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ABSTRACT 

 

This thesis examines the mechanical, and adhesive properties of graphene and explores 

using graphene as a gas separation membrane. A pressurized blister test was used to measure 

both the in-plane mechanical properties and adhesion energy of monolayer and few layer 

graphene suspended over a circular cavity in silicon oxide. The adhesion energy between 

graphene and silicon oxide was found to be 0.45 ± 0.02 J m
-2

 for monolayer graphene and 0.31 ± 

0.03 J m
-2

 for samples containing two to five graphene layers. These values are larger than the 

adhesion energies measured in typical micromechanical structures and are comparable to solid-

liquid adhesion energies. We attribute this to the extreme flexibility of graphene, which allows is 

to conform to the topography of even the smoothest substrates, thus making its interaction with 

the substrate more liquid like than solid like. In addition we found that the in-plane mechanical 

properties are consistent with previously reported values. 

We also show that ultraviolet-induced oxidative etching can create pores in micrometer-

sized graphene membranes, and the resulting membranes can be used as molecular sieves. A 

pressurized blister test, similar to that used for testing the mechanical properties, and mechanical 

resonance are used to measure the transport of a range of gases (H2, CO2, Ar, N2, CH4, and SF6) 
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through the pores. The experimentally measured leak rate, separation factors, and Raman 

spectrum agree well with models based on effusion through a small number of angstrom-sized 

pores. 

 Lastly, we work toward creating large scale gas separation membranes from chemical 

vapor deposition (CVD) grown graphene films. CVD graphene films are grown on copper foils 

and transferred to a polymer support or suspended over openings in copper. Films are measured 

in a time lag permeation apparatus to get gas permeation and ideal gas separation factors.  
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1. Introduction 

1.1. Introduction 

Much like the discovery of other carbon allotropes such as buckminsterfullerenes 

(fullerenes) and carbon nanotubes (CNTs) before it, the recent isolation of graphene in 2004 has 

brought with it a wealth of scientific and technological research [1]. In contrast with the zero-

dimensional fullerenes and one-dimensional CNTs, graphene is the two-dimensional hexagonal 

crystal planes of covalently bonded carbon atoms that when stacked form graphite (Figure 1-1). 

Graphene represents the two dimensional thickness limit for materials, while having excellent 

mechanical properties due to the carbon-carbon bond. With a Young’s modulus of ~1 TPa a 

single suspended layer of graphene is one of the stiffest materials known to man [2]. Despite its 

remarkable mechanical properties the graphene-research buzz was initially generated due to the 

extraordinary electronic properties offered by this two-dimensional electron system. Applications 

of graphene run the gambit from nano-electro-mechanical systems (NEMS), such as electrostatic 

loudspeakers [3] and nano-mechanical switches [4], to electronics application, such as 

transparent conducting electrodes [5] and flexible electronics [6], just to name a few. Research of 

graphene is still a relatively new field with new and interesting applications being constantly 

proposed and demonstrated. Despite its newness the field of graphene research is moving a 

break-neck speed and only one thing can be certain, by the time you are reading this thesis it will 

most likely out of date. This thesis is only one piece of the puzzle to realizing the vast potential 

of graphene for future application. 



2 

 

 

 

 

 

 

 

Figure 1-1 Graphene crystal structure. Carbon atoms are blue
1
. 

  

                                                 
1
 Compliments of James Hedberg http://creativecommons.org/licenses/by-nc-sa/3.0/ 

http://www.jameshedberg.com/scienceGraphics.php?sort=all&id=graphene-atomic-structure-sheet 
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1.2. Thesis Outline 

This thesis presents some of the first experiments on the adhesive and gas separation 

properties of graphene as well as relevant results on the mechanical properties of single and few 

layer graphene membranes. Chapters 1-3 provide an overview of some of the basic concepts 

needed for the experimental results. Chapters 4-6 contain the experimental results on graphene 

mechanics, adhesion, and gas separations followed by a conclusions and future outlook in 

Chapter 7. The experimental section begins with Chapter 4 where we perform mechanical and 

adhesion testing on pressurized circular graphene membranes. We find that the mechanics of 

single and few-layer graphene scale with the number of layers and that graphene has remarkably 

high adhesion strength which is attributed to its extreme flexibility. A modified form of this 

chapter is published in two journal articles, Nature Nanotechnology 6, 543 (2011) and Journal of 

Applied Mechanics 80(4), 041044 (2013). An experimental study of using graphene as a gas 

separation membrane begins in Chapter 5 where we study molecular sieving through molecular-

sized pores etched in graphene. We create the world’s thinnest gas separation membranes from 

single and bi-layer graphene suspended over circular cavities in SiO2. A version of this chapter is 

published in Nature Nanotechnology 7, 728 (2012). Chapter 6 is the first step to realizing large 

scale graphene based gas separation membranes made from CVD grown graphene. The work of 

this chapter remains unpublished.  

1.3. Primary Accomplishments 

Thus far this research effort has resulted in three journal articles and a multitude of 

conference and invited presentations.  

Journal Articles: 
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 Boddeti, N.G., Koenig, S.P., Long, R., Xiao, J., Bunch, J.S., Dunn, M.L. Mechanics of 

Pressurized Graphene Blisters, Journal of Applied Mechanics 80(4), 041044 (2013)  

 Koenig, S. P., Wang, L., Pellegrino, J., Bunch, J. S. Selective molecular sieving through 

porous graphene. Nature Nanotechnology, 7, 728-732 (2012). 

 Wang, L., Travis, J. J., Cavanagh, A. S., Lui, X., Koenig, S. P., Haung, P. Y., George, S. 

M., Bunch, J. S., Ultrathin Oxide Films by Atomic Layer Deposition on Graphene. Nano 

Letters 12 (7), 3706-3710 (2012). 

 Koenig, S. P., Boddeti, N. G., Dunn, M. L., Bunch, J. S. Ultrastrong adhesion of 

graphene membranes. Nature Nanotechnology 6, 543-546 (2011). 

Selected Conference Presentations: 

 Koenig, S. P., Wang, L., Pellegrino, J., Bunch, J. S. Selective Molecular Sieving through 

Porous Graphene. North American Membrane Society 22nd Annual Meeting (Oral 

Presentation), New Orleans, LA, June 10th-13th, 2012. 

 Koenig, S. P., Boddeti, N. G., Dunn, M. L., Bunch, J. S. Ultrastrong adhesion of 

graphene membranes. Proceedings for American Physical Society (APS) March Meeting 

2012 (Oral Presentation), Boston, MA, Feb. 27th – Mar. 2nd, 2012. 

Technical Contributions: 

 Set up optical table in the Bunch lab and designed and built an optical drive and detection 

system to measure the resonance of micro and nano structures 

 Set up atomic force microscope and pressure chambers in the Bunch lab for pressurizing 

graphene membranes 
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 Designed and built time-lag permeation measurement system to measure gas permeation 

through large scale CVD grown graphene membranes. 

1.4. Introduction to Mechanics 

One of the most popular problems in physics is that of the mass on a spring. The mass 

spring system is used from introductory physics all the way up to solid state physics. It can help 

explain grandfather clocks, musical instruments, mechanics of materials, and the origin of van 

der Waals forces. The basic underlying equation that governs the mass spring systems is that of 

Newton’s second law, given by    

F ma  {1-1} 

where F is the force, m is mass, and a is acceleration. Another important equation for physics 

and engineering is that of Hooke’s law 

F kx   {1-2} 

where       and       , k being the spring constant, x displacement and ω the angular 

frequency. Figure 1-2 shows a plot and schematic of a spring in the region of small displacement 

where Hooke’s law applies. These two equations will form the basis of our analysis of mechanics 

of materials and harmonic oscillators studied in this chapter. The two following section will go 

over the basics of mechanics of materials and harmonic oscillators, respectively. 

1.4.1. Mechanics of Materials 

For the most simple case in mechanics of materials an analogy of Hooke’s law (equation 

{1-2}) can be used. Similar to the case for a spring, Hooke’s law applies at small displacements.   
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Figure 1-2 Plot of applied force F versus displacement for a spring following Hooke’s law (red line) 

and the actual plot of the spring behavior outside of the linear elastic region (grey dashed line) The 

bottom shows spring states corresponding to some points on the force displacement curve. The 

middle spring corresponds to the spring in its relaxed state, when no force is applied. From 

Wikipedia.com: Hooke’s law. 
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As can be imagined for higher dimensional material systems the Hooke’s law analogy can get a 

little more complicated. No need to worry, we will walk through the basics to get you started for 

this thesis. For a force acting on a material in one dimension, the stress, σ, in the material with an 

applied force, F, acting on an area, A, is expressed by  

F

A
   {1-3} 

Just as in the case of the spring, when a force acts on a material the material will deform. The 

material will elongate in the direction of the applied force when pulled apart at both ends, tensile 

stress, and will contract, in the direction of the applied force, when pushed together, compressive 

stress. The amount a material deforms is known as strain and is given by 

L l L

L L


 
   {1-4} 

where ε is the strain, L is the original length of the material, l is the final length of the material, 

and ΔL is the change in length of the material.  

Now that stress and strain are defined we can now relate stress and strain analogous to 

Hooke’s law. For a one dimensional material the relation between stress and strain is given by 

x xE   {1-5} 

where E is the Young’s modulus of the material, also known as the elastic modulus. As with 

Hooke’s law the Young’s modulus is a measure of the material’s stiffness. The higher the 

Young’s modulus the less a material will deform in the presence of a given applied load. This 

assumes that the material is isotropic, i.e. the material properties are the same in all directions. In 
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many bulk solid materials this is generally a valid assumption due to the polycrystalline nature of 

most bulk materials where individual crystallites are randomly oriented.  

When a material is strained in one direction it tends to contract in the perpendicular 

direction to the applied strain. The ratio of the strain in the perpendicular directions is defined by 

the Poisson’s ratio given by 

y

x





   {1-6} 

The Poisson’s ratio for linear elastic, isotropic materials ranges -1 < ν ≤ 0.5. Most materials have 

a Poisson’s ratio between 0 and 0.5. A Poisson’s ration of 0.5 means that a material is perfectly 

incompressible, an example material with a Poisson’s ratio of 0.5 is rubber.  A Poisson’s ratio of 

0 means that the material does not deform in the perpendicular direction, an example material 

with a Poisson’s ratio of 0 is cork. Materials with a Poisson ratio less than zero are known as 

auxetic materials. When auxetic materials are stressed in one direction they will expand in the 

perpendicular directions. auxetic materials are rare in nature but can be made and are known as 

mechanical metamaterials. A table of typical Young’s modulus and Poisson’s ratio for some 

common materials can be found in Table 1.1.  
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Table 1.1 Approximate Young’s modulus for various materials. Adapted from Wikipedia.com: 

Young’s Modulus and Poisson’s ratio unless otherwise noted. 

Material Young’s modulus (E) in GPa Poisson’s ratio (ν) 

Rubber (small strain) 0.01-0.1 ~0.50 

Titanium (Ti) 105-120 0.34 

Copper (Cu) 110-130 0.33 

Aluminum (Al) 69 0.33 

Gold (Au) 79 0.42 

Magnesium 45 0.35 

Glass 50-90 0.18-0.3 

Steel 200 0.27-0.30 

Concrete 22-29 0.20 

Silicon (Si) 150 0.22-0.27
2
 

Silicon Carbide (SiC) 450 0.183-0.192
3
 

Diamond 1,220 0.115-.00786 [7] 

Single walled carbon nanotube 1,000 0.16 

Graphene 1,000 0.16 

Cork 0.0186 ~0 

Auxetic Materials n/a -1 < ν < 0 

 

  

                                                 
2
 From http://www.memsnet.org/material/siliconsibulk/ 

3
 From http://www.memsnet.org/material/siliconcarbidesicbulk/ 

http://www.memsnet.org/material/siliconsibulk/
http://www.memsnet.org/material/siliconcarbidesicbulk/
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For an isotropic material under a general state of stress equations {1-5} and {1-6} can be 

combined to give the three dimensional version of Hooke’s law, also known as the generalized 

Hooke’s law, which relates stress and strain as [8]:  

  
1

x x y z
E

         

  
1

y y z x
E

        {1-7} 

  
1

z z x y
E

         

For the case of biaxial stress, stress only acting in the x and y directions equations {1-7} simplify 

to 

 
1

x x y
E

      

 
1

y y x
E

     {1-8} 

 z x y
E


      

 For the case of an isotropic plate under biaxial strain Hooke’s law simplifies to 

1

E
 



 
  

 
 {1-9} 

Another important property for plates subjected to out of plane deformations is the bending 

rigidity. The bending rigidity, B, is defined as the energy per unit area, A, needed to curve an 

object 
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22 bendE
B R

A
  {1-10} 

In this equation, R is the radius of curvature. In continuum mechanics the bending rigidity is 

usually defined in terms of the Young’s, modulus, Poisson’s ratio, and thickness, w, of the plate 

given by 

3

212(1 )

Ew
B





 {1-11} 

Equation {1-11} assumes that the curved plate is stretching along its top surface and 

compressing along its bottom surface. However, when thicknesses approach the atomic scale the 

continuum model breaks down and the bending rigidity becomes an intrinsic property of the 

material due to chemical bond interactions [9], [10]. This is the case for graphene and we will 

discuss this further in Chapter 2.  

