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Abstract 

Graphene is an extraordinary material which shows tremendous potential as a 

replacement for silicon in many electronic applications.  However, one major drawback to 

graphene is its zero band gap.  Previous research in tight binding models have predicted band 

gap opening in graphene under tensile strain.  New experimental tight binding models were 

formulated and compared to previous models in order to determine the strains necessary to 

induce a band gap in graphene.  Using CVD graphene, a transfer method and etching method 

were successfully devised in order to fabricate future graphene devices. These devices were 

conceptualized such that they could be strained in order to experimentally confirm band gap 

openings.   Future work will consist of further perfecting the graphene fabrication techniques 

and performing electrical testing on CVD graphene devices which could have wide ranging 

transistor and sensor applications.   
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1. Introduction 

1.1 Scaling and Moore’s Law 

In 1965 Gordon Moore estimated that the number of logic components per integrated 

circuit would double every 12 months.  He predicted that it would be more cost effective to 

produce a larger number of components on the same device.  This reduces cost by increasing 

the yield on the same fabrication area.  His predictions were not only accurate, but have driven 

the electronics industry for the last 45 years.  Moore also predicted an ultimate threshold 

where components would not be able to be shrunk any further due to physical limitations 

defined by nature.  However, in order to meet these predictions, new and innovative ways of 

producing transistors must be envisioned.  Many people over the past half century have 

predicted the end to Moore’s law unsuccessfully.  Every time a threshold is reached with one 

technology, a new technology seamlessly takes over to replace it, and Moore’s Law continues 

as predicted [1, 2].   

Most of today’s electronic technology is made from silicon (Si).  Silicon has high carrier 

mobilities, is easy to produce, and is widely available making it ideal for electronics.  Silicon also 

has a band gap which is useful in electronics (approximately 1eV) allowing ON/OFF switching.  

Current limitations to Moore’s law include heat dissipation, lithography at smaller sizes, and 

quantum tunneling effects in the transistor itself which cause leakage currents shorting out the 

device.  These tunneling effects are a direct result of the space between the gate and the 

channel [3].  However, silicon’ performance decreases below transistor certain channel lengths 

because quantum mechanical effects start to become prominent – namely quantum tunneling.   

1.2 Fundamentals of Graphene 

In order for Moore’s Law to continue as predicted, materials other than silicon must 

therefore be envisioned.  Graphene shows good properties making it a good replacement for 
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silicon in certain electronic components.  However, unstrained graphene has no band gap and is 

therefore unsuitable to silicon as a semiconductor [4].  Graphene bilayers also have be 

observed to have a zero band gap [5].  Metal oxide semiconductor (MOS) devices are 

commonly used in electronic components.  The metal oxide semiconductor field effect 

transistor (MOSFET) is used extensively in today’s electronic devices [6].   

 

Figure 1: Structure of graphene 

Graphene’s high carrier mobility makes it an ideal candidate to replace Si in the 

MOSFET’s inversion channel for certain applications such as RF transistors [7, 8] [10].  Further, 

carbon shows an unlimited variety of different structures based on the flexibility of its bonding.  

Graphene is made of a 2D honeycomb structure of carbon atoms as shown in Figure 1.  These 

points are described by Dirac functions and there is no band gap meaning that even at low 

temperatures, some charge carriers will move between the valence and conduction bands.  The 

sigma bonds correspond to the 3 carbon bonds between the 3 nearest neighbor atoms.  The 

fourth bond is formed by overlapping pi bond interactions.  This forms the conducting 

characteristics of graphene [9].  Further, strain effects have been shown to produce band gaps 

in graphene.  By using a combination of different strains, it may be possible to create a 

switching effect in a graphene MOSFET.  Because of its high mobility, graphene is currently ideal 

for use in RF applications.  However, graphene’s properties are so remarkable that it is 

desirable to expand its use as far as possible [10].   
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There are theorized absolute limits regardless of the material used which are limitations 

in nature for transistor design [11].  These include a 1nm gate width and a 10 nm channel 

length which is predicted to be achieved by 2015.  However, quantum effects such as tunneling 

become prominent at sizes below 30 nm [12, 13].   

Figure 2 shows the primitive translation vectors for graphene and its corresponding brillouin 

zone.  The primitive translation vectors a1 and a2 are given by Equation 1.  R1, R2, and R3 are the 

nearest neighbor vectors.  Equation 2 shows the reciprocal space vectors.  These vectors will 

become important when modeling graphene’s band structure.   

    
 

 
          

 

 
        Eq. 1 

    
  

  
          

  

  
        Eq. 2 

More importantly, these lead to K and K’ values in the first brillouin zone shown in Equation 3.  

These locations form the Dirac points of the band structure of graphene, and path from Γ to M 

to K forms a triangle which represents a high symmetry direction.  

    
  

  
 

  

    
      

  

  
  

  

    
  Eq. 3 

 

Figure 2: a shows the primitive translation vectors for graphene and b shows the first brillouin 

zone. 

Graphene’s low energy excitations are massless, chiral, Dirac fermions.  This gives 

graphene very interesting properties because the speeds of the fermions are roughly 300 times 

smaller than the speed of light and, in this case, the physics of the electrons mimic quantum 

electrodynamics.  Electrons in graphene not only move with high speeds but also have a large 

mean free path.  For typical device applications, the mean free path will be longer than the 

device itself meaning that no scattering events should occur [14].  In fact, experiments have 
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demonstrated that graphene can have carrier mobilities over 200,000 cm2/Vs [6].  In 

comparison, Si only has a carrier mobility of 1,350 cm2/Vs [3].  The unique properties of 

graphene makes it useful in a wide variety of applications from single molecule detection to 

spin injection to a wide variety of electronic devices [4, 7]. 

However, it is difficult to use graphene as a semiconductor material mainly because 

graphene sheets do not have a band gap.  In order to fabricate a transistor, one needs a band 

gap in order to keep electrons from hopping from the valence band to the conduction band 

when no voltage is applied across the transistor [4].  In order to maintain process flows which 

are compatible with current technologies, band gaps of around 1 eV are desirable.   

