 2008. 3(8): p. 486-490. 

254. Liu, X., et al., Band engineering of carbon nanotube field-effect transistors via selected 

area chemical gating. Applied Physics Letters, 2005. 86: p. 243501. 



 

 187   

255. Jian Zhang, A.B., Alexander Tselev, Makarand Paranjape, and Paola Barbara, 

Mechanism of NO2 detection in carbon nanotube field effect transistor chemical sensors. 

Applied Physics Letters, 2006. 88(12): p. 123112. 

256. Peng, N., et al., Sensing Mechanisms for Carbon Nanotube Based NH3 Gas Detection. 

Nano letters, 2009. 9(4): p. 1626-1630. 

257. Li, X., et al., Chemically derived, ultrasmooth graphene nanoribbon semiconductors. 

Science, 2008. 319(5867): p. 1229. 

258. Bai, J., et al., Graphene nanomesh. Nature nanotechnology, 2010. 5(3): p. 190. 

 

 



 

 188   

Biography 

Congwen Yi was born on Jan. 24th, 1985 in P.R. China. She received her BEng. 

degree in Electronic Science and Technology Department in Huazhong University of 

Science and Technology, Hubei, China in 2006. Later, she joined Electronic and 

Computer Engineering Department in Hong Kong University of Science and 

Technology to continue her master study. She received her Master of Philosophy degree 

in 2008. During Yi’s MS study, she focused on the design and fabrication of high 

frequency and high power electronic devices. One paper entitled “Reliability of 

Enhancement-mode AlGaN/GaN HEMTs fabricated by fluorine plasma treatment” was 

presented in the International Electronic Device Meeting and published later at 2007.  

Yi  oined Prof. April Brown’s group as a PhD. student in Electrical and Computer 

Engineering Department at Duke University in 2008, where she is working on the 

graphene (single layer carbon) based bio-sensor design and fabrication. The graphene 

sensor provides a label free technique for detecting certain gas on the sensor surface. She 

published “Evidence of Plasmonic Coupling in Gallium Nanoparticles/Graphene/SiC” in 

the journal of Small in 2012. After receiving her Ph.D. from ECE, Duke, Yi will join Intel 

Oregon site as a yield engineer.  

 

 