A more in depth analysis of membrane and plate mechanics will be presented in Chapter 

3. 

1.4.2.  Harmonic Oscillator 

The harmonic oscillator has wide application in both classical and quantum physics and 

has played a pivotal role in the development of both.  The simplest and most common used 

model is that of a mass attached to a spring and sliding along a frictionless surface. Another 

example is that of a pendulum with an oscillation frequency proportional to its length. This was 

fist observed in the early 17
th

 century by Galileo. For small displacements a spring follows 

Hooke’s law given by equation {1-2}. To solve the harmonic oscillator equation first we 

combine equations {1-1} and {1-2} to give 
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2

2

d x
ma m kx

dt
    {1-12} 

Solving the differential equation we get the solution for the motion of the undamped harmonic 

oscillator given by 

0( ) cos( )x t A t    {1-13} 

where t is time, and ω0 is the resonant frequency of the mass spring system and φ is the phase of 

the system. A is the amplitude of the harmonic motion and will depend on the initial conditions. 

The resonant frequency is given by 

0

k

m
   {1-14} 

Of course in real life situations a system there are rarely frictionless surfaces or media for 

the mass to pass through which means that we will need to introduce a damping term which 

dissipates vibrational energy.  Also many vibrational systems are driven so we will introduce 

both a driving force with amplitude F and frequency ω and a damping term with constant of c. 

The damping will be proportional to the velocity of the oscillator. These two terms will modify 

equation {1-12} to become. 

2

2
cos( )

d x dx
m c kx F t

dt dt
    {1-15} 

The solution is similar to that of the undamped, undriven case with one exception, ω0, the 

resonant frequency, is now ω , the drive frequency, in the cosine [11].  

( ) cos( )x t D t    {1-16} 
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where 

2 2
2

2

2

0 0

1

F Q
D

k
Q

 

 



   
    

   

 

{1-17} 

 
1 0

2 2

0

tan
Q




 


 
 
 
 

 

{1-18} 

0 0m
Q

c

 


 


 

{1-19} 

The resonance frequency can also be expressed as 0 02 f  . Here Q is known as the quality 

factor and Δω represents the frequency interval between the points on the amplitude curve that 

are at 1/ 2  of the maximum amplitude. Damping in the driven damped harmonic oscillator 

keeps the resonance amplitude from going to infinity when the drive frequency is at the 

resonance frequency.  

 

Figure 1-3 shows the response of a damped driven harmonic oscillator. It should be noted that 

damping causes a lowering of the resonance frequency, R  , given by  

2
2

0 22
R

c

m
    {1-20} 

and no resonance will occur if 0c m . 
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Figure 1-3 (a) Schematic of a damped driven harmonic oscillator with mass m, spring constant k, 

damping coefficient c and force F(t). (b) is the amplitude, D, and (c) is phase, φ, plotted as a 

function of the ratio of drive frequency ω to the resonant frequency, ω0 plotted with various Qs for 

a damped driven harmonic oscillator. 1 corresponds to the drive frequency being equal to the 

resonant frequency. 
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1.5. Gas Separation Membranes 

Membranes for gas separation have gained scientific interest due to their ability to be 

highly selective membranes that can exceed efficiency of traditional processes for separating gas 

species. A few such energy intensive separation processes that are traditionally used for gas 

separation are cryogenic distillation, condensation of organic vapors, and amine absorption [12], 

[13]. The three aforementioned separation processes suffer in efficiency due to a large amount of 

energy expenditure for gas-to-liquid and/or liquid-to-gas phase changes. Gas separation 

membranes have the advantage of not requiring phase change, having a smaller footprint, and 

having significantly less mechanical complexity. The most common type of gas separation 

membranes used today in industrial applications are polymeric membranes due to the relative 

simplicity of large scale production. Polymeric membranes are used in a variety industrial 

applications such as microfiltration, ultrafiltration, reverse osmosis, and gas separation. Although 

polymer membranes are the most commonly utilized separation membranes can also be made out 

thin metallic, glass, and ceramic materials or a combination of the four. The latter, composite 

membranes, are known as mixed matrix membranes and consists of one material as the matrix 

where a material with different transport properties is embedded in the matrix [14]. Commonly 

polymers are used as the matrix and hollow fibers, zeolite crystals, or ceramic materials are 

embedded to alter the transport and selectivity of varies molecules or particles [13].   In addition 

to the materials used to make a membrane, membranes can be homogeneous, consisting of one 

material phase, or heterogeneous, mixed matrix, symmetric or asymmetric, dense or porous.  

Often membranes are classified by their pore size or size of the materials they are 

designed to separate. Figure 1-4 shows the size ranges of traditional filtration and separation 

membranes. Membranes with pores larger than 100 µm are in the conventional filtration range 
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and are used to separate course particles. Microfiltration commonly refers to separation and 

filtration of particles in the size ranges of 500 nm up to the millimeter range. Common materials 

targeted for microfiltration include yeast, pollen, bacteria, and other fine particles in this size 

range. Ultrafiltration and Nanofiltration operate in the ~1 nm up to the 1 µm range and are used 

for the separation of proteins, endotoxins, and viruses. Reverse osmosis (RO) membranes are 

used for purifying water and can separate dissolved salts from a few angstroms in size up to a 

few nanometers. Gas separation membranes typically have smaller pores than RO membranes or 

are dense polymeric or glassy that operate by solution diffusion. 
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Figure 1-4 Chart of membrane filtration and separation size ranges. Top shows particles and 

material of interest for separation. Bottom shows size range of membrane pores. 
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1.5.1. Gas Transport Mechanisms 

For gas separation membranes a number of transport mechanisms are possible depending 

on the permeant and the membrane being used. Figure 1-5 shows a schematic of the various 

transport mechanism for porous and dense membranes. The most common transport mechanisms 

in gas separation membranes are Poiseuille flow, Knudsen diffusion, surface diffusion (Figure 

1-5a), and solution diffusion (Figure 1-5b). Effusion is also possible but rare due to the thickness 

of traditional membranes. For traditional porous membranes with pores larger than the molecular 

size of the permeant gas, transport occurs by Poiseuille flow, Knudsen diffusion, or a 

combination of the two. The degree to which Poiseuille flow or Knudsen diffusion are the 

dominant transport mechanisms depends on the ratio of the pore radius, r, to the mean free path 

of the gas, λ. The mean free path of a given gas molecule is given by [12] 

 
1/2

2

2 2

RT

P M


   {1-21} 

where η is the viscosity of the gas, R is the universal gas constant, T is temperature, M the 

molecular weight, and P is the pressure. For values of r/λ << 1 Knudsen diffusion or effusion 

will dominate and for values of λ/r << 1 Poiseuille or viscous flow is the dominant transport 

mechanism. For a membrane with thickness, w, effusion will dominate when the mean free path 

of the molecule is much larger than the thickness of the membrane, λ>>w, so that there will be no 

collisions with the side wall of the pore during transport. When the mean free path of the 

molecule is one the order or smaller than the thickness of the membrane Knudsen diffusion will 

become the dominant transport mechanism.  
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Figure 1-5 Schematic of transport mechanisms for permeation of gases through porous (a and b) 

and dense membranes (c). Schematic is adapted from [12]. 
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From classical effusion of molecules out of a box, of volume, V, with a hole of area, A, 

flowing into a vacuum, the number of molecules in the box at time, t, is given by 

2
0

bk TA
t

V mN N e 


  {1-22} 

where 
0N  is the number initial number of molecules in the box at time t=0, m is the molecular 

mass of the effusing molecules, and kb is Boltzman’s constant. From equation {1-22} we can get 

the rate of molecules passing through a pore with a pressure difference, p , by first taking 
d

dt
at 

t=0 to get, dN/dt, [15], [16] 

0
2

bk TdN A
N

dt V m
   {1-23} 

To get an expression as a function of the pressure across the pore we can use the ideal gas law to 

substitute 0

b

N p

V k T


  to get

4
  

2 b

dN A
p

dt mk T
   {1-24} 

Equations{1-22} and {1-24} assume a point particle traveling through the pore with no 

interaction with the pore and thus perfect transmission. That is if the molecule strikes the pore it 

has 100% probability of getting to the other side. This is a valid assumption for molecules that 

are much smaller than the pore area. When the pore area is close to the size of the molecule 

passing through the interactions with the pore can become significant and make the transmission 

probability less than one. When the pore is near the size of the molecule the molecular shape and 

                                                 
4
 Not that the sign is just a function of which direction the flow is defined as. For this expression we take the flow to 

be positive across the membrane. 
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shape of the pore could also contribute to less than perfect transmission. One way to model a 

pore with less than perfect transmission is to add a term for the energy barrier that the molecule 

must overcome for transmission. For a pore with an energy barrier, 
BE , for a given molecule 

equations {1-22} through {1-24} will have an additional term for the transmission probability, 

tP , as a function of the energy barrier of [17] 

B

b

E

k T

tP e


  {1-25} 

Of course the energy barrier will depend on the gas species for a given pore. Accounting for the 

transmission probability due to an energy barrier equations {1-22} and {1-24} become 

2
0

Bb

b

Ek TA
t

k TV mN N e e


  {1-26} 

2

B

b

E

k T

b

dN Ae
p

dt mk T



   {1-27} 

For a graphene membrane typical to this thesis (5 µm in diameter covering a cylindrical 

cavity of depth 300nm, see Chapters 4 and 5) with one 3 Å circular pore in a graphene 

membrane the time constant, c , from equation {1-22}
5
 for perfect transmission of hydrogen at 

room temperature would be 0.2c  s and thus all the gas in the cavity would escape on the order 

of seconds. From equation {1-24} the pressure normalized leak rate 
dn

p
dt


6
 for hydrogen going 

                                                 

5
 The time constant is defined as 

2
c

b

V m

A k T


    

6
 
dn

dt
 is used here since it is the molar flow rate which differs from 

dN

dt
 by a factor of Avogadro’s number. 
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through one 3 Å circular pore in a graphene membrane is 201 10
dn

p
dt

    mol s
-1

 Pa
-1

. These 

calculated leak rates for a 3 Å pore are orders of magnitude faster than what is observed in 

Chapter 5 which suggest there is indeed an energy barrier leading to slower transport than 

predicted by classical effusion. 

For traditional membranes with thicknesses similar to or larger than the mean free path of 

the molecule Poisuille flow, Knudsen diffusion, and surface diffusion are the dominant transport 

mechanisms. surface diffusion can occur in the pore when a gas is adsorbed to the pore surface 

and is mobile on the surface. The permeability of a porous membrane taking into account 

Poisuille flow, Knudsen diffusion, and solution diffusion mechanisms is given by [18] 

2

31 2
0 1/2

p s sc D dxc r c r P
F

M r dp



 

  
    

  
 {1-28} 

where c1, c2, and c3 are constants for Knudsen diffusion, Poisseuille flow, and surface diffusion 

terms, respectively, εp is the membrane porosity, τ is the pore tortuosity, P  is the mean pressure 

in the system, Ds is the surface diffusion coefficient, and xs is the percentage of occupied surface 

when compared to a monolayer. The membrane porosity, εp, is ratio of pore openings to 

membrane material and is between 0-1. 0 would be a dense membrane with no pores while 1 

would be no membrane. The pore tortuosity, τ, is the ratio of the path length, l, a molecule must 

travel to the thickness, w, of the membrane i.e. 
l

w
  . The tortuosity will be 1 if the membrane 

has pores that are straight through the membrane with no twist or turns and greater than one for 

pores where the path length is greater than the membrane thickness. 



23 

 

From equations {1-28} and {1-24} it can be seen that both Knudsen diffusion and 

classical effusion lead to flow rates that are proportional to m
-1/2

 and thus the ideal separation 

factor, α, of two gases of masses m1 and m2 is the ratio of the inverse square of the mass of the 

respective gas species. However, much higher selectivities can be achieved if the pore diameter 

in a membrane is between the size of the two gases being separated. The process of size 

exclusion separations is known as molecular sieving.  

 For dense membranes the primary mechanism for transport is solution diffusion. Solution 

diffusion takes place in three steps. First, gas is absorbed or adsorbed on the membrane surface at 

the upstream boundary. Second, the gas diffuses through the membrane. Third, the gas desorbs 

or evaporates on the downstream side of the membrane. The flux, J, of a single gas component 

through an isotropic dense membrane is given by[19] 

 1 2DS p p
J

w


  {1-29} 

where p1 and p2 are the pressures on either side of the membrane, w is the thickness of the 

membrane, D is the diffusion coefficient, and S is the solubility coefficient. The rate determining 

parameters in equation {1-29} are the D and S. The product of D and S is known as the 

permeability coefficient given by [19] 

PC DS  {1-30} 

 The transport of gas species through dense membranes is complicated and not entirely 

understood. Therefore, predicting the flux and selectivities of various gas species can be difficult 

especially for polymer systems. As a result most transport models for dense membranes are 

phenomenological and contain parameters that must be determined experimentally. One 
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important characteristic of gas separation membranes is that the flux rate is, in general, inversely 

proportional to the thickness of the membrane. This can be most easily seen in equation {1-29}. 