There have been a number of attempts to induce band gaps in graphene.  Some of these 

attempts include nanoribbons, bilayer graphene, and using strain effect.  In the case of 

nanoribbons, graphene based nanoribbons FETs have been shown to allowing for switching 

[15].  As one decreases the width of the nanoribbons, the band gap increases but as a result the 

carrier mobility decreases [16].  Therefore, there is an interest in producing band gaps in 

graphene which do not hinder its carrier mobility.  One was to do this is through strain.  There 

have been many attempts to use strain in order to create a band gap in graphene.  However, 

experimental data in order to validate these models is lacking [17-21].   
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2. Motivation/Background 

2.1 Tight Binding Model Formulation 

Tight binding models of graphene which account for strain have been shown to induce 

band gaps in graphene for different values of uniaxial and shear strain.  At a shear strain of 

0.17% and an armchair strain of 0.17%, a band gap of 0.95 eV has been theorized by Colombo 

et al. [17].  This value, if accurate may provide a means of producing a graphene transistor 

which is capable of ON/OFF switching.  Strain was incorporated into this tight-binding model by 

using experimentally determined hopping parameters which will correctly modify the tight 

binding Hamiltonian to account for strain effects [22].  These transferrable tight binding 

parameters were then applied to a tight-binding molecular dynamics (TBMD) model for carbon, 

and the values are based on semi-empirical calculations of the carbon orbital energies [23].  

Part of the motivation behind the present experiment is to attempt to verify these values.   

The typical tight binding model consists of a linear approximation of atomic orbitals 

(LCAO) in order to linearize the problem [24].  Figure 2 shows the primitive translation vectors 

for graphene and its corresponding brillouin zone.  These translation vectors are given by 

Equations 4-6 and define the distance to nearest neighbor atoms.   

     
 

  
    Eq. 4 

      
 

   
 
 

 
  Eq. 5 

      
 

   
   

 

 
  Eq. 6 

Using the LCAO method, the atomic orbitals are simplified into Bloch functions.  This is a 

simplification of the atomic orbital which linearizes the problem allowing it to be solved in 

matrix form.  The form of the Bloch function is given by Equation 7 where the k vectors are the k-

points in the brillouin zone given by Equation 8.   
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                    Eq. 7 

         Eq. 8 

Carbon has an electron configuration of 1s22s22p2.  As shown in Figure 3, graphene has 2 

atoms in its basis structure.  These two atoms are labeled A and B.   

 

Figure 3: Atomic configuration of graphene. 

There are 8 different combinations of atomic orbitals which are of interest to the present tight 

binding calculation.  These different combinations are outlined in Figure 4 and consist of 

different combinations of s-s orbital interactions, s-p orbital interactions, and p-p orbital 

interactions.  The interactions on the left side of Figure 4 correspond to non-vanishing orbital 

interactions while the interactions on the right correspond to vanishing interactions.   

 

Figure 4: Atomic Orbital Interaction Types 
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Each atom then has 3 nearest neighbor interactions.  The directions of these interactions are 

defined by the Bloch vectors previously mentioned.  Therefore, this approximation only 

accounts for nearest neighbor atoms.  To expand to 2nd nearest neighbors, the Bloch functions 

would have to be expanded to account for directions to all second nearest neighbor atoms.  

Further, 2nd nearest neighbor potentials would need to be tabulated which correspond to the 

different orbital interactions.  However, the accuracy of the model is not significantly improved 

by including 2nd nearest neighbor interactions [24].  The overlapping energy associated with the 

nearest neighbor bonding in graphene is take as fractions of the total energy of the bond in 

various directions.  For example, Figure 5 shows a p-bond in graphene.  This P-bond can be 

broken down into vectors of two bonds – each one separated by 90 degrees of rotation.  By 

doing this, one breaks the orbital energy into two components, one parallel to the nearest 

neighbor bond and one perpendicular.  This allows one to use vector components of the bond 

energies described in Figure 4 to determine a good approximation of the bond energy in a 

certain direction [21].   

 

Figure 5: Vector combination of molecular orbitals 

Figure 6 shows two examples of nearest neighbor orbital interactions.  Figure 5a represents 

interactions between the s-orbital in one atom and the sigma p-orbitals in the nearest neighbor 

atoms.  This will correspond to an energy potential of      = 4.7 eV.  Likewise, Figure 5b 

corresponds to a term which vanishes to give a zero potential [21]. 
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Figure 6: Sample Orbital Interactions in graphene.   

By approximating the orbital interactions with Bloch functions, one linearizes the problem.  This 

is important because it allows the orbital interactions to be written as Hamiltonian matrix 

elements where the eigenvalues of these elements can then be solved.  The eigenvalues of the 

Hamiltonian form the energy bands.  Equations 9-10 determine the interactions of the energies 

of the atoms with themselves.  Equation 11 describes the interaction between the two atoms in 

the basis.  These interactions provide the matrix values of the Hamiltonian matrix [25].   

        
 

 
          

                         Eq. 9 

        
 

 
          

                         Eq. 10 

        
 

 
            

                                                      Eq. 11 

The 1s states provide insignificant changes to the overall band structure due to electron 

screening effects and can therefore be ignored.  Therefore, there are 4 valence orbitals in each 

atom of the basis providing an 8x8 Hamiltonian matrix to describe how each orbital interacts in 

the basis [25].  The entire Hamiltonian matrix is given by Equations 12-14 after Gray et al. [21]. 

      

 
 
 
 
   
   

    
    

    
    

   

    
 
 
 

 Eq. 12 

      

 
 
 
 
 
            

                   

                      

                             

                   

  

                             

                 
 
 
 
 

 Eq. 13 
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  Eq. 14 

For carbon, the transferrable tight-binding parameters are    = -2.99 eV,    = 3.71 eV,      = -

5.0 eV,      = 4.7 eV,      = 5.5 eV and      = -1.55 eV after Xu et. al. [22].  These parameters 

respresent empirically determined tight-binding potentials for different atomic orbital 

interactions of carbon and have been shown to be in good agreement with energy curves of 

graphite and diamond.  The g-factors are Bloch functions which describe the orbital interactions 

for each of the cases.  The g-factors are given by Equations 15-20 [21].  These equations do not 

accurately represent the entire band structure.  However, they can be simplified to a 2x2 matrix 

which does represent accurate valence and conduction bands. 

                              Eq. 15 

         
 

 
       

 

 
       Eq. 16 

       
  

 
                Eq. 17 

         
 

 
       

 

 
       Eq. 18 

       
 

 
                Eq. 19 

       
  

 
                Eq. 20 

The relation between the Hamiltonian values and the energy eigenvalues is given by Equation 

21.  Solving for the eigenvalues of the Hamiltonian matrix will give energy band states as shown 

in Equation 22.   

               Eq. 21 

   
          

        
 Eq. 22 

Because the Hamiltonian matrix is an 8x8 matrix, the corresponding band structure will have 8 

band lines corresponding to different energy bands.  Figure 7 shows the direction along the 

Brillouin zone in which the band structure was plotted.  This direction was chosen because it is 

a high symmetry direction and provides a simple yet detailed description of the graphene 

energy bands.   
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Figure 7: a) graphene band structure b) high symmetry directions 

However, the conduction bands of graphene are limited to pi bonded orbitals.  The linearity of 

the Bloch functions allows the 8x8 Hamiltonian to be simplified into a 2x2 Hamiltonian of the 

form of Equation 23 where    represents the Bloch function of the nearest neighbors and is 

given by Equation 8 where the R vectors are the primitive translation vectors and the k vectors 

are the k-points in the brillouin zone given by Equation 8.   