For this reason having the thinnest possible membrane is essential for high throughput/high 

efficiency membranes. With the first isolation of the thinnest possible material, graphene, in 

2004 a wealth of theoretical studies have been published investigating the potential benefits of 

graphene as a separation membrane and results are promising [17], [20], [21], [22], [23], [24], 

[25]. 

1.6. Conclusions 

In conclusion we have explored the basic concepts and theory relevant to the 

experimental works presented in Chapter 4, Chapter 5 and Chapter 6 of this thesis. A more in 

depth approached to studying the mechanics and adhesion of graphene membranes will be 

explored in Chapter 3. In the next chapter we will go over the properties of graphene.  
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2. Graphene 

2.1. Introduction 

Carbon is an amazing element that forms a wealth of materials from polymers to diamond 

to graphite. In fact carbon is the stuff of life, making up all of the organic compounds necessary 

for life, including DNA and other biomolecules and biopolymers. Beyond the organic 

compounds more than 107 synthetic molecules have been created in labs across the world, that 

rely on the strong and stable carbon-carbon bond [26]. In addition to a wealth of organic 

compounds that carbon forms it also forms a variety of pure carbon allotropes, different 

structural forms of an element. This is contrast to the organic compounds which are mostly 

carbon but are also made up of other elements such as hydrogen, oxygen, and nitrogen.  

The ability for carbon to form so many different compounds comes from the fact that its 

4 valence electrons have very similar energies, unlike other elements with 4 valence electrons 

such as silicon. The similar energy levels of the 4 valence electrons allow their wave functions to 

mix easily and hybridize. This unique hybridization ability sets carbon apart from other elements 

and allows it to form quasi-0D, quasi-1D, quasi-2D, and 3D structures. Some of the various 

allotropes are fullerenes (0D), carbon nanotubes (1D), graphite and graphene (2D), and diamond 

and amorphous carbon (3D). These carbon allotropes allow carbon to exhibit a wide range of 

physical properties. Figure 2-1 shows some of the most common carbon allotropes. 

In this Chapter we will explore graphene, its properties, and some applications for this 

amazing 2D material. 
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Figure 2-1 Carbon  allotropes. (a) diamond, (b) graphite, (c) lonsdaleite, (d)-(f) fullerenes (C60, C540, 

C70) (g) amorphous carbon, and (h) carbon nanotube. Wikipedia.com: Allotropes of Carbon.  
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2.2. Graphene 

Graphene is a single layer of carbon atoms covalently bonded into a flat hexagonal 

lattice, a schematic of which is shown in Figure 1-1. When sheets of graphene are stacked 

together they form graphite, which is used in pencils to write.  The individual plans of graphene 

in graphite are bonded together by the weak van der Waals force, as opposed to the strong 

covalent bonding in the plane. The weak bonding between sheets of graphene allow them to slide 

with respect to each other. This is what allows graphite to be used as a writing tool and also as a 

solid lubricant. The weak inter layer interaction is also what lead to the first isolation of graphene 

in 2004 by Konstantin Novoselov and Andre Geim [27].  

Since its first isolation, graphene, as a research field has increased immensely, much like 

carbon nanotubes before it. Figure 2-2 shows a plot of the number of publications per year for 

fullerenes, carbon nanotubes, and graphene. Graphene is still a little behind carbon nanotubes in 

terms of the number of research articles published each year but it is on pace to pass carbon 

nanotubes in the next couple of years. The reason for the initial research surge into graphene was 

its electronic properties. The most notable aspect of graphene’s electronic properties is its unique 

band structure which, in part, arises from its two-dimensional nature. It is also notable that it 

exhibits the quantum hall effect (QHE). Graphene is a zero band gap semiconductor, in which 

the conduction and valence band meet at 6 points in k-space. These are known as the Dirac 

points. Near the Dirac points the band structure has a linear dispersion cone which leads to 

graphene displaying interesting physics where the electrons behave as massless or relativistic  
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Figure 2-2 Number of publication per year for fullerenes, carbon nanotubes (CNTs) and Graphene. 

Due to the significant overlap between graphene and CNT publications the publication that cover 

both topics are plotted as such
7
.The recent discovery year of each material is labeled in the graph. 

 

 

  

                                                 
7
 Number of publication was found by doing a topic search by year for each of the subjects on Web of Science. 2013 

is for search date of July 8, 2013. 



29 

 

fermions
8
. Using graphene’s electronic properties has led to a wide range of proposed 

applications. In addition to its superior electronic properties it is also nearly transparent, 

absorbing 2.3% of light per layer of graphene, which has led to additional applications in touch 

screen sensors and current collectors in solar cells [28]. 

Graphene is also an amazing material from a mechanical perspective. For being one atom 

thick, it is amazingly strong and has a Young’s modulus (E) of ~1 TPa. Other mechanical 

properties that are important for graphene are its breaking stress int  and strain int  and its 

bending rigidity B. It was found that graphene has a breaking stress of int  = 42 N/m and a 

breaking strain of int = 25% [29]. Since graphene is two dimensional its bending rigidity is 

unlike that of ordinary materials where the bending rigidity is defined by the Young’s modulus 

and the thickness of the material (see equation {1-11}). In continuum mechanics the bending 

rigidity originates from simultaneous stretching and compression of the deformed material. Since 

graphene is only one layer of atoms the continuum model breaks down because there is not a top 

and bottom surface to bend and stretch. Instead the resistance to bending is an intrinsic property 

of the material that arises from interactions of the   and   bonds. It should also be noted that 

the thickness of a monolayer of graphene cannot be unambiguously defined in the continuum 

sense [30]. As a result the bending rigidity of graphene is much less than the value derived from 

continuum mechanics [9], [10], [31]. Through molecular dynamics simulations the bending 

rigidity is estimated to be B ≈ 1-2 eV [32], [33] for single layer graphene and is 2 orders of 

magnitude lower than two and few layer graphene [9].  

                                                 
8
 In the interest of brevity I will leave it to the reader to explore the electronic properties of graphene and carbon 

nanotubes in the following resources [189][190]. 
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A direct measure of the bending rigidity remains difficult due to the fact that the bending 

rigidity is so small that it will not mechanically dominate a system enough to be easily measured 

independently. Measurements on bilayer and multilayer graphene have been conducted and 

measurements for multilayer graphene agree well with the predicted values [34], [35]. A study 

by Lindahl et al. measured the bending rigidity of bilayer graphene and reported a bending 

stiffness of 35 eV [36] which is lower than predicted value of 160 eV from ab initio calculations 

[9]. Lindahl et al. also estimated the bending rigidity for monolayer graphene to be 7 eV but due 

to a limited number of data points they admit this is not an accurate measure of the bending 

stiffness [36]. 

2.2.1. Graphene Fabrication 

The first successful technique for isolating graphene is known as the Scotch tape method, or 

mechanical exfoliation [37]. The Scotch tape method is remarkably simple. It consists of putting 

a piece of graphite on Scotch tape and then sticking the Scotch tape together and peeling it apart 

until the piece of tape is covered with a thin layer of graphite (Figure 2-3). Next, the graphite 

covered tape is then pressed onto an oxidized silicon wafer and upon peeling the tape off of the 

wafer they then looked under a microscope. Using this technique occasionally lead to micron 

sized pieces of single and few layer graphene. This technique is great for producing small scale 

yet high quality graphene samples for scientific research and proof of concept experiments. In 

fact this is the technique used to for the experiments in chapters 4 and 5.  

The Scotch tape method only produces small amounts of graphene at a time and it is 

unpredictable as to the size and location of the graphene flakes produced. For this reason much 

of the research into graphene has been focused on scaling up the production of graphene. The  



31 

 

 

 

 

 

  

 

 

Figure 2-3 (a) Scotch tape method for exfoliating graphene from bulk graphite [38]. (b) Optical 

image of graphene flake exfoliated onto 90nm of SiO2. (c) Graphene being grown on copper by 

CVD in an 8 inch tube furnace. The final product is a graphene film 30 inches diagonal. (d) 30 inch 

graphene film transferred to a polymer support [39]. 

  

a b 

c d 
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most promising results came in 2009 when several groups used Chemical Vapor Deposition 

(CVD) to grow few layer graphene on nickel [6], [40] and single layer graphene on copper [41]. 

Both of these techniques allowed for the CVD grown graphene to be transferred to arbitrary 

substrates [42], [43], [44], [45]. Quickly following the discovery of CVD grown graphene groups 

around the world began to grow graphene films, one such group grew graphene films 30 inches 

across (see Figure 2-3c and d) [39]. 

2.2.2. Raman Spectroscopy 

Raman spectroscopy is used to measure the vibrational modes in a crystal structure. 

Raman works by measuring the energy shift of light due to inelastic scattering with phonon 

vibrations in the crystal lattice. The energy shift, or Raman shift, can then be correlated to a 

vibrational mode. Raman spectroscopy has quickly become a power full tool for characterizing 

graphene. It can be used to verify the number of layer [46], [47], probe defects in the crystal 

lattice [48], determine the amount of strain [49], [50], measure thermal conductivity [51], and 

detect electronic doping [52]. The Raman spectrum of graphene can also provide insight into all 

sp2-bonded carbon allotropes since it is their fundamental building block [53]. Raman 

spectroscopy is perhaps the ideal characterization method for graphene. It is fast and non-

destructive, offers high resolution, gives both structural and electronic information, and is 

applicable to both laboratory and mass production scales [53][54]. Even before the first Raman 

spectrum of graphene was taken in 2006 it had already become the one of the most popular 

techniques for characterizing fullerenes, nanotubes, diamond, and a variety of other carbon 

systems [47], [55].  
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Figure 2-4a shows the Raman spectrum of graphite and exfoliated graphene. The two 

main peaks, that are visible, are located at 1580 cm
-1

 and 2700 cm
-1

, known as the G and 2D 

peaks respectively. The G peak is due to degenerate carbon-carbon atom vibration while the 2D 

peak is a higher order double resonance of the breathing mode. There is also a peak at 1350 cm
-1

, 

known as the D peak, which is invisible in pristine graphene but becomes visible when there is a 

break in symmetry in the breathing mode of the aromatic ring. This break in symmetry can be 

due to absorbates, impurities, or the presence of sp-3 bonding. Figure 2-4b shows the spectrum 

of defective graphene with the peaks labeled. the D peak is the characteristic peak for defects in 

graphene while the D’, D+D”, D+D’ and 2D’ are higher order modes. A more in depth review of 

Raman spectroscopy of graphene can be found in reference [53]. 

Starting from single layer graphene, as layers are added the G peak will increase in 

intensity, with respect to the 2D peak, but will retain its shape (Figure 2-4c). In contrast the 2D 

peak will change shape when layers are added up to ~5 layers where the spectrum looks similar 

to that of graphene (Figure 2-4c). Looking at the 2D peak shape is a convenient way to determine 

the number of layers for fewer than 5 layers. A more sophisticated method for determining the 

number of layers can be used which was presented by Koh, et, al. (2011) and is used  in Chapters 

4 and 5 [46]. The method consists of comparing the ratio of the integrated peak intensity of the G 

peak (I(G)) of graphene to the silicon (Si) peak (I(Si)). Since each layer of graphene absorbs 

2.3% of light comparing the ratio of the peak intensity provides a way to reliably count the 

number of layers. Figure 2-4d shows the ratio I(G)/I(Si) for n=1 to n=10 layers showing a 

stepwise increase in the ratio which can be used to determine the number of graphene layers. 

Other more subtle variations such as precise peak position and width can be used to give us more 

information about graphene but they are outside the scope of this thesis.  
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Figure 2-4 (a) Raman spectrum of graphite and exfoliated graphene (from [47]). (b) Raman 

spectrum of pristine graphene (top) and defective graphene (bottom) (from [53]). (c) Evolution of 

the G and 2D peaks from n=1 to n=10 layers of graphene. (d) Ratio of intergrated intensity for n=1 

through n=10 layers showing the stepwise increase. (c) and (d) are from [46]. 
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2.2.3. Graphene as a Membrane Material 

 Not long after its initial isolation, Bunch et al experimentally demonstrated that graphene, 

in its pristine form, is impermeable to all standard gas atoms including helium [56]. Soon after, 

theoretical papers began to emerge to explain the origin of graphene’s impermeability [57]. The 

impermeability of graphene is attributed to its high crystal quality, low defect density, and the 

fact that the electron density of graphene’s aromatic rings is large enough to repel atoms and 

molecules trying to pass through [17], [57]. Due to its impermeability, pores must be made in the 

graphene lattice to allow for selective transport of molecules.  

The first theoretical study on graphene as a separation membrane was on the selective 

transport of ions across nanopores in a graphene sheet with different functional groups 

terminating the pore [24]. This study showed the viability of graphene as an ion separation 

membrane showing selectivity to anions or cations depending on pore functionality. Jiang et al 

followed this up with the seminal theoretical study of porous graphene as a membrane for gas 

separations [17]. Jiang et al studied both the permeability and selectivity of both nitrogen and 

hydrogen terminated pores in graphene and showed remarkable potential of graphene as a gas 

separation membrane for the separation of H2 and CH4. Figure 2-5a shows the mixed nitrogen 

and hydrogen terminated pore and Figure 2-5c shows the pore size due to the electron cloud. 