 

    
        

      
   

  Eq. 23 

Figure 8 shows the energy bands determined from the simplified Hamiltonian in Equation 23.  

Figure 8a is a plot of the entire 3D band structure and Figure 8b is a 2D plot of the high 

symmetry directions.   

 

Figure 8: Conduction and valence band structure of graphene.   
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If Figure 8b is compared to Figure 7a, it is apparent that these pi bands are equivalent.  This is a 

direct result of the linearity associated with using Bloch functions and it is readily apparent that 

the simplification used in Equation 9 is valid.   

2.2 Introducing Strain 

The next process is to include strain effects into the graphene model.  There are 3 types 

of strain which can be imposed onto the graphene: strain in the armchair direction, strain in the 

zig-zag direction, and shear strain.  Any form of two dimensional strain conceivable is a 

combination of these strains with the exception of torsional strain.  Figure 9 shows a graphical 

representation of these 3 strains.   

 

Figure 9: Types of strain applied to graphene.   

These strains can be realized mathematically by Equation 24 where   
  is the strained 2x2 

primitive lattice matrix defined by the vectors a1 and a2 in Figure 2a.  Any strain applied to these 

vectors consists of the unstrained vector given by       (where     is a Kronecker delta) added 

to        which corresponds to the percent of the additional strain on the lattice vector.  For 

example, for a strain of 0.15 (15% strain), the total lattice dimension would correspond to 1.15 

where 1 is the value of the unstrained dimension.  Here     represents values in a strain tensor.   

   
                Eq. 24  
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The strain tensor’s matrix has several interesting inherent properties which arise from the way 

in which it was formulated.  Equation 25 represents the shear strain associated with the lattice 

where   represents the value of the shear strain.  Likewise, Equation 26 and Equation 27 

represent the uniaxial armchair and uniaxial zig-zag strains respectively.   

    
  
  

  Eq. 25 

    
  
  

  Eq. 26 

    
  
  

  Eq. 27 

The strain will scale the g-factors but this will also have an effect on the energy potential 

between the orbitals since they are now at greater distances.  A semi-empirical scaling factor 

was then applied to the g-factors in order to accurately account for these energy potential 

changes due to strain.  The strain factor is given by Equation 28 where r denotes the 

interatomic distance between nearest neighbors and r0 is the inter-atomic distance between 

carbon atoms in the diamond structure.  The other factors are experimentally determined 

parameters after Xu et. al. [22].   

       
  

 
 
 

        
 

  
 
  

  
  

  
 
  

   Eq. 28 

These scaling factors were then applied to each interatomic distance in the R1, R2, and R3 

directions based on their magnitudes found from strain calculations.  This effectively accounts 

for the change in the potential values in each direction due to their corresponding strains.   

A model Similar to Colombo’s was produced which accurately displays the trends in 

Colombo’s model.  These trends are shown in Figure 10.  Armchair strain and armchair strain 

combined with shear strain will produce band gaps at sufficient strain values.  Likewise, zig-zag 

strain coupled with shear strain will also produce a band gap at sufficient strain values.  

However, uniaxial zig-zag strain will not produce band gaps.  Likewise, biaxial strain does not 

produce band gaps either.  This occurs because the band gap formation is a direction result of 

breaking the symmetry of the band structure near the Dirac points [24].   
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Figure 10: Strain characteristics of graphene.  

2.3 Membrane Model 

Results of the TBMD model show that gaps are indeed opened in graphene as a result of 

strains.  The task is then to experimentally verify these results in order to confirm their validity.  

In order to do this, an experiment was devised whereby holes of different sizes were etched 

into a Si chip with a SiO2 layer.   

 

Figure 11: Suspended graphene subjected to strain. 
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Graphene is then deposited over the cavities in order to create a suspended membrane 

with air trapped underneath.  Then contacts will be placed onto the device and the device 

subjected to a vacuum.  By doing this, the air pressure underneath the graphene will push 

against it causing the graphene layer to deform thereby inducing strain.  A schematic design is 

shown in Figure 11.   

Graphene can be strained by creating a pressure difference between the air trapped in the 

membrane and the chamber vacuum. It has been shown that no particles, not even hydrogen, 

can escape from the graphene membrane [26, 27].  The radius of the deflection for a circular 

membrane can be determined by Equation29 as a function of the pressure difference.  Once 

the radius is determined, the arc length of the membrane can be found.  By comparing the arc 

length to the unstrained length, one can determine how much strain is present in the system.  

This strain value can then be compared to the experimental graphene models in order to 

determine the band structure [28].   

 
   

    
  

       
 
 

 
  

   

      
 
 

 
 
 

 Eq. 29 

However, it has been shown that biaxial strain in both the armchair and zig-zag direction cannot 

produce a band gap.  Therefore another approach was necessary.  Uniaxial strain in the 

armchair direction has been shown to produce band gaps for certain strains.  Therefore, a 

shape was designed in order to specifically induce uniaxial strain in the graphene.  This was 

done by using a rectangular structure as the cavity instead of the circular one.  By making one 

side much shorter than the other, the strain across the width will be different than the strain 

across the length thereby producing a uniaxial strain effect as shown in Figure 12.  

By varying the vacuuming conditions, one can produce the desired strain and then 

perform electrical characterization in order to determine whether or not a band gap was 

formed.  However, before fabrication, it must be confirmed that enough strain can be induced 

by the vacuum.  Therefore, a series of models were devised in order to determine the validity of 

the experiment.  COMSOL was used in order to determine how differently shaped cavities will 

affect the strain in the graphene layer.  In order to produce an effective strain model which 

depends on the pressure, the mechanical properties of graphene were determined.  The 

young’s modulus for graphene has been found to be E = 1.0 terapascals [29].  However, values 

for the Young’s modulus do range between 0.5 to 1 terapascals for clamped beams under 

tension [30].   
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Figure 12: Uniaxial Strain case for suspended graphene.  

First principle calculations of the poisson ratio for graphene have yielded different 

values for different strains.  However, for small strains, the calculated  value for the Poisson 

ratio is approximately 0.1732.  Therefore, a value of 0.17 was used in the COMSOL model [31].  

The purpose of the COMSOL model is to provide an extremely rough estimate of the deflections 

involved in order to assess whether a vacuum can produce the deflections desired in order to 

open band gaps, not to provide incredibly accurate results.  This portion is simply to provide 

support to the notion that straining graphene in a vacuum will work.    

 

Figure 13: Strain Profile for a rectangular membrane 
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As can be seen from Figure 13, the stress profiles are much greater in one direction due 

to the shape of the cavity.  However, the COMSOL model could not determine a solution for 

nanometer thicknesses.  Therefore, maximum deflection values for different graphene sheet 

thicknesses were plotted in order to extrapolate to the deflection value for single layer 

graphene of 3.4 angstroms [32, 33].  

 

Figure 14: Deflection for a circular membrane and its corresponding power series expansion.   

In order to circumvent this problem, a power series expansion was then formulated 

experimentally in order to fit the COMSOL values to an equation for different pressure values as 

shown in Figure 14.  The x-term in the experimental fit for different pressures remained 

constant.  Therefore, the pressure only changes the constant term.   

 

Figure 15: Pressure versus deflection distance.   
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These pressure values were then plotted versus the deflection distance as shown in Figure 15.  

The pressure was found to have a linear relationship to the maximum deflection of the 

membrane.  This remains true for all cavity sizes.   

The relationship was then converted into pressure versus the model constant of the 

power series approximations for different pressures as shown in Figure 16.  This relationship 

was also found to be linear.  By knowing how the pressure changes the model constant, one 

can calculate what the model constant will be at a given pressure and therefore calculate the 

deflection of the membrane at that pressure.   

 

Figure 16: Model Constant versus Pressure 

 

Assuming a cavity width of 1 micrometer, a 20% strain will be caused when the membrane 

deflection is 2.81886e-7 meters at a pressure of 13,978 Pa acting on the membrane in the z-

direction.  At full vacuum, the pressure would be atmospheric pressure (101,050 Pa) which 

allows for an error of nearly 1 order of magnitude.  Therefore, one can say with reasonable 

confidence that the strains produced by the vacuum should be sufficient in order to induce 

band gaps.   
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Figure 17: Deflection distance versus sheet thickness. 

This pressure was then put back into the COMSOL model in order to double check its validity.   

Values for the maximum deflection were then taken from this model and used to extrapolate 

for a graphene layer thickness of 3.4 angstroms and found to be 2.819e-7 meters as shown in 

Figure 17.  Therefore, there is logical consistency in the model.   

2.4 Determination of Strain from Membrane Deformation 

After determining the consistency and viability of the COMSOL model, the deformations 

associated with the membranes were then converted into strains.  Mechanical strain is given 

simply by Equation 30 where L is the length of the graphene when unstrained.  The strain is 

then the ratio of the change in the length to the value of the unstrained length.   

   
  

 
 Eq. 30 

In order to evaluate the ratio given in Equation 30, the arc length of the deformed membrane 

must be determined.  The arc length can be determined by imagining a circle which intersects 

the edges of the cavity as shown in Figure 18.   
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Figure 18: Visual depiction of arc length calculation 

The proportion of the circle in between these two intersection points will form the arc 

length.  In order to solve for this portion of the circles circumference, the relation shown in 

Equation 31 must first be realized.  Rearranging Equation 32 gives the radius of the circle in 

terms of the length L and angle.  

       
 

 
 Eq. 31 

   
 

     
 Eq. 32 

By inspection, a relationship between R and the deformation from the top of the substrate is 

given by Equation 33.  Substitution of Equation 33 into Equation 32 yields Equation 34 allowing 

for the solution of the angle in terms of known variables.   

             Eq. 33 

 
     

     
 

 

     
     Eq. 34 

Once the radius and angle are known, the arc length of the strained graphene can be calculated 

as a fraction of the total circumference as shown in Equation 35.  Substitution of Equation 32 

into Equation 35 yields a value for the strained length which is dependent only on known values 

as shown in Equation 36.   
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            Eq. 35 

 
  

   

   

     
         Eq. 36 

 

After calculating the strained length, the % strain in the graphene for a given deformation can 

be calculated by Equation 37.   

 
         

 
               Eq. 37 

 

This strain value can then be applied to the TBMD model for graphene in order to see whether 

or not certain vacuuming conditions will produce band gaps in the graphene band structure.  

The estimates can be compared to experimental data in order to assess the validity of the 

model as well as provide a basis for further experimentation.   
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3. FABRICATION 

Previous research focused on an exfoliation technique for producing graphene layers 

[14, 34].  This technique consists of taking pieces of graphite and peeling graphene layers off of 

it using scotch tape. In fact, this was how graphene was first discovered.  Later, graphene was 

grown on a Ni substrate and then transferred to Si [35].  Large areas of graphene have also 

been grown on copper [36].  The graphene used in the present experiment comes from 

graphene grown on copper in a CVD process. The copper is then etched away from the 

graphene leaving only the monolayer graphene behind.  This graphene is then transferred to 

the substrate.   

In the present experiment, 4 inch Si wafers were fabricated which are 100 microns thick 

as shown in Figure 19a.  A 1 micron SiO2 layer was then deposited onto the wafers using plasma 

enhanced chemical vapor deposition (PECVD) as in Figure 19b.  The thickness of this layer was 

confirmed to be 1 micron by performing ellipsometry measurements.   

3.1 Dicing 

 Once the wafer was fabricated, it was then diced into 1cm by 1cm chips using the DISCO 

DAD Saw at Electrum.  60 chips were produced from dicing each wafer.   

3.2 Cleaning 

 After dicing, the chips were cleaned by submersing them first in acetone for 5 minutes 

and then in isopropanol for 5 minutes.  The chips were then dried with a nitrogen gun in 

preparation for lithography.   

3.3 HMDS 

 An HMDS prime was then applied to the SiO2 layer.  The HMDS prime allows the 

photoresist to more readily adhere to the SiO2 substrate.   
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3.4 Lithography 

 The type of photoresist used was SPR 700 at a 1.2 micron thickness.  The photoresist 

was spun onto the chips at 4000 rpm for 30 seconds with a 5 second ramp at 500 rpm as shown 

in Figure 19c.  The chips with the photoresist layer were then soft-baked for 1 minute at 110 

Celsius.  This helps dry the resist before lithography is performed.   

3.5 Contact Aligner/Exposure/Pattern 

 Contact alignment was used in order to pattern the photoresist on the chips.  By 

exposing the resist to UV light, the resist will change chemical composition.  A positive resist 

was used meaning that the area to be removed from the chip was the area exposed.  By using 

certain chemicals, one can selectively etch the exposed region while not etching the unexposed 

region.  This type of etching is a wet etch called C26 as shown in Figure 19d.   