Their results showed an amazing H2 permeance of 1 mol m
-2

 s
-1

 Pa
-1

 for a porous graphene 

membrane with a selectivity of 10
8
 for H2/CH4. This result is a 10

7
 improvement in permeance 

and a 10
5
 to 10

7
 improvement in selectivity over state of the art silica membranes. Additionally 

Jiang et al calculated an even higher selectivity for their all H-terminated pore of 10
23 

(Figure 

2-5b & d). A number of other studies have shown similarly remarkable gas separation properties  
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Figure 2-5 Graphene pores with mixed nitrogen (green) and hydrogen (blue) termination (a) and all 

hydrogen terminated pore (b). Equivalent pore size from electron density calculations for nitrogen 

and hydrogen terminated pore (c) and pure hydrogen terminated pore (d). Adapted from [17]. 
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of  porous graphene with pores of varies sizes and functionalization [21], [22], [23], [58]. 

Perhaps even more remarkably, recent theoretical studies have shown that porous graphene has 

the ability to separate isotopes of helium and hydrogen gasses[59], [60], [61], [62]. 

Despite the promise of graphene as a gas separation membrane, prior to this work, no 

experimental results have demonstrated its utility for gas separations. In Chapter 5 of this thesis 

the first work on porous graphene as a gas separation membrane will be presented.  

2.3. Conclusions 

In this chapter we have explored the properties and some applications of graphene as well as 

other allotropes of carbon. Table 2.1 summarizes some of the properties of graphene that are 

relevant to this thesis. In the next chapter we will explore the mechanics and adhesion of 

membranes.   
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Table 2.1 Summary relevant properties of pristine graphene. 

Property Symbol Value 

C-C bond length d 1.42 Å 

Graphite interlayer spacing w 3.35 Å 

Optical Absorbance (per layer) A 2.3% 

Young’s Modulus E 1 TPa 

Poisson ratio 

Po 

ν 0.16 

Breaking Stress σmax 42±4 N/m 

Breaking Strain εmax 0.25 

Intrinsic bending rigidity (monolayer) B 1-2 eV 
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3. Mechanics and Adhesion of Membranes 

3.1. Introduction 

 Dating back to the dawn of recorded history, humans have contemplated the origin of 

what causes bodies to move and what causes others to be stuck in place, i.e. natural forces. The 

ancient Greeks postulated that only two forces, one attractive and one repulsive, were needed to 

describe all natural phenomena, love and hate [63]. Improvement on the ideas of the Greeks has 

continued for over 2000 years leading modern physicist to accept four fundamental interactions 

in nature, electromagnetism, gravitation, and the nuclear weak and strong interactions. Despite 

the wealth of knowledge attained on interactions by scientist and the amazing predictive 

capabilities that quantum mechanics has brought, much still remains to be explored and 

understood when it comes to the understanding of intermolecular and surface forces. One of the 

conclusions from quantum mechanics, by way of the Hellman-Feynman theorem, is that all 

intermolecular forces can be attributed to arising from electrostatic interactions from the 

subatomic particles that make up atoms and molecules. Although this seems, at first glance, to 

have solved all the “problems” when it comes to intermolecular interactions, fortunately for 

graduate students such as myself, exact solutions to the Schrödinger equation remain hard to 

come by, often being intractable, even for a system as simple as two hydrogen atoms interacting 

in a vacuum.  

 One such case in which there remains much to be understood in terms of intermolecular 

interaction is that of graphene, a two-dimensional hexagonal crystal of carbon atoms, interacting 

with its environment. Single layers of graphene were first isolated on an SiO2 for electrical 

measurements [20]. Many subsequent studies involving graphene have also been carried out with 
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graphene on an SiO2 surface due to the ability to easily identify even single layer graphene 

optically on both 90 nm and 285 nm thick oxide layer on an Si wafer [64], [65]. Since much of 

the graphene research and applications center around graphene on an SiO2 substrate and layers of 

graphene adhering together, many of the theory and modeling of graphene have focused on 

graphene interacting with itself and an SiO2 substrate [66]. Additionally, a number of recent 

experimental efforts have focused on measuring the adhesion energy of graphene on a number of 

surfaces [67], [68], [69], [70]. In this thesis, a pressurized blister test was used to test both the 

mechanical properties and the adhesive properties of graphene adhered to an SiO2 substrate. 

Therefore, the rest of this chapter will focus on the relevant adhesion theory as well as bulge and 

blister testing techniques will be explored.  

3.2. A Brief History of Adhesion 

 The first theory and experimental measurement of adhesion came in the 1880s when  

Hertz studied the contact mechanics of solid glass spheres of radius R1 and R2 pressed together 

with a load P [71].  Hertz demonstrated that the size and shape of the contact area was attributed 

to the elastic deformation of the bodies in contact. The contact radius, a0, for two elastic spheres 

is given by: 

 3 1 2
0 1 2

1 2

3

4

R R
a k k P

R R
 


 {3-1} 

where k1 and k2 are related to the elastic constants, the Poisson ratio, ν, and Young’s modulus, E, 

of the material each sphere is made of, such that         
    ⁄ . A similar expression for a 

sphere contacting a rigid flat surface can be expressed as (a schematic of which is shown in 

Figure 3-1)  
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Figure 3-1 Sphere of radius R pressed into a rigid surface with a load P. The contact radius of the 

sphere is given by a. 
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4
a kRP  {3-2} 

 Later it was shown that as the load, P, was reduced to zero the contact area of the spheres was 

larger than predicted by the Hertz model and that the contact area approached a finite value as 

the load approached zero, whereas the contact area would approach zero as the load approached 

zero for the Hertz model. The Hertzian contact model was advanced further in the 1930s by 

papers by both Bradley, and Hamaker. Bradley proposed that deformations in contacting bodies 

could be accounted for by surface adhesion between the contacting bodies [72]. Shortly after 

Bradley, Hamaker proposed that the surface forces were related to the density of atoms of the 

contacting bodies, ρ1 and ρ2 [73]. Now known as the Hamaker constant, A, the interaction 

parameter relating the density of atoms and the van der Waals forces is given by 

2

1 2A C    {3-3} 

where C is the atom-atom pair potential given by the van der Waals interactions.  

 In 1971 Johnson, Kendall, and Roberts (JKR) extended the theory presented by Hertz to 

account for surface forces at the interface of two contacting bodies. The work done by JKR was 

based on experiments on rubber spheres where they observed a larger contact area than predicted 

by Hertz. The model put forth by JKR (known as the JKR model) was the result of a balance 

between the elastic energy stored in the system, the mechanical energy from the applied load, 

and the surface energy. Taking into account the three energy terms, JKR came up with a 

modified Hertz relationship given by [74] 
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0 3 6 (3 )
R

a P R RP R
K

         
 

 {3-4} 

Where Г is the adhesion energy or Dupré energy, R is radius of the two contacting spheres (i.e. 

    
    

     
), and K is the effective elastic constants of the two contacting spheres (i.e.   ⁄  

       
  ⁄         

  ⁄ ).  

 Derjaguin, Muller, and Toporov (1975), known as the DMT model, used a 

thermodynamic approach to account for the surface forces in the contact area. In contrast to the 

JKR model the DMT model assumes that the surface forces outside of the contact region are 

small and therefore deformation of the spheres outside the contact zone is assumed to be 

Hertzian. This assumption is valid for large values of the Young’s modulus. The contact area 

predicted by the DMT model is [75] 

 3

0

3
2

4

R
a P R

K
    {3-5} 

Both the JKR model and the DMT model approach the Hertz solution for an adhesion energy of 

zero,    . After examining both the JKR and DMT models it appears that these two theories 

are competing and contradictory. It was later determined by Tabor in 1977 that the two theories 

were actually at opposite ends of the adhesion spectrum [76]. On one end of the spectrum is the 

JKR model which is valid for materials with low Young’s modulus, large sphere radius, and 

large surface forces, while the DMT model is more suitable for materials with high Young’s 

modulus, small sphere radius, and small surfaces forces. The spectrum between the JKR and 

DMT models is parameterized by µ and given by [76] 
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 {3-6} 

where z0 is the equilibrium separation of the contacting bodies. The JKR model is valid for large 

values of µ (µ>5.0) and the DMT model is valid for large values of µ (µ<0.1). Mueller et al. 

(1980) showed by using the Lennard-Jones potential that the spectrum between the two models is 

continuous between the JKR value (µ=5.0) and the DMT value (µ=0.1) [77]. 

3.2.1. Surface Forces 

 As mechanical structures and devices shrink down to the nano-scale the influence of 

surface forces play an increasing role due to a decrease in separation distances and a decrease in 

structural stiffness with decreasing device dimensions. The surface forces that are often 

dominant in micro- and nano-scale systems is that of the van der Waals forces. As shown by 

London, the van der Waals forces arise from temporary dipole moments from the instantaneous 

position of the electron cloud of an atom or molecule [78]. The temporary dipole moment can 

then polarize the electrons in a nearby atom or molecule resulting in an attractive energy that 

falls off as, 1/r
6
, where r is the distance between the two interacting atoms or molecules. This 

relationship only holds true for ranges from approximately 1-10nm, the range at which the 

nearby atom or molecule can be assumed to respond immediately [79]. As the separation of the 

molecules is increased the neighboring molecule responds more slowly due to the finite speed of 

information travel between the two molecules, which is governed by the speed of light [80]. The 

retarded van der Waals force, as it is known, has an energy distance dependence of, 1/r
7
, and is 

valid for distances greater than ~100nm [79]. Taking the assumption that the normal and retarded 

van der Waals forces are additive the respective forces between two flat smooth surfaces are,  
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A
F

d
  {3-7} 

and 

4

B
F

d
  {3-8} 

where d is the separation of the two surfaces, A is the Hamaker constant, and B is the retarded 

van der Waals constant [80].  

 Interfacial energy or adhesion energy can be estimated from the surface energies or 

surface tensions of dissimilar surfaces. If the surface energies, the excess energy at the surface of 

a material compared to the bulk, of the two surfaces are known, 
A  and 

B , then the adhesion 

energy of the surfaces can be estimated as [63] 

2AB A B    {3-9} 

Often 
A  and 

B  are found by measuring the contact angle of various liquids, of known surface 

tension, to the solid surfaces
9
.  

 Electrostatic forces caused by static image charges on a flat conducting plate can also add 

to the adhesion energy. This is the case when a flat conducting plate is near or in contact with a 

dielectric substrate with trapped charges. The work needed to move a charge from a distance d 

from the conducting plane out to infinity is 

2

0

1

4 4

q
W

d
  {3-10} 

                                                 
9
 Surface energy, γ, and adhesion energy, Γ, are in units of J/m

2 
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where q is the fundamental charge, d is the distance the charge is away from the conducting 

plane and εo is the permittivity of free space [81]. The adhesion energy of the two surfaces is 

given by taking equation {3-10} and multiplying by the charge density, ρ, of the trapped charges 

giving an adhesion energy of 

2

0

1

4 4

q

d



   {3-11} 

Other surface forces such as capillary forces can also play a role in the adhesion of micro- and 

nano-scale mechanical structures and devices [82], [83], [84]. The capillary force, is the result of 

relative humidity in the environment and develops between two hydrophilic surfaces.  

3.3. Methods of Adhesion Testing in Thin Films 

In order to test the adhesion energy between surfaces, a number of experimental 

techniques have been devised including peel tests, pull tests, scratch tests, surface force 

apparatus, atomic force microscopy, collapsed single/double cantilever beam tests, and blister 

tests [85], [86], [87], [88], [89], [90]. The adhesion tests I will focus on are the blister tests, of 

which a variation is used in Chapter 4 to test the adhesion of graphene to an SiO2 substrate. One 

of the advantages of the blister test over other methods is that it can also be used to measure the 

elastic constants of the adhered thin film, before delamination. After delamination the blister test 

can be used to measure the adhesion energy between the two surfaces. This is also referred to as 

the bulge test when only measuring the mechanical properties of thin films. Before going any 

further into the bulge and blister tests I will briefly review some typical methods for measuring 

adhesion energy of thin films. 
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Figure 3-2 Schematics of (a) the peel test, (b) the pull test, (c) the scratch test, and (d) the surface 

force apparatus. (d) is adapted from reference [63]. 
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The peel test is a widely practiced test in the thin film industry due to its simplicity. A 

diagram of the peel test can be seen in Figure 3-2a. This method uses a blanket film that is then 

patterned into a strip, of width b. The patterning can either be done by photolithography or by 

scribing. Once the strips are released a force, F, is then applied at some angle θ to one end of the 

strip until it starts to peel from the substrate. The adhesion can be calculated from the force 

needed to peel the thin film and the strain, ε, the film underwent due to the applied force by [91] 

1 cos
2

F

b




 
    

 
 {3-12} 

Studies have shown that the peel test is an accurate measure of the adhesion strength only under 

the condition, 26 / 1yEF w  , where 
y   is the yield stress of the adhered film [92], [93]. This 

condition requires much thicker films to be tested than would be used in typical application and 

is one of the main limitations of this technique. 