 

Figure 19: Chip preparation for graphene transfer 

3.6 Etching 

 The photoresist pattern then acts as a protective layer for the etching step.  Reactive ion 

etching (RIE) was used in order to produce etches with good depth profiles.  RIE combines 

advantages of both wet and dry etching.  With it, one can achieve high selectivity as well as 

good etch profiles as shown in Figure 19e.  Before using this RIE tool, an etch rate for the SiO2 

had to be determined.  Etching of 2 chips was done – 1 chip for 30 minutes and one chip for 40 

minutes.  Ellipsometry measurements were then performed on the chips to determine how 

much SiO2 was removed from the chip during the time period.  The chip etched for 30 minutes 

had an oxide layer thickness of 0.33 microns while the chip etched for 40 minutes had an oxide 

layer thickness of 0.2 microns.  That means that in 30 minutes, 0.66 microns was etched and at 

40 minutes, 0.8 microns was etched.  This corresponds to an etch rate of approximately 20 
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nm/min.  After determining an etch rate, the remaining chips were etched for 1 hour.  This time 

was chosen because a slight amount of over-etch is irrelevant and possibly even beneficial.  

SEM and microscope pictures were taken of the mask pattern.  The pattern etched in this step 

does not represent the final pattern but was the initial proof of concept pattern used in order 

to calibrate process step.   

 

Figure 20: SEM of features 

Figure 20 shows an SEM image of some of the etched features and Figure 21 shows 

shows an image of patterned structures from a microscope.  These images become important 

later for comparative purposes to other images after the graphene is transferred.  In Figure 20 

the lighter areas correspond to etched regions while the darker areas are SiO2 layers.  Likewise, 

in Figure 21 the lighter areas also correspond to holes.  This chip was fabricated primarily to 

assess the feasibility of suspending graphene over holes.   
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Figure 21: Microscope image of surface features 

Scanning electron microscopy was then performed on the chips in order to determine whether 

or not there was a good etch profile from the RIE etch.  One of the chips was etched using an 

HF wet etch in order to compare the etch profiles between the wet etch and the RIE etch as 

shown in Figure 22.  Note that wet etch has a very shallow etch profile.  Likewise, Figure 23 

shows the etch profile of the RIE etch.  Note that the RIE etch has an almost vertical etch 

profile.  A steep etch profile will is necessary in order to prevent graphene from adhering to the 

sidewalls.   

 

Figure 22: Etch profile of the wet etch. 
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Figure 23: Etch profile of RIE etching. 

 As can be seen, the etch profile of the wet etch is not nearly as steep as the RIE etch.  

This is important because one does not want the graphene layer to conform to the etch profile 

thereby eliminating a membrane over the holes.  Figure 24 shows a close up of the RIE etch 

profile.  Note that the walls of the structure are vertical.   

 

Figure 24: Close up of RIE etch profile.  
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3.7 Cleaning 

 Upon completion of the etch, the photoresist layer was removed by cleaning the chips 

in acetone.  This dissolves the remaining residue from the photoresist as well as the portion of 

the photoresist used as for the mask.  However, not all of the photoresist is removed and an 

oxide resist strip is performed to remove the remainder.   

3.8 Graphene Placement 

 Once the chips were fabricated, graphene was then deposited on the surface creating 

the suspended graphene membranes.  This was done using a transfer method by which 

graphene grown on copper using a CVD method is removed from the copper and transferred to 

the SiO2 substrate using methods similar to those devised by Reina et al. [37].  First, Raman 

testing was performed on the copper in order to determine whether or not graphene was 

present.  When graphene is present on the surface of a material, there will be characteristic 

peaks in the intensity of the Raman shift which are indicative of graphene.  These peaks are 

labeled as the D peak, G peak, and 2D peak and have Raman shift values of approximately 1200, 

1600, and 2700 respectively.  However, in order to say that graphene is present, only the G and 

2D peaks are necessary [38].  The results of the Raman testing are shown in Figure 25 showing 

clear increases in intensity at the desired Raman shift positions.  Therefore, graphene is present 

on the copper layer.   

 

Figure 25: Raman analysis of copper with CVD graphene grown on it.   

The graphene was first transferred from the copper layer to the chip as shown in Figure 

26a.  In order to accomplish this, 495 PMMA A4 was first spun onto the copper layer as shown 

in Figure 26b.  The PMMA essentially acts as a bonding agent to the graphene so that when the 

copper is removed, the graphene has a new substrate to cling to.  The PMMA was spun onto 
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the copper at 2700 rpm for 30 seconds with a ramp of 5 seconds at 500 rpm increase in speed 

each second.   

 A Q-tip was then used to remove graphene from the side of the copper without the 

PMMA layer as in Figure 26c.  The copper is then placed in a bath of ferric chloride in order to 

etch the copper and leave only the graphene and PMMA as shown in Figure 26d.  Once all of 

the copper has been visibly etched, the graphene/PMMA was then transferred to de-ionized 

water for approximately 1 minute for cleaning.  Then it was transferred to HCl for 

approximately 30 minutes in order to remove any iron residue from the graphene/PMMA film.  

After this cleaning step, the film was again transferred to the de-ionized water for 

approximately 1 minute in order to remove residue HCl.   

 

Figure 26: Graphene transfer process 

Figure 27 shows graphene with a layer of PMMA on top just before transferring onto the Si/SiO2 

substrate.  Once the graphene film is prepared, it was carefully lifted out of the solution using 

the target chip.  This was accomplished by submerging the Si chip under the water and then 

maneuvering it under the graphene/PMMA film and carefully lifting the chip up from under the 

film.  First the graphene sample from Figure 19c is cleaned.  Then the graphene and 495 PMMA 

A4 are transferred to the resist as shown in Figure 28b.  Once the graphene has adhered to the 

substrate, the 495 PMMA A4 is removed by soaking the chip in acetone as shown in Figure 28c.  

Figure 29 shows some sample chips where  graphene and PMMA layers have been successfully 

transferred.   
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Figure 27: Graphene with PMMA floating in water just before chip transfer. 

 

Figure 28: Graphene transfer to Si 

 

Figure 29: Graphene with PMMA on Silicon Chip.   

In order to verify that graphene was transferred, Raman spectroscopy analysis was performed 

on the chip in order to determine that graphene was present.  Graphene is known to be 

deposited in the presence of G and 2D peaks.  The Raman results from the transferred are 

shown in Figure 30.  Again the G and 2D peaks are clearly visible and therefore graphene was 
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successfully transferred from the copper to the chip.  Transferred graphene has been shown to 

have adhesion to the substrate comparable with other microstructured materials due to Van 

Der Waal forces [39]. 

 

Figure 30: Raman from transferred graphene on SiO2 layer.  

Once the graphene was transferred, SEM pictures were taken of the mask pattern in order to 

determine whether or not the graphene desposited can be seen and whether it forms a 

membrane over the surface of the cavities.  Figure 31 shows graphene over a on such cavity.  

Note that there is some dipping of the graphene into the cavity.  Even if the graphene is not 

completely suspended over the cavity, the bending of the graphene as it dips into the cavity will 

also cause strain.   