 A popular test that is often used in comparison with the peel test is the pull test. The pull 

test consist of a pin attached to the adhered film by either epoxy or solder (see Figure 3-2b) [94], 

[95]. The interface is then stressed through the application of a normal force, F, applied to the 

pin and the failure strength of the interface is measured. For an adhered circular film of radius, a, 

thickness, w, and bulk modulus, B, the adhesion energy can be found by the expression [95] 

2

2 42

F w

a B
   {3-13} 

The limitations of this test arise from difficulties in assuring that (i) the applied force is normal to 

the surface, having no shear components, (ii) the failure occurs at the proper interface, not the 

one that is glued or soldered, and (iii) no defects in the film are present to act as stress 
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concentrations. A variation known as the topple test, where the force is applied to the pin 

parallel to the substrate, can be used to overcome the need for precise alignment needed with the 

pull test but the second and third problems still apply. 

 The scratch test consists of dragging a stylus across the surface of a film and increasing 

the applied load until the interface fails (Figure 3-2c). Films tested using this method are 

typically thin metal films [96], [97], [98]. Extracting the adhesion energy values is extremely 

complex which is attributed to the various failure modes experienced during this test. Only a few 

or the failure modes can be correlated to the interfacial energy [99]. Nevertheless, the scratch test 

remains widely used in the protective coating industry since the test closely resembles that of the 

final applications. 

 The surface force apparatus (SFA) is an instrument used to measure the interfacial 

interactions between two crossed mica cylinders in a prescribed environment [63]. A schematic 

of the SFA can be seen in Figure 3-2d. Though the cylinders typically used are made of mica 

they can be coated with thin layers of polymers or metals to test the surface interactions of 

various materials. The force sensitivity and distance resolution for the SFA are about 10 nN and 

1 Å, respectively. Likewise the atomic force microscope (AFM) can also be used to measure 

the interfacial forces [63]. A sharp tip (radius ~10-100nm), attached at the end of a cantilever 

beam, can be used to measure the interfacial forces between the tip and a substrate. Separation 

between the substrate and the tip is varied with a resolution on the order of 1 Å and the force is 

determined my measuring the cantilever deflection. The resulting force-displacement data can be 

integrated to find the work of adhesion in a variety of environments, including liquids and 

ultrahigh vacuum. 
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The collapsed single/double cantilever beam test is advantageous over other techniques 

for testing adhesion in MEMS and NEMS structures because it uses the mating of 

micromachined surfaces to measure the adhesion. This is in opposition to other techniques where 

the surfaces are mated together and then pulled about or idealized cylinder/tip interactions are 

used to measure surface forces to predict the adhesion. This method involves fabricating 

cantilever beams suspended over a substrate and then forcing the cantilevers into contact using 

electrostatic loading, mechanical loading, or capillary forces from drying [100], [101], [102], 

[103], [104], [105]. Typically beams of various length are fabricated in series on a chip and the 

critical length for stiction is determined after the loading is applied to the cantilevers. A 

schematic of an adhered beam can be seen in Figure 3-3a while an SEM image of the critical 

length measurement can be seen in Figure 3-3b. This can also be done with doubly clamped 

beams although single cantilever beams are more commonly used. 

3.4. Bulge Test 

 Since being first reported by Beams in 1959, bulge testing has become one of the 

standard techniques for measuring the in-plane mechanical properties of thin films, such as 

Young’s modulus, Poisson’s ratio, and residual stresses [106], [107], [108]. In its simplest form, 

the bulge test is carried out by applying a pressure, p, to a thin circular film of radius, a, resulting 

in a maximum deflection, δ, clamped at the boundary. A schematic of the bulge test of a thin 

circular clamped film can be seen in Figure 3-4. Often films are clamped with a retaining ring as 

shown in Figure 3-4 but the films can also be bonded to the substrate, either chemically of with 

an adhesive agent. In the case of graphene the films are clamped to the substrate by the van der 

Waals forces [56], [109], [110]. In order to relate the experimentally measured data with the in-

plane mechanical properties of the thin films being tested a number of theoretical and numerical 
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Figure 3-3 (a) schematic of the cantilever beam test [105]. (b) SEM image of the critical beam length 

test [102]. Beams smaller than the critical length are still suspended while beams over the critical 

length are stuck to the substrate. 
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Figure 3-4 Schematic of bulge testing of thin films. 
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solutions have been put forth. There are two regimes to consider when pressurizing a thin film, 

the plate regime and the membrane regime. The plate regime is valid when the deflection of the 

thin film is on the order of the thickness of the membrane. At higher deflections, several times 

greater than the thickness of the membrane [111], the membrane model is dominant. The 

difference in the plate and membrane models is that the plate model takes into account the 

bending rigidity of the thin film where the membrane model assumes only in-plane stretching. 

The von Karman equations are used to solve for the equation of a linear elastic plate [112], 

[113]. Often numerical methods are used to solve for the plate mechanics of thin films [111], 

[114] but here we present an analytical solution similar to that presented by Timoshenko, Yue et 

al., and Wang et al. [113], [115], [116].  

3.4.1. Plate Mechanics 

The deflection profile of a thin circular plate, of radius, a, and maximum deflection, δ, with a 

pressure difference applied across it is assumed to be [115], [116] 

2
2

2
( ) 1

r
z r

a

 

  
 

 {3-14} 

where r is the distance from the center of the membrane. Equation {3-14} satisfies the boundary 

condition of zero-slope at the edge of the plate. The radial displacement is assumed to take the 

form 

  1 2u( )r r a r c c r    {3-15} 

where c1 and c2 are two parameters to be determined.  
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 By equations {3-14} and {3-15} the radial and circumferential components of the strain 

are obtained as 

   
 

2
2 2 2 2

1 2 8

8
2 2 3r

r a r
c a r c r a r

a





      {3-16} 

  1 2a r c c r     {3-17} 

The circumferential strain is zero at the edge (r=a). The elastic strain energy consist of two parts, 

the elastic stretching strain energy, Us(r), and elastic bending terms, Ub(r). The two terms are 

 
 2 2

2
( ) 2

2 1
s r r

Ew
U r     


  


 {3-18} 
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D d z dz dz d z
U r

dr r dr r dr dr

    
      

    

 {3-19} 

The total potential energy of the plate is then 

 1 2 0
0 0

( , , , ) 2 ( ) ( ) 2 ( ) ( )
a a

s ba c c U r U r rdr p p z r rdr         {3-20} 

At equilibrium, the two constants c1 and c2 can be determined by setting 
1 2

0
c c

 
 

 
 which 

results in  

2

1 3

(179 89 )

126
c

a

 
  {3-21} 

2

2 4

(13 79)

42
c

a

 
  {3-22} 
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Now we can set 0






to obtain the non-linear plate solution given by 

3

4 4
64 64

Ew D
p

a a

 
    {3-23} 

where 
2

2

7505 4250 2791

211680(1 )

 




 



.  

The volume of the bulge for the plate solution given by the profile in equation {3-14} is 

2

3
V a


  {3-24} 

For a plate with a deflection less than its thickness, and thus the bending rigidity is dominant, the 

linear plate analysis is sufficient [115]. The linear plate analysis ignores non-linear terms in the 

strain energy along with the stretching term of the strain energy. As a result equation {3-23} 

becomes 

4

64D
p

a


   {3-25} 

which is the exact solution to the linear plate equations [111], [113], [115], [116]. 

3.4.2.  Hencky’s Membrane Solution 

 The other limiting case is when the deflection is much larger than the thickness so the 

bending rigidity can be neglected. Again the von Karman equations are solved but this time 

neglecting the effects of bending rigidity
10

. For this analysis we adopt the series solution of the 

                                                 
10

 This could be done by simply setting D=0 in equation {3-23} but the assumed deflection profile and boundary 

conditions are for a plate with a significant bending rigidity and therefore are not as accurate as this approach. The 

finite bending stiffness used in the plate model has an extra boundary condition of zero slope at the boundary. 
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von Karman equations obtained by Hencky [117] that culminates in a relation between the 

maximum deflection, pressure difference across the membrane, and the radius of the membrane 

[91], [118]. The Hencky solution assumes uniform lateral loading. Other membrane analyses use 

a membrane solution with uniform pressure loading but the Hencky solution has been shown to 

be most accurate for small graphene membranes such as the ones analyzed in this thesis [110], 

[115], [116], [119]. We start this analysis with the governing equations for radial and lateral 

equilibrium, respectively. 

 r

d
r

dr
   {3-26} 

2
r

dz pr

dr w
    {3-27} 

where r  and   are the radial and circumferential stresses, respectively, and p is the uniform 

pressure load. The stress-strain relationships are [120] 

r Ew      {3-28} 

r rEw     {3-29} 

and the strain-displacement relationships are 

u

r
   {3-30} 

2
1

2
r

du dw

dr dr


 
   

 
 {3-31} 

The boundary conditions at the clamped edge are  
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( ) 0z a   {3-32} 

( ) 0u a   {3-33} 

Combining equations {3-26} through {3-31} the resulting equations are 

 
2

1
0

2
r r

r d d dz
r

Ew dr dr dr
 

   
    

   
 {3-34} 

1

2
r

dz
pr

dr
    {3-35} 

Substituting equation {3-35} into equation {3-34} gives 

2
21

( ) 0
8

r
r r

d d
r p r

Ew dr dr


 

 
   

 
 {3-36} 

Following Hencky, we assume a power series for the total radial stress to obtain the solution  

 
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  
 

  {3-37} 

with 
2

2 01/B B  , 
5

4 02 / 3B B  , 
8

6 013/18B B  , 
11

8 017 /18B B  , 
14

10 037 / 27B B  , 

17

12 04077 /189B B  , and so on [118], [120], [121]. 0B  is a function of the Poisson ratio, ν. 

From this, we can solve for the circumferential stress and the deflection profile to obtain 
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  {3-38} 
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with 0 01/A B , 
4

2 01/ 2A B , 
7

4 05 / 9A B , 
10

6 055 / 72A B , 
13

8 07 / 6A B , 
16

10 0205 /108A B , 

and so on [118], [120], [121]. We can now find an expression for the maximum deflection, δ, of 

the membrane where r=0, δ=z(0).  

1/3
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Ew






 
  
 

  {3-40} 

We can rewrite this to get the pressure difference as a function of the elastic constants, 

membrane radius and maximum deflection, and substituting the constant 3

20

1( )
nn

K
A






  

3 4( )( ) /p K Ew a    {3-41} 

By integrating z(r) over the crack area using equation {3-39}, we can find the area under the 

bulge to be. 

2( )2 ( )bV z r rdr C a      {3-42} 

The constants ( )C   and ( )K   can be found by solving for 0B  by satisfying the boundary 

condition expressed in equation {3-33}, which is 

  0r r

r a

d
r

dr
 



   {3-43} 

or, equivalently, 

0 2 4 6(1 ) (3 ) (5 ) (7 ) 0B B B B             {3-44} 
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As can be seen from equation {3-44} 0B , and thus ( )C   and ( )K  , vary only with  11
. Solving 

for 0B  in equation {3-44} to get ( )K  , which varies with Poisson’s ratio as follows: 

( 0.10) 2.93K    , ( 0.20) 3.22K    , ( 0.30) 3.45K    , to ( 0.30) 4.75K    . For the 

case of graphene, taking 0.16  , ( 0.16) 3.09K     and ( 0.16) 0.524C    . 

 Hencky was the first to report an analytical solution for the simplest case of the 

pressurized circular membrane [91], [117]. Hencky’s solution to the membrane problem was 

later generalized by the work of Campbell to account for residual stresses in the membrane. The 

Hencky solution for a thin circular membrane with residual stress, S0, is given by [121] 

3 4 2

0( )( ) / (4 ) /p K Ew a S a      {3-45} 

Campbell showed that the deflection given by equation {3-40} is within 5% of the solution with 

0S  taken into account (equation {3-45} when the non-dimensional parameter P>100, where P is 

given by [121] 
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pa Ew
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Ew S

 
  

 
 {3-46} 

Mechanically exfoliated membranes like the ones presented in this thesis often have initial 

tensions, 0S , between 0.03-0.15 N/m [56], [122], [123]. For typical graphene membranes 

presented in this work values of a=2.5 µm, Ew=340 N/m and S0=0.07, the non-dimensional 

parameter P is about 100 when the pressure load is about 400 kPa [119]. For the membranes 

presented in Chapter 4 and the first part of Chapter 5, most of the measurements are well above 

                                                 
11

 It is well known that the values of B0 in Hencky’s paper had errors. References [91], [118] corrected Hencky’s 

error and the corrected version is used here. 
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500 kPa and initial tension can be ignored. For the later part of Chapter 5 membranes measured 

with the resonance method the pressures are well below 400 kPa and equation {3-45} is needed. 

 For non-circular plates and membranes, the solution for the problem becomes more 

complex and a number of solutions exist with the solution from Vlassak and Nix being the most 

widely used for rectangular and square geometries [106], [107]. Levy put forth an exact solution 

for pressurized square membranes but the complexity of this solution keeps it from being widely 

used [107], [124].  

 At pressures where the clamping conditions of the membrane are no longer sufficient to 

keep the membrane from sliding or delaminating from the substrate the membrane solutions 

become more complicated. Although the mechanics of membranes at these elevated pressures 

becomes difficult to evaluate, it is possible to study the interfacial adhesion energy between the 

thin film membrane and the substrate on which it is attached. This works best for flexible 

membranes that are bonded directly to rigid substrates. This is the case for graphene membranes 

suspended over cavities in a silicon dioxide substrate where the van der Waals forces clamp 

graphene to the edge of the cavity [56], [110]. 