 

Figure 31: Graphene over a small cavity 
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Figures 31-33 show graphene deposited over other cavities of various sizes with Figure 33 being 

the largest cavity size.   

 

Figure 32: Graphene on top of medium sized circular holes. 

 

 

Figure 33: Graphene on top of large circular hole. 



31 
 

Once the graphene was applied to the substrate, the PMMA layer was wet etched leaving just a 

layer of graphene on the substrate.  Before Raman testing was performed, the graphene layer 

could be visibly seen on the substrate.  A microscope was also used in order to verify that there 

was a layer formed on the substrate after removal of the PMMA.  Images of the structures were 

also taken using a light microscope before and after graphene transfer.  Figure 34 shows the 

structure before the graphene transfer and Figure 35 shows the same structure after graphene 

transfer.  The portions of the chip with a more greenish tint to them have a layer of graphene.    

 

Figure 34: Chip before graphene transfer.   

 

Figure 35: Chip after graphene transfer.   
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Once transfer process was shown to transfer graphene from the copper substrate to the SiO2 

substrate, the process was then optimized in order to produce good uniformity of graphene 

across the chip.  Graphene was then transferred onto a number of substrates for device 

fabrication and testing.  Graphene was transferred onto a piece of glass and sent to a lab in 

Germany for optical testing.  There, a 2D spectrograph of the graphene was done in order to 

determine the quality of the graphene layer as shown in Figure 36.   

 

Figure 36: 2D spectrograph of graphene deposited on glass. (Image courtesy of Siegen 

University) 

The green areas of Figure 36 denote locations where graphene is present.  The blue areas 

represent areas with no graphene and the dark lines are crystal boundaries.  As can be seen 

from the Figure, the transfer process was sufficiently optimized as to produce a reasonably 

uniform layer of graphene onto the substrate.  Graphene was also transferred onto an optical 

waveguide in order to determine whether this improved the transmittance of light through the 

waveguide.  Also, graphene was transferred to a number of silicon chips in order to perform 

transistor fabrication and electrical testing.  However, the primary purpose of performing the 

graphene transfer was to develop transistors on top of cavities in order to perform electrical 

testing.  Once the device is fabricated, the idea is to subject it to various vacuuming conditions 

and electrically characterized in order to assess whether a band gap in produced.  In order to 

accomplish this, a mask pattern was designed which consists of 3 layers: a cavity layer, a 

graphene etch layer, and a contacts layer.  The fabrication for the graphene transistor with 

tunable strain begins with a Si substrate with a 1 micron SiO2 layer as shown in Figure 37.   
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Figure 37: Si with SiO2 layer 

A photoresist was then applied to the layer and the photoresist was exposed using the cavity 

layer of the mask.  The exposed areas were removed and the SiO2 in these areas were etched 

using the RIE method described before.  Figure 38 shows a depiction of the cavity after etching.   

 

Figure 38: Substrate with cavity etching.   

Once the cavity was etched, graphene was deposited using the aforementioned transfer 

method.  The transferred layer is depicted in Figure 39.   
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Figure 39: Substrate with cavity etched and graphene transferred.   

An HMDS prime was then applied to the graphene layer in order to improve adhesion between 

the graphene layer and the photoresist layer.  After the prime, a photoresist layer of SPR 700 

1.2 was applied to the graphene layer.  The photoresist layer was then exposed using the 

graphene etch layer of the mask.  The photoresist was then removed and the graphene was 

etched in the exposed regions forming a layer of graphene covering the cavity.  This layer was 

designed to be large enough in length to allow for contacts but small enough in width to not 

allow much leakage current around the sides.  A depiction of the etched graphene layer is 

shown in Figure 40.   

 

Figure 40: Etched graphene layer.   

At this point, the graphene transfer method had been optimized but, in order to determine 

how uniform the graphene layer was, and the structures were viewed under a light microscope.  

Figure 41 shows different structures with graphene applied.  The light blue regions denote 

areas where graphene is while the grey areas denote the substrate.  As can be seen from the 

figure, all of the graphene layers show a high degree of uniformity and, most importantly, 

appear to cover the entire cavity.   
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Figure 41: Graphene deposited over a cavity at different locations on a chip.   

Figure 42 shows a high magnification view of the cavity with graphene deposited in order to 

further display the uniformity of the graphene deposited.   

 

Figure 42: High magnification light microscope image of graphene deposited over cavity.  
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4. RESULTS AND DISCUSSION 

4.1 Thermal Annealing 

Once the integrity of the graphene layer was confirmed, thermal annealing of the layer was performed 

in order to remove PMMA residues.  Thermal annealing has been shown to be an effective method at 

removing resist residues from the substrate.  Removing these residues is important because these 

residues can greatly impact the measured conductivity of the device by inhibiting electron mobility.  

Figure 43 shows the same positions on a chip before and after thermal annealing. Raman Spectroscopy 

was then performed in several locations on the chip but no graphene was detected after the anneal 

treatment.  Therefore, a revision of the anneal treatment is necessary.  

 

Figure 43: Light microscope results of thermal annealing treatment.   
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4.2 Raman Spectroscopy and Strain 

Raman was also performed with an un-annealed sample at different locations around a cavity in order 

to assess the strain in the cavity before vacuuming.  There is an offset with the machine of several 

microns so The raman was centered over the cavity and then measured for different offsets of 1, 3, 6, -1, 

-3 and 0 micron offset in the x-direction.  Figure 44 shows the results of the raman data at each location.  

As can be seen from Figure 44, there is a clear presence of graphene at each location.  However, the 

signal strength was stronger at some locations than others. 

Figure 45 shows only the G-peak for each of the positions.  As can be seen from the figure, all 

peaks appear to be unstrained except for the for the -3 micron offset peak.  This peak corresponds to 

the cavity peak.  As can be seen from the figure, the -3 micron offset peak is red shifted meaning that 

there is an increase in the wavelength.  For an unstrained graphene sample, the G peak should occur 

around 1600 which it clearly does.  Shifts in the raman have been shown to account for strain effects in 

graphene.  However, other factors such as impurities can also cause shifts in the band structure [38, 40, 

41].   

 

Figure 44: Raman analysis of etched graphene. 

When approaching this problem, one must consider that the raman spectra was obtained at multiple 

locations around the cavity.  The -3 micron offset was consistently the only one which showed the 

spectrum shift from the other locations.  Therefore, there is a strong probability that the shift is due to 

strain from dipping into the cavity than impurities or doping effects.   
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Figure 45: G-peak of graphene sample at different offsets. 

Figure 46 shows the 2D raman peak for the same points in the sample.  Here the -3 micron offset peak is 

blue shifted meaning that there is a decrease in the wavelength.  This is indicative of strain in the sample 

at this location.   

 

Figure 46: 2D peak of graphene sample at different offsets.   
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What appears to be happening is that there is some dipping of the graphene into the side walls of the 

cavity which is straining it at that location.  Therefore, the graphene can be transferred and stamped 

into cavities in order to produce the desired strain and electrical characteristics.  A concept of this 

straining has already been proposed [19].  The graphene sample was then put under vacuum and a 

raman spectra was again determined.  However, in order to produce a vacuum, the graphene sample 

was placed in a glass casing.  This casing caused a florescence effect in the raman data which rendered 

the results from vacuum unusable.   

 In order to further assess what is happening in the cavity, SEM pictures were taken of the 

graphene samples.  Figure 47 shows one such etched piece of graphene with a corresponding close up 

of the cavity region.  Notice how dark the graphene is compared to the rest of the chip.  At first this was 

puzzling since the graphene in only a monolayer sheet.  However, this picture was taken using an SEM 

device which means that electrons which are back-scattered or secondary electrons are the cause of the 

image.  Due to graphene’s highly conductive characteristics,  it is possible that the electrons are 

absorbed and conducted along the material instead of causing scattering events which leads to 

detection by the SEM.  This effect would exaplin why the graphene appears so much darker than the 

chip as a whole.   

 

Figure 47: SEM picture of etched graphene over the cavity.   
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There are further interesting aspects to this picture.  Note how bright the edge of the cavity is.  

This brightness is a clearly noticeable feature in every graphene cavity assessed.  What could be 

happening here is that the strain is causing the graphene to be less conductive – perhaps even opening a 

band gap from the folding.  The sudden loss in conductivity would explain the high brightness in this 

region because, if the electrons are not conducted through the material, there is a higher chance of 

scattering events which leads to backscattered and secondary electrons detected by the SEM.  Hence, 

the image appears brighter.   

Moreover, the image appears to be the brightest right at the cavity edges meaning that the 

strain would be highest at these locations.  The results agrees with the COMSOL model which predicts 

the highest strain will occur at the cavity edges shown in Figure 13.   
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5. FUTURE WORK AND POSSIBLE APPLICATIONS 

5.1 Strain Measurements 

Once graphene is verified to being on the cavities and that strain effects are present under 

vacuuming conditions, contacts will be placed on the graphene in order to perform electrical testing.  

Contact pads can be etched onto the graphene using E-beam lithography [42].  However, this method is 

expensive and not feasible for industrial fabrication.  Therefore, a contact method was devised which 

uses conventional masks combined with a lift-off technique.   

Four contacts will be constructed as shown in Figure 48.  The left most contact will act as the 

source while the right most contact will act as the drain.  The middle two contacts will be used in order 

to measure the current across the graphene before and after the cavity.  Using these measurements 

along with the measurements across the cavity, the effects of leakage current around the sides of the 

cavity can be determined and removed from the measurement to provide a measurement of the current 

depending only on the cavity.  By varying the vacuuming conditions and thereby the strain on the 

graphene, a band gap opening should be able to be seen which will manifest itself in the form of a 

barrier in IV measurements.   

 

Figure 48: Contacts on graphene in order to allow electrical characterization.  
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Each chip contains 8 structures which will be characterized.  These structures include rectangular holes, 

oval holes, and crescent holes of various sizes and orientations.  The reason for the different 

orientations stems from the TBMD model of graphene which suggests that uniaxial band gap opening 

will only occur if the strain in the armchair direction is significantly more pronounced than in the zig-zag 

direction.  The orientation of the structures is shown in Figure 49 (Note that the device structures do not 

represent actual proportions).   

 

Figure 49: Chip Structure illustrating device orientation.   

In order to perform characterization in a vacuum, the chips will then be housed in a 32 lead package 

with each of the contacts being wire bonded to a lead of the package.  This package can then be inserted 

into a vacuum chamber where electrical characterization can be performed under tunable vacuuming 

conditions.   

5.2 TBMD Model 

There is a tremendous opportunity to expand the TBMD modeling research.  Data from physical 

strain measurements can be used in conjunction with the model in order to not only assess the validity 

of the model, but also determine the orientation of the graphene layer.  This data can be compared to 

theoretical calculations of strain as well.  These theoretical calculations can then be corrected to 

correspond with physical measurements leading to a better understanding of the system as a whole.  

Further comparison between the model and experimental values will undoubtedly lead to 

improvements in the model.  Once a comprehensive model is generated, a multivariable cost function 

can be devised based on the model which will provide the desired band gap under certain strain 

conditions.  This information can then drive research into producing these strain effects in the graphene 

fabrication.   
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Another area of modeling which has not been considered is how compressive strain affects the 

band structure of graphene.  With the current model in place, these effects would be trivial to model 

and could potentially provide further insight into graphene’s electrical properties.   

5.3 Flow and Pressure Sensors 

 The current design of the graphene chip provides the framework for testing it as a flow and 

pressure sensor.  Fluid flowing over the membrane will cause pressure on the membrane which will 

strain the graphene causing a change in the electrical characteristics.  An experimental setup could be 

designed after Stemme et al.  [43].  These changes can be measured and, knowing the pressure of the 

fluid flow, a current to pressure conversion can be arrived at effectively producing a pressure or flow 

sensor [44].  By the same concept, a microphone could also be produced using the suspended 

membrane.  The advantage of using a graphene membrane over conventional materials such as Si is that 

the monolayer structure of graphene will provide an unprecedented level of sensitivity in the electrical 

measurements.   

5.4 Optical Devices 

 Part of the present work has dealt with the application of a graphene layer to optical devices.  

Future research will undoubtedly yield a better understanding of graphene’s optical properties as well 

as an understanding of how graphene affects the transmittance in optical waveguides.   
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6. CONCLUSION 

 During this thesis, a number of processes were devised which were largely successful and let to 

not only useful results, but opened the door to a vast amount of future research possibility.  A transfer 

method for producing high quality monolayer graphene onto a variety of substrates was devised.  There 

are many ways in which the method could be further improved.  A method for etching the graphene has 

also been developed.  A transferrable tighting binding model has been developed which reflects band 

gap opening characteristics in graphene due to strain effects.  Further, a mask pattern was designed 

which will allow the creation of a number of different devices for testing the electrical characteristics of 

graphene under strain, but also provide a template for creating graphene based sensors.  Finally, Raman 

testing was performed on several samples providing some insight into the the strain effects on the 

material.   

  



45 
 

REFERENCES 

[1] G. Moore, "Cramming more components onto integrated circuits," Proceedings of the IEEE, vol. 

86, pp. 82-85, 1998. 

[2] R. Schaller, "Moore's law: past, present and future," Spectrum, IEEE, vol. 34, pp. 52-59, 2002. 