3.5. Blister Test 

 Although the peeling test is a widely used method for testing the adhesion energy of 

interfaces, a number of problems exist that make this technique less than ideal for measuring thin 

film adhesion  [125], [126]. Due to the ease of implementation and film preparation, the blister 

test has recently been adopted for measuring the adhesion energy of thin flexible membranes on 

rigid substrates. Since the first blister test was reported by Dannenberg, the blister test has taken 

on many other forms [127]. The blister test reported by Dannenberg is known as the standard 
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blister test. A schematic of the standard blister test can be seen in Figure 3-5a. In its simplest 

implementation, a vertical vent is drilled, either mechanically or chemically etched, through the 

substrate to create a feed through to apply a constant pressure to the thin film spanning the vent 

opening. As, p, is increased below the critical pressure, the membrane deflection increases with 

no debonding. In this regime the test is identical to the bulge test and the mechanical properties 

of the membrane can be measured. Once p reaches the critical pressure,  pcr, where debonding of 

the thin film begins [118], [125], [128]. The expression for pcr for an axisymmetric blister under 

constant pressure assuming membrane behavior with Henkey’s solution is given by [119] 

 
1/4

0

4

5
cr

Ew
p

KC a

 
  
 

 {3-47} 

where a0 is the initial blister radius. It can be seen from equation {3-47} that for a constant 

adhesion energy, Γ, as a0 is increased the critical pressure will decrease as a result. This leads to 

unstable blister growth once pcr is reached since the new a0 upon initial delamination will lower 

the effective pcr while the applied pressure is still at the initial pcr which is higher. As a result, the 

blister will grow until the entire film becomes detached from the substrate [118], [125], [128]. 

Two distinct disadvantages exist with the constant pressure blister test i) the measured adhesion 

energy is related to the initiation of debonding and not the propagation of debonding, ii) only a 

single measurement can be obtained per film tested making sample preparation more costly.  

 Since the time of Dannenberg many improvements and refinements have been made to 

the standard blister test [91], [129], [130], [131], [132], [133], [134], [135]. In addition to 

improvements to the standard blister test a number of modified blister test have been devised to 

overcome some of the short comings of the standard blister test. A few of the modified blister 

test are the constrained blister test [136], [137], [138],  
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Figure 3-5 Cross-section schematics of blister test methods. (a) standard blister test, (b) constrained 

blister test, (c) island blister test with (d) top view, and the peninsula blister test with (f) top view. 

Dashed line in (c) and (e) is the membrane after debonding. 
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the island blister test [139], [140], the peninsula blister test [141], [142], and two blister tests 

with modified loading conditions [118], [125]. 

  The constrained blister test is similar in geometry to the standard blister test with the 

addition of a plate positioned parallel to the substrate restricting the vertical deflection of the 

film. A schematic of the constrained blister test can be seen in Figure 3-4b. The constrained 

blister test can reduce the risk of film rupture prior to delamination since the constrained on the 

deflection reduces the stresses in the blister, which are maximum at the center of the blister for 

the unconstrained case. The constrained blister test also has the advantage of having a nearly 

constant energy release rate which makes the analysis much simpler. A disadvantage to this 

approach is that the specimen size must be on the order of tens of millimetres, since the there is a 

minimum distance at which the constrained plate can be accurately located above the substrate 

[143]. The size restriction on sample size makes this method unsuitable for small electronic parts 

such as those used in MEMS. 

 The island blister test developed by Allen and Senturia was first used for measuring thin 

polymer films on metal and polymer surfaces [139], [140]. A schematic of the island blister test 

can be seen in Figure 3-5c and d. The island blister test is similar to the standard blister test but 

in this case a small post is placed in the middle of the membrane. The membrane is initially 

adhered to the center post. As the pressure is increased to the critical pressure, the film will 

debond from the center post. From the critical pressure, the adhesion energy can be extracted. 

The advantage of the island blister is similar to that of the constrained blister test in that it can 

lower the pressure needed to peel and in turn reduce the stress in the membrane before 

debonding occurs. Additionally the island blister test includes less dissipative energy in the 

measurement compared to the standard blister test. The disadvantages to the island blister test are 
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more complicated sample preparation and analysis along with the fact that crack propagation is 

usually unstable and only one measurement per prepared membrane can be obtained. 

 The peninsula blister test developed by Dillard and Bao uses a peninsula as opposed to 

an axisymmetric island in the island blister test. See Figure 3-5e and f for a schematic of the 

peninsula blister test. The peninsula blister test further reduces the stresses in the film before and 

during debonding and further reducing the risk of film failure. The peninsula blister test also has 

the advantage of a constant energy release rate. Added advantages over the island blister test 

include a larger debond area and additional data points that can be obtained from a single 

specimen. The downsides to this testing technique are more complicated sample fabrication and 

more complicated analysis since the sample is no longer axisymmetric [141], [142]. 

 Two alternative blister test have been developed that allow for stable debonding, the 

shaft-loaded blister test and the pressurized blister test with fixed mass of working gas 

[118], [125]. In the case of the shaft-loaded blister test sample preparation starts out similar to 

the standard blister test with a vent being drilled through the substrate. In this test, a shaft with a 

spherical cap is used to apply a load Ps to the membrane. Figure 3.6a shows a schematic of the 

shaft loaded blister test. The shaft is approximated as a point load and a straight edge conical 

blister profile is assumed. For linear elastic membranes the expression for the adhesion energy is 

[125] 
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Figure 3-6 Schematics of the standard blister tests with modified loading conditions. (a) is the shaft 

loaded blister test. (b) and (c) are for the blister test with a fixed amount of working gas. In (b) and 

(c) the bottom of the cavity is sealed.  
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 The second blister test with stable crack growth is the pressurized blister test with 

constant mass of working gas [118]. Sample preparation is similar to the constant pressure 

blister test and the shaft loaded blister test except that the substrate cavity created by drilling or 

chemical etching is sealed from the back side creating a fixed cavity volume under the 

membrane. Alternatively the hole can be drill in such a way that is does not go all the way 

through the substrate. This can also be achieved by drilling or etching a cavity in the substrate 

that does not go all the way through the substrate and then covering the cavity with the thin film 

membrane that is to be tested. After the cavity is sealed on both sides the cavity, with initial 

volume V0, is then filled with an initial pressure of p0 and the external pressure is also raised to p0 

so that the membrane is flat and no pressure difference exists across the membrane. The 

membrane is then bulged upward and delaminated by decreasing the external pressure to pe. 

Upon lowering the external pressure the pressure difference across the membrane causes it to 

bulge upward increasing the volume of the cavity due to the deflection of the membrane. As the 

volume, 
0bV V V  , increases the working gas expands isothermally causing the internal 

pressure,  pi, to decrease according to the idea gas law piV=nRT. The pressure difference across 

the membrane, Δp= pi - pe, will eventually cause the blister to debond from the substrate 

increasing a. The system will reach equilibrium once the debonding ceases leading to stable 

blister growth. The expression for the adhesion energy for this blister test is given by 

2

0 0

1/3 2
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45
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i i e
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KEw p p p p p

  
    

  
 {3-49} 

where C and K are constants that depends on Poisson’s ratio, and are defined previously. 
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3.6. Membrane Dynamics 

The above sections describe membranes with a static load applied to them and are 

therefore in equilibrium. Membranes can also vibrate much like the mass spring system 

presented in chapter 1. An example of this is a drumhead. The frequency of a circular membrane 

under tension caused by a pressure difference Δp and initial tension 0S  can be described using 

the following equations [144]  

2

2.404

2 A

S
f

a 
  {3-50} 

2

0
4

pa
S S




    {3-51} 

where f is the fundamental resonant frequency of the membrane, S is the total tension in the 

membranes, and A  is the area mass density of the membrane. In equation {3-51} Δp is given by 

equation {3-45}. 

3.7. Conclusions 

 A modified version of the constant mass of working gas blister test is presented in 

chapter 4 of this thesis to test the adhesion of graphene membranes on a thermally grown silicon 

oxide substrate. In addition to testing the adhesion of graphene, the mechanics of the graphene 

membranes were also tested before the graphene membranes delaminated from the substrate. The 

resonance of a graphene drum head resonator is used in chapter 5 to study the gas permeation 

though porous graphene membranes. 
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4. Ultrastrong Adhesion of Graphene Membranes 

4.1. Introduction 

As mechanical structures shrink down to the nanoscale regime, the influence of the van 

der Waals forces play an increasing role in device performance. Graphene is attractive for 

nanomechanical systems [109], [145] because it’s Young’s modulus and strength are both 

intrinsically high, but the mechanical behaviour of graphene is also strongly influenced by the 

van der Waals force [29], [56].  For example, this force clamps graphene samples to substrates, 

and also holds together the individual graphene sheets in multilayer samples. Here we use a 

pressurized blister test to directly measure the adhesion energy of graphene sheets with a silicon 

oxide substrate. We find an adhesion energy of 0.45 ± 0.02 J/m
2 

for monolayer graphene and 

0.31 ± 0.03 J/m
2 

for samples containing two to five graphene sheets. These values are larger than 

the adhesion energies measured in typical micromechanical structures and are comparable to 

solid-liquid adhesion energies [63], [83], [103]. We attribute this to the extreme flexibility of 

graphene, which allows it to conform to the topography of even the smoothest substrates, thus 

making its interaction with the substrate more liquid-like than solid-like.  

4.2. Experimental Geometry 

Optical images of the devices used for this study are shown in Figure 4-1a-d. Graphene-

sealed microcavities were fabricated by mechanical exfoliation of graphene over predefined 

microcavities (diameter ~5 μm) etched in an SiO2 substrate. An array of circles with diameters of 

5 and 7 µm was first defined by standard photolithography on an oxidized silicon wafer with a 

silicon oxide thickness of 285 nm. Reactive ion etching was then used to etch the circles into  
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Figure 4-1 (a)– (d) Optical images of the graphene flakes used in this study. The graphene flakes 

were exfoliated on a wafer with 285nm oxide and wells etched in the SiO2. The graphene flake in (a) 

has suspended regions of 2-5 layers while the flakes in (b) and (c) have regions of 1-3 layers and 

regions and the flake in (d) has only monolayer suspended graphene. The number of graphene 

layers was verified with a combination of Raman spectroscopy, optical contrast, AFM 

measurements, and elastic constants measurements. The colored circles denote the location at 

which Raman spectroscopy was taken (denoted as follows: black 1 layer, red 2 layers, green 3 

layers, blue 4 layers, and cyan 5 layers). (e)– (h) Raman spectrum from the graphene flakes in (a)-

(d). The color of each curve corresponds to the spot on the optical image. (i)– (l) Ratio of the 

integrated intensities of the first order silicon peak, I(Si), and the graphene G peak, I(G) (i.e., 

I(G)/I(Si)) for the corresponding color Raman spectrum sound in (e)-(h).  
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cylindrical microcavities with a depth of 250–300 nm, leaving a series of microcavities on the 

wafer. Mechanical exfoliation of natural graphite using Scotch tape was then used to deposit 

suspended graphene sheets over the microcavities [37]. Four exfoliated graphene flakes were 

used, yielding membranes with between one and five graphene layers, which were suspended 

over microcavities and clamped to the SiO2 by the van der Waals force. The number of graphene 

layers was verified using a combination of Raman spectroscopy, optical contrast, AFM 

measurements, and elastic constants measurements [46], [47]. Figure 4-1e-h show the Raman 

spectrum taken from the spots of corresponding color from the respective flakes in Figure 4-1a-

d, black is one layer, red is two layers, green is three layers, blue is four layers, and cyan is five 

layers.  The ratio, I(G)/I(Si), of the integrated intensity of the first order optical phonon peak of 

silicon, I(Si), to the graphene G peak, I(G), was used to determine the number of layers in 

accordance with ref. [46]. The aforementioned ratios are shown in Figure 4-1i-l. Using this 

technique for determining the number of layers was verified using a combination of optical 

contrast, AFM measurements, as well as the measured elastic constants of the membranes [64], 

[146]. The close agreement of the Raman spectroscopy technique used here with the optical 

contrast, AFM measurements, and the measured elastic constants validates the utility of this 

technique.  Of the 54 membranes measured, there were 14 one-layer, 13 two-layer, 18 three-

layer, 4 four-layer, and 5 five-layer membranes. Six two-layer membranes, 4 three-layer 

membranes and 1 four-layer membrane were damaged before reaching the highest measured 

pressures.  

After exfoliation the internal pressure in the microcavity, pint, is equal to the external 

pressure, pext (ambient pressure) (Figure 4-2). In this state, the membrane is flat and adhered to   
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Figure 4-2 (a) and (b) schematics illustrating the  pressurization of the graphene membranes. After 

exfoliation the pressure inside the microchamber is that of the ambient atmosphere, pext. (a) The 

graphene membranes are then placed in a pressure chamber and over pressurized, to p0, for 4-6 

days to bring pint = p0. (b) Upon removing the graphene membranes from the pressure chamber 

there is a pressure difference across the membrane causing it to bulge upward and eventually 

delaminate from the substrate at a critical pressure, causing the radius, a, to increase. (c) Three 

dimensional AFM rendering of the deformed shape of a monolayer graphene membrane with Δp 

=1.25 MPa. (d) Sequence of AFM line cuts from a typical monolayer graphene membrane as the 

pressure is increased from The dashed black line is the theoretical shape for Δp =0.41 MPa. 
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the substrate, and confines N number of gas molecules inside the microcavity. To create a 

pressure difference across the graphene membrane, we placed the sample in a pressure chamber 

and used nitrogen gas to increase, pext to p0, which we call the “charging pressure” (Figure 4-2a). 