[3] C. Wolfe, et al., Physical properties of semiconductors: Prentice-Hall, Inc. Upper Saddle River, NJ, 

USA, 1988. 

[4] A. Neto, et al., "The electronic properties of graphene," REVIEWS OF MODERN PHYSICS Rev Mod 

Phys, vol. 81, p. 109, 2009. 

[5] A. K. Geim and K. S. Novoselov, "The rise of graphene," Nature materials, vol. 6, pp. 183-191, 

2007. 

[6] M. Balkanski and R. Wallis, Semiconductor physics and applications: Oxford University Press, 

USA, 2000. 

[7] F. Schwierz, "Graphene transistors," Nature Nanotechnology, vol. 5, pp. 487-496, 2010. 

[8] T. Echtermeyer, et al., "Nonvolatile switching in graphene field-effect devices," Electron Device 

Letters, IEEE, vol. 29, pp. 952-954, 2008. 

[9] Y. Zhang, et al., "Experimental observation of quantum Hall effect and Berry's phase in 

graphene," Arxiv preprint cond-mat/0509355, 2005. 

[10] M. Liu, et al., "A graphene-based broadband optical modulator," Nature, 2011. 

[11] J. D. Meindl, et al., "Limits on silicon nanoelectronics for terascale integration," Science, vol. 293, 

p. 2044, 2001. 

[12] R. W. Keyes, "Physical limits of silicon transistors and circuits," Reports on Progress in Physics, 

vol. 68, p. 2701, 2005. 

[13] P. A. T. O. MOORE, "Microprocessor Scaling: What Limits Will Hold?," IEEE Annals of the History 

of Computing, vol. 28, pp. 89-95, 2006. 

[14] K. Novoselov, et al., "Electric field effect in atomically thin carbon films," Science, vol. 306, p. 

666, 2004. 

[15] Z. Chen, et al., "Graphene nano-ribbon electronics," Physica E: Low-dimensional Systems and 

Nanostructures, vol. 40, pp. 228-232, 2007. 

[16] B. Obradovic, et al., "Analysis of graphene nanoribbons as a channel material for field-effect 

transistors," Applied Physics Letters, vol. 88, p. 142102, 2006. 



46 
 

[17] G. Cocco, et al., "Gap opening in graphene by shear strain," Physical Review B, vol. 81, p. 

241412, 2010. 

[18] T. Kawai, et al., "Mechanically-induced transport switching effect in graphene-based 

nanojunctions," Physical Review B, vol. 83, p. 241405, 2011. 

[19] V. M. Pereira and A. Castro Neto, "Strain engineering of graphene’s electronic structure," 

Physical Review Letters, vol. 103, p. 46801, 2009. 

[20] M. Farjam and H. Rafii-Tabar, "Uniaxial strain on gapped graphene," Physica E: Low-dimensional 

Systems and Nanostructures, vol. 42, pp. 2109-2114, 2010. 

[21] D. Gray, "Electronic Band Structure of Graphene," Physics for Solid State Applications, 2009. 

[22] C. Xu, et al., "A transferable tight-binding potential for carbon," Journal of Physics: Condensed 

Matter, vol. 4, p. 6047, 1992. 

[23] F. Ercolessi, "A molecular dynamics primer," Spring College in Computational Physics, ICTP, 

Trieste, pp. 24-25, 1997. 

[24] W. A. Harrison, Electronic structure and the properties of solids: the physics of the chemical 

bond: Dover Publications, 1989. 

[25] R. Saito, et al., Physical properties of carbon nanotubes vol. 3: Imperial College Press London, 

1998. 

[26] O. Leenaerts, et al., "Graphene: A perfect nanoballoon," Applied Physics Letters, vol. 93, p. 

193107, 2008. 

[27] J. S. Bunch, et al., "Impermeable atomic membranes from graphene sheets," Nano letters, vol. 8, 

pp. 2458-2462, 2008. 

[28] G. T. A. Kovacs, "Micromachined transducers sourcebook," New York, NY, pp. 193-194, 1998. 

[29] C. Lee, et al., "Measurement of the elastic properties and intrinsic strength of monolayer 

graphene," Science, vol. 321, p. 385, 2008. 

[30] I. Frank, et al., "Mechanical properties of suspended graphene sheets," Journal of Vacuum 

Science & Technology B: Microelectronics and Nanometer Structures, vol. 25, p. 2558, 2007. 

[31] G. Gui, et al., "Band structure engineering of graphene by strain: First-principles calculations," 

Physical Review B, vol. 78, p. 075435, 2008. 

[32] S. S. Gupta, "Elastic constants from molecular mechanics simulations of frequencies of free-free 

single-walled carbon nanotubes and clamped single-layer graphene sheets," Virginia Polytechnic 

Institute and State University, 2009. 



47 
 

[33] E. Schiavone, "Elastic Properties of Single-Walled Carbon Nanotubes," 2010. 

[34] K. Novoselov, et al., "Two-dimensional atomic crystals," Proceedings of the National Academy of 

Sciences of the United States of America, vol. 102, p. 10451, 2005. 

[35] A. K. Geim, "Graphene: status and prospects," Science, vol. 324, p. 1530, 2009. 

[36] X. Li, et al., "Large-area synthesis of high-quality and uniform graphene films on copper foils," 

Science, vol. 324, p. 1312, 2009. 

[37] A. Reina, et al., "Transferring and identification of single-and few-layer graphene on arbitrary 

substrates," The Journal of Physical Chemistry C, vol. 112, pp. 17741-17744, 2008. 

[38] A. Ferrari, et al., "Raman spectrum of graphene and graphene layers," Physical Review Letters, 

vol. 97, p. 187401, 2006. 

[39] S. P. Koenig, et al., "Ultra-strong Adhesion of Graphene Membranes," Arxiv preprint 

arXiv:1107.2174, 2011. 

[40] T. Mohiuddin, et al., "Uniaxial strain in graphene by Raman spectroscopy: G peak splitting, 

Grüneisen parameters, and sample orientation," Physical Review B, vol. 79, p. 205433, 2009. 

[41] Z. H. Ni, et al., "Uniaxial strain on graphene: Raman spectroscopy study and band-gap opening," 

Acs Nano, vol. 2, pp. 2301-2305, 2008. 

[42] M. C. Lemme, et al., "Etching of graphene devices with a helium ion beam," ACS nano, vol. 3, pp. 

2674-2676, 2009. 

[43] E. Kalvesten, et al., "The first surface micromachined pressure sensor for cardiovascular 

pressure measurements," 1998, pp. 574-579. 

[44] Y. Cui, "A Graphene Probe for Sensing Flow Velocity," 2010. 

 

 

 