Devices were left in the pressure chamber at p0 for four to six days to allow pint to equilibrate to 

p0. This is thought to take place through the slow diffusion of gas through the SiO2 substrate 

[56]. We then removed the device from the pressure chamber, whereupon the pressure difference 

(pint > pext) causes the membrane to bulge upward and the volume of the microcavity to increase 

(Figure 4-2b).  An atomic force microscope (AFM) was used to measure the shape of the 

graphene membrane, which we parameterize by its maximum deflection, δ, and it’s radius, a 

(Figure 4-2b).  

This technique allows us to measure δ and a for different values of p0. Figure 4-2d shows 

a series of AFM line cuts through the center of a monolayer membrane as p0 is increased. At low 

p0, the membrane is clamped to the substrate by the van der Waals force and δ increases with 

increasing p0. At higher p0 (for example, p0  > 2 MPa), in addition to an increased deflection, we 

also observe delamination of the graphene from the SiO2 substrate which leads to an increase in 

a (Figure 4-2d). In Figure 4-3, we plot δ versus p0 for all the devices measured. The deflection 

increases nonlinearly until p0 ~ 2.5 MPa and δ then begins to increase more rapidly. The blister 

radius stays constant until p0 ~ 2.5 MPa and then abruptly increases with increasing p0  (Figure 

4-4). 

4.3. Adhesion Energy 

At large p0 (for example,  > 3.0 MPa), stable delamination occurs, with a increasing and 

thus p decreasing with increasing p0 (Figure 4-5). All of the pressurized graphene membranes   
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Figure 4-3 (a)– (f) Maximum deflection, δ, vs. input pressure, p0 for 1-5 layer devices from samples 

in Figure 4-1a and 4-1b. The solid black line is a theoretical curve assuming no delamination of the 

membrane. The dashed curves are the calculated theoretical curves for three different adhesion 

energies using the fitted nEw values from Figure 4-8. (a) and (f) are one and three layer samples, 

respectively, from the flake in Figure 4-1b. (b)-(e) are 2-5 layer devices, respectively, from the flake 

in Figure 4-1a. 

 

 

 

 

 

 

Figure 4-4 (a)– (f) Blister radius, a, vs. input pressure, p0  for 1-5 layer devices from samples in 

Figure 4-1a and 4-1b. The dashed curves are the calculated theoretical curves for three different 

adhesion energies using the fitted nEw values from Figure 4-8. (a) and (f) are one and three layer 

samples, respectively, from the flake in Figure 4-1b. (b)-(e) are 2-5 layer devices, respectively, from 

the flake in Figure 4-1a. 
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Figure 4-5 (a)– (f) Internal pressure, pint, vs. input pressure, p0  for 1-5 layer devices from samples in 

Figure 4-1a and 1b. The solid black line is a theoretical curve assuming no delamination of the 

membrane. The dashed curves are the calculated theoretical curves for three different adhesion 

energies using the fitted nEw values from Figure 4-8. (a) and (f) are one and three layer samples, 

respectively, from the flake in Figure 4-1b. (b)-(e) are 2-5 layer devices, respectively, from the flake 

in Figure 4-1a 
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show a great degree of axisymmetry in their deformation before and after delamination. Stable 

delamination is in stark contrast to the common constant pressure blister test, which results in 

unstable crack growth at the onset of delamination [132]. As a result we call this the ‘constant N 

blister test’, because the number of molecules in the microcavity is constant during blister 

delamination. Although a macroscopic counterpart of the constant N blister test has been 

demonstrated [118] (although not widely used), the novelty here is in the use of the adhesive 

between graphene and SiO2 to prepare an impermeable seal for gas in the microcavity – filling 

and emptying of the chamber are accomplished via diffusion through SiO2, which is slow enough 

to allow reliable measurements of stable delamination[56]. 

We use the measured membrane profile (deflection δ and blister radius a versus p0) in the 

constant N blister test to determine the graphene/SiO2 adhesion energy. To this end, we describe 

the deformation of the membrane using Hencky’s solution [91], [117] for the geometrically 

nonlinear response of a clamped isotropic circular elastic membrane subjected to a pressure 

difference Δp across the membrane equation {3-45} assuming no initial tension. This solution 

provides the membrane profile in the form of an infinite series in radial position, and also the 

relationship between the pressure difference and blister height, Δp=K(ν)(Ewδ
3
)/a

4 
(equation 

{3-41}), and the volume of the blister Vb(a)=C(ν)πa
2
δ (equation {3-42}). The K(ν)δ

3
/a

4
 term 

primarily describes the geometrical nonlinear deflection pressure response of the circular 

membrane, as K(ν) is a coefficient that is fixed for a specified ν. For graphene, we take ν = 0.16 

[147] and so K(ν = 0.16) = 3.09 and C(ν = 0.16) = 0.524.  

To determine the adhesion energy we model the constant N blister as a thermodynamic 

system with free energy: 
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where V0 is the initial volume of the microcavity, Γ is the graphene/SiO2 adhesion energy, and a0 

is the initial radius before delamination [118]. In equation {4-1} the four terms represent, 

respectively, i) stretching of the membrane due to the pressure difference across it, ∆p = pint – pext 

(we calculate this by equating the strain energy in the deformed membrane to the work done by 

the expanding gas during deformation, which is easier to directly calculate, and then simplifying 

the result using Hencky’s relation for the pressure-deflection and pressure-blister volume); ii) 

graphene/SiO2 adhesion iii) expansion of the gas in the chamber from an initial volume V0 to a 

final volume V0 + Vb; and iv) work done by the gas held at a fixed external pressure pext. To 

deduce Δp = pint − pext across the membrane we used the ideal gas law and assume isothermal 

expansion of the trapped gas with a constant number of molecules, N. Doing so led to p0V0 = 

pint(V0 + Vb), where V0 is the initial volume of the microcavity and Vb is the volume of the 

pressurized blister after the device is brought to atmospheric pressure and bulges upward. The 

assumption of constant N is valid considering that the deflection does not change over the ~20 

min that the AFM images are acquired, suggesting that no significant change in N, due to gas 

‘leaking’, occurs on the timescale of the experiment. 

Minimizing the free energy with respect to a provides a relationship between Γ, δ, and a:  

0
0

0

5

4 ( )
ext

b

VC
p p

V V a


 
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 {4-2} 

We use equation {4-2} to determine Γ with prescribed values of p0 and pext, (a, δ) pairs measured  
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Figure 4-6 Measured adhesion energy for each graphene membrane in this study. Black circles are 

1 layer samples, red squares are 2 layer samples, green up triangles are 3 layer devices, blue down 

triangles are 4 layers, and the cyan diamonds are 5 layer devices. The upper dashed line 

corresponds to an adhesion energy, Γ = 0.45 J/m
2
 while the lower dashed line corresponds to Γ = 

0.31 J/m
2
.  
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by AFM, V0 determined by the microcavity geometry and Vb(a). Values of adhesion energy 

extracted in this manner are shown for all devices in Figure 4-6.  The value Γ  = 0.31 J/m
2
 

describes the multilayer graphene/SiO2 adhesion well, but not the monolayer which has a value 

of 0.45 J/m
2
 for two of the samples measured that contained monolayers (samples from Figure 

4-1 b and c). A third monolayer sample (sample from Figure 4-1e) was also measured and had a 

measured adhesion energy of 0.23 J/m
2 

, about half of the previously measured adhesion energy 

for monolayer graphene. The origin of the lower adhesion energy measured in this sample is not 

entirely understood but could be due to differences in processing of the SiO2 after lithography 

and etching. 

Our measured adhesion energies are approximately four orders of magnitude larger than 

adhesion energies commonly found in MEMS where van der Waals forces across non-contacting 

regions between asperities and capillaries formed in humid environments play a significant role 

and approximately five times larger than adhesion in gold-coated submicron beams [82], [83], 

[103], [148], [149]. They are also twice that of previous estimates for multilayer graphene to a 

SiO2 substrate[68]; however, those results are extracted from a model that uses an estimate of 

Young’s modulus of graphene that is one-half of that measured here.  Our results are comparable 

to values deduced from experiments on collapsed carbon nanotubes[150].  Using values derived 

from the measured surface energies of graphite (γ = 165-200 mJ/m
2
) and SiO2 (γ = 115-200 

mJ/m
2
), one expects an adhesion energy from equation {3-9}, i.e. Γ = 2 (γSiO2 x γgraphite)

1/2
 = 

(0.275 - 0.4) J/m
2
 [63], [150]. The close agreement between our measured adhesion energy and 

this estimate suggests that graphene makes close and intimate contact with the SiO2 substrate 

[151], [152].  It shows that atomically thin structures like graphene demonstrate conformation 

over the SiO2 surface that is more reminiscent of a liquid than a solid.  
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The reason for the higher adhesion of monolayer graphene to multilayer graphene is not 

entirely understood. We ruled out bonding due to induced image charges from buried charges in 

the SiO2 substrate (see APPENDIX 1) and Sabio, J. et al. show that other possible interactions, 

including electrostatic, are expected to be between one and eight orders of magnitude lower than 

that measured here [153]. A possible explanation for the discrepancy between one and two to 

five layers is the increased ability of monolayer graphene to conform to the contours of the 

surface due to its flexibility. Figure 4-7 shows the roughness measurements of various layers of 

graphene on the SiO2 substrate (Images analysed are from the sample in Figure 4-1b taken with 

the AFM show a decreasing roughness with increasing layer number (about 197 pm for bare 

SiO2 (denoted 0 layers in Figure 4-7), 185 pm with one layer, and 127 pm with 15 layers of 

graphene) suggesting that monolayer graphene conforms more closely to the SiO2 substrate. 

Recent theory that idealizes the substrate roughness as a sinusoidal profile shows a jump in 

adhesion energy with wavelength and amplitude [154], [155], [156]  We modified this theory to 

account for effects of multilayer graphene and it supports the suggestion of a jump to contact that 

results in increased adhesion energy as the number of layers decreases, however the model is too 

simple to quantitatively predict that this jump occurs between n = 2 and 1 layers [157].  

4.4. Mechanical Properties 

As mentioned, the deformation of the membrane can be described using Hencky's 

solution for the geometrically nonlinear response of a clamped circular elastic membrane 

subjected to a pressure difference Δp across the membrane. The dashed line in Figure 4-1e 

compares the calculated profile using Hencky's solution [91], [117] with our measured profile. 

The close agreement validates the use of a and δ to parameterize the deformation. Figure 4-2c 

shows the equilibrium pint versus p0 for the bilayer devices. The solid lines in Figure 4-2a and c  
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Figure 4-7 RMS roughness measurements taken by non-contact AFM of the substrate (0 layers), 1, 

2, and 3 layers as well a thick graphene sample that was ~5 nm (~15 layers) thick  as determined by 

the AFM. Error bars are ±1 standard deviation. 
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are the solutions of equation {3-41} for a constant a = a0 (no delamination) where we used the 

fitted value of Ew. This provides a good fit until delamination begins (a > a0) at p0 = 2.5 MPa 

(Figure 4-4). The dashed lines in Figure 4-3, Figure 4-4, and Figure 4-5 are theoretical 

predictions of δ, a, and pint versus p0 using the average adhesion energy values from Figure 4-6 

and the fitted value of Ew. 

Figure 4-8a shows     
  

   versus ∆p for the monolayer graphene membrane before 

delamination begins as well as a linear fit to equation {3-41} to determine Ew  =  347 N/m. This 

agrees well with previous measurements for graphene and the in plane modulus (E = 1 TPa) and 

interatomic spacing of graphite (w = 0.335 nm) [29], [56], [147]. Figure 8b-e shows     
  

   

versus ∆p for membranes containing two to five graphene sheets. Included are linear fits to the 

data for ∆p > 0.50 MPa (dashed lines). Theoretical estimates with nEw (solid lines) where Ew = 

347 N/m (our monolayer measurement) and n = 1-5 (corresponding to the number of graphene 

layers) are also plotted, and the Ew values obtained by both methods are compared in Figure 

4-8f. The good agreement between these values demonstrates that the additional graphene layers 

are sufficiently well-adhered to the substrate and each other by the van der Waals force so that 

the pressure is carried by all the layers and no significant sliding or delamination occurs up to 

pressures as large as 0.50 MPa [158], [159].  For Δp < 0.25 MPa the effect of initial tension in 

the membrane cannot be neglected and for Δp > 0.50 MPa the data show considerably more 

scatter.  

Figure 4-9 shows the results from repeating the elastic constant measurements for 

pressures up to ∆p = 0.50 MPa for the device in Figure 4-1a. This was done by first pressurizing 

the sample up to ∆p = 0.45 MPa and then letting the pressure decrease back to ∆p = 0 MPa 
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Figure 4-8 (a) K(δ
3
/a

4
) vs Δp for the monolayer graphene devices before (black circles) (a = a0) and 

after (magenta circles) delamination. The black line is a linear fit to all the data has a slope 

corresponding to Ew= 347 N/m. (b)- (e) K(δ
3
/a

4
) vs Δp for 2-5 layer graphene membranes before (a 

= a0, color shapes) and after (a > a0 , magenta shapes) delamination. Red squares are 2 layer 

samples, green up triangles are 3 layer devices, blue down triangles are 4 layers, and the cyan 

diamonds are 5 layer devices, the respective magenta shapes denote after delamination. The lines of 

respective color have slopes corresponding to nEw = 347, 694, 1041, 1388 and 1735 N/m. The 

dashed lines show linear fits to the data for Δp > 0.75 MPa and have slopes corresponding to Ew = 

661, 950, 1330 and 1690 N/m for 2-5 layers respectively. (f) Plot of the Ew vs. number of layers 

closed shapes are for the fitted lines and the open shapes are the nEw based on the monolayer fit. 
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Figure 4-9 (a)- (d) K(δ
3
/a

4
) vs Δp for 2-5 layer devices. The black points are from the first pressure 

cycling of the upper device in Fig. 3.1a. After the highest pressure was measured the pressure was 

allowed to decrease back to atmospheric pressure and the measurements were repeated and carried 

higher pressures. This shows that up to Δp ≈ 0.5 MPa there is no altering of the membrane 

properties between measurements.  

a b 

c d 



84 

 

before repeating the measurements again. After the membranes were pressurized a second time 

the pressure was then continually increased until significant delamination was observed. From 

the repeatability of the elastic constant measurements seen in Figure 4-9 for two to five layers 

(Figure 4-9a to Figure 4-9d, respectively) we conclude that pressurizing the membranes does not 

cause sliding or change the membrane properties when ∆p < 0.50 MPa and therefore the 

membranes can be considered to be well clamped to the substrate in this pressure range. Further 

work is necessary to understand the origin of the scatter for ∆p > 0.50 MPa, but two possibilities 

are small amounts of sliding or early stages of delamination, which are difficult to measure by 

AFM. 

4.5. Conclusions 

In conclusion, we have demonstrated a simple yet reliable constant N blister test and used 

it to measure the adhesion energy of the thinnest nanostructures possible, single and multilayer 

graphene sheets, to SiO2. This is the first direct measurement of the adhesion energy of one-to-

five-layer graphene to SiO2, a substrate on which the majority of graphene electrical and 

mechanical devices are fabricated. This result can be used to guide developments in graphene-

based electrical and mechanical devices where adhesive forces are known to have an important 

role, and it should also provide opportunities for fundamental studies of surface forces in the 

thinnest structures possible [56], [160], [161], [162], [163]. 
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5. Selective Molecular Sieving Through Porous Graphene 

5.1. Introduction 

The ideal selective membrane should be as thin as possible to maximize flux, 

mechanically robust to prevent fracture, and have well-defined pore sizes to increase selectivity. 

Due to its atomic thickness [145], high mechanical strength[29], relative inertness, and 

impermeability to all standard gases [56], [57], [164], [165], graphene is the ultimate starting 

point for a size-selective separation membrane[17], [21], [22], [23], [25], [58], [59], [60]. 

However, this requires the introduction of pores which can exclude larger molecules, while 

allowing smaller molecules to pass through. To accomplish this, we use UV-induced oxidative 

etching to introduce pores [166], [167] onto µm-sized graphene membranes and a pressurized 

blister test and mechanical resonance to measure the transport of a number of gases including H2, 

CO2, Ar, N2, CH4, and SF6 through these pores. The experimentally measured leak rate, 

separation factors, and Raman spectrum agree well with effusion through a small number of 

angstrom-sized pores. These porous atomically-thin graphene membranes represent a new class 

of "ideal" molecular sieves, where gas transport occurs by effusion through angstrom-sized pores 

with atomic-sized channel lengths. 

5.2. Leak Rate though SiO2   

Suspended graphene membranes were fabricated by mechanical exfoliation of graphene 

over predefined 5 µm diameter wells etched into silicon oxide [37], [110]. After exfoliation, the 

pristine graphene flakes that span the microcavity form suspended membranes that are 

impermeable to all standard gas molecules [56] and clamped to the silicon oxide substrate by 
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surface forces [110]. Gas species can enter and exit the microcavity through the substrate by 

slow diffusion. To fill the microcavity with a desired gas species, the sample is put in a chamber 

pressurized to 200 kPa above ambient pressure with a “charging” gas (Figure 5-1a). Prior to this 

pressurization, the chamber is flushed with the “charging” gas to exclude any other species. The 

samples are left in the pressure chamber for 4-12 d (depending on the gas species used) to allow 

for the internal, pint, and external pressure, pext, of the microcavity to equilibrate to the “charging” 

pressure, p0. Upon removing the sample from the pressure chamber the higher pressure inside the 

microcavity compared with ambient atmospheric pressure causes the membrane to bulge upward 

(Figure 5-1b). This technique allows preparation of a graphene-sealed microcavity with an 

arbitrary gas composition at a prescribed pressure.   

To measure the leak rate of gas species we used both a pressurized blister test and 

mechanical resonance test [56]. The pressurized blister test was used for leak rates on the order 

of minutes to hours while the mechanical resonance was used to measure leak rates on the order 

of seconds to minutes. For the pressurized blister test, an atomic force microscope (AFM) is used 

to measure the shape of the bulged graphene membrane, which is parameterized by its maximum 

deflection, δ (Figure 5-1e). The maximum deflection, δ, vs. time, t, for a pristine graphene 

membrane pressurized to 200 kPa, above atmospheric pressure, of H2 gas is shown in Figure 5-1f 

(black). The deflection decreases slowly with time consistent with a leak of H2 gas through the 

underlying silicon oxide [56], [110]. 

5.3. Porating Graphene 

UV-induced oxidative etching was used to introduce pores in the pristine graphene 

membranes [166], [167], [168], [169] (see appendix). The H2 gas pressurized graphene 

membranes were exposed to UV light (λ1 = 185 nm, λ2 = 254 nm; Jelight Model 42 UV ozone   
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Figure 5-1 (a) Schematic of a microscopic graphene membrane. We start with pristine graphene 

fabricated by exfoliation and fill the microchamber with 200 kPa of H2 (red circles) in a pressure 

chamber. Equilibrium is reached (pint = pext) by diffusion through the silicon oxide. (b) After 

removing the graphene membrane from the pressure chamber the membrane is bulged upward. (c) 

Upon etching of the graphene membrane pore(s) bigger than that of H2 are introduced allowing the 

H2 to leak rapidly out of the microchamber through the graphene membrane. If the pore(s) are 

smaller than that of air molecules (mostly N2 and O2, denoted as green circles), air will be blocked 

from entering the microchamber causing the deflection of the graphene membrane to continue to 

decrease until all of the H2 molecules exited the microchamber.  (d)After all the H2 molecules have 

leaked out of the microchamber the membrane will be bulged downward. (e) Deflection versus 

position, 0 min (black) through 8 min (dashed blue) after etching, (f) Maximum deflection vs. t for 

one membrane that separates H2 from air as measured by AFM. H2 leak rate before (black) and 

after (red) etching. Inlay: Optical image of the bilayer graphene flake used in this study. (g) Three 

dimensional rendering of an AFM image corresponding to the line cut at t = 0 in (e). 
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cleaner) at ambient conditions for several minutes. A number of other etching techniques have 

been proposed and demonstrated on graphene [24], [168], [170], [171], [172], [173], [174], [175]
 

but the UV oxidative etching used here is simple and slow enough to allow for the creation of 

these sub-nanometer-sized selective pores as demonstrated later in this paper. Other etching 

techniques, including oxygen plasma etching, were tried but UV oxidative etching proved to be 

the only successful method for controllably introducing sub-nanometer pores. In order to 

visualize pores created by the UV induced oxidative etching, one membrane was over-etched to 

create much larger pores so we could image the pore formation and distribution with AFM.  

Figure 5-2 shows a monolayer membrane that was over-etched (22 min total with 1 min etching 

steps) in order to visualize the pore growth. Figure 5-2a shows the 500 nm x 500 nm AFM scan 

over the suspended region of the over-etched graphene membrane. This membrane was not 

selective to any of the gas species tested and the leak rates were too fast to measure. The results 

of the pore size distribution seen in Figure 5-2b and Figure 5-2c are comparable to previous 

oxidative etching of graphene and graphite 

In order to etch the graphene membranes, we first pressurized them with pure H2 up to 

200 kPa (gauge pressure) above ambient pressure. After the microcavity reached equilibrium we 

removed it from the pressure chamber and measured the deflection using atomic force 

microscopy (AFM). We then did a series of short UV etches (30 s) followed by AFM scans 

between each etching step to see if the leak rate increased significantly. When pore(s) were 

created that were selective to allow the H2 to pass through, but not allow the molecules in the air 

to pass, the deflection would rapidly decrease and become negative, consistent with a vacuum 

inside the microcavity. For the case of the “Bi- 3.4 Å” membrane in this chapter, this etching 

took 75 min (150, 30s etching steps). Each etch step took about 5 min to complete. Once the   
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Figure 5-2 (a) AFM scan of a membrane etched for a longer time to visualize the pore growth. The 

red areas are pits created by the UV etching.  (b) Histogram of the number of pores versus the 

approximate pore area. (c) Histogram of the number of pores versus the equivalent radius of the 

pore. (b) and (c) indicate a nucleation and growth mechanism for pore evolution. 
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sample was out of the pressure chamber for over an hour during the etching process, and the 

deflection had decreased 20 nm, we then returned the sample to the pressure chamber overnight 

to allow the pressure inside the microchamber to once again reach 200 kPa. The etching process 

was then continued the next day.  For membrane “Bi- 4.9 Å” in the main text, the total etching 

time was 15 min using 1 min etching steps. From the etching experiments it was noted that 

longer etch steps required significantly less total etching time 

After each oxidative etch step, δ is again measured versus t (Figure 5-1e and Figure 5-1f, 

red). The maximum deflection decreases rapidly (several minutes as opposed to hours for the 

unetched case) and eventually leads to a downward deflection of the membrane (Figure 5-1c-f). 

Figure 5-1e shows a series of cross sections through the center of the membrane taken by AFM 

as time elapses from 0 to 8 min and Figure 5-1g shows a three dimensional rendering of the 

AFM image for t=0 in Figure 5-1e. Here 0 min is defined to be the time at which the first AFM 

image was captured after removing the sample from the pressure chamber. The change in 

deflection, as depicted in Figure 5-1c & d, results from increasing the H2 leak rate, through 

etching, while preventing significant changes in the N2 leak rate into the microcavity from the 

ambient atmosphere. 

5.4. Molecular Sieving 

The molecular selectivity of the fabricated porous graphene membrane is demonstrated 

by measuring the time rate of change of , -d/dt, for the same membrane pressurized with a 

number of different gases. Figure 5-3a shows δ vs. t for H2, CO2, Ar, and CH4 before and after  
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Figure 5-3 (a) Maximum deflection, δ, versus t before (black) and after etching (red). (b) Average -

dδ/dt versus molecular size found from the slopes of membrane deflection versus t in (a) for before 

(black) and after (red) introducing pores in the same graphene membrane. The connecting lines 

show the measurements before (black) and after (red) etching. 
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etching and N2 after etching
12

. At short times, -d/dt is approximately linear (Figure 5-3a). This 

rate, -d/dt, versus kinetic diameter [176] is plotted for all the gases measured for the same 

membrane/microcavity in Figure 5-1 before and after etching (Figure 5-3b). After etching, there 

is an increase in -d/dt of two orders of magnitude for the leak rate of H2 and CO2, while Ar and 

CH4 remain relatively unchanged. This suggests that the etched pores change the transport 

mechanism for H2 and CO2, while leaving the transport of Ar and CH4 nearly unchanged. Since 

the kinetic diameter cut off in this bi-layer graphene membrane is nominally that of Ar, 3.4 

Å[176], this membrane will heretofore be referred to as “Bi- 3.4 Å”.  

The leak rate of various gases across the porous graphene membranes can also be 

measured by using a mechanical resonance test. This is accomplished by measuring changes in 

the mechanical resonant frequency, f, of the membrane vs. t using an optical drive and detection 

system previously used to measure mechanical resonance in suspended graphene resonators 

(schematic in Figure 5-4a) [56], [109]. A pressure difference applied across the membrane leads 

to a pressure-induced tensioning of the membrane, which increases f of the stretched membrane. 

If the gas molecules introduced external to an initially evacuated microcavity can leak through 

the membrane, the gas will pass through and reduce the tension in the membrane, thus 

decreasing f. If the gas molecules cannot leak through the membrane, f stays constant. An 

example of this is shown in Figure 5-4a where an etched porous graphene membrane was put in 

a vacuum of 0.1
 
torr for a several days to ensure the microcavity has equilibrated to the pressure 

of the vacuum chamber. Next, a pure gas species is introduced into the vacuum chamber at a 

given pressure (~100 torr for the case in Figure 5-4b and ~80 torr for the inlay of Figure 5-4b) 

and the resonant frequency is measured. The resonant frequency decreases with time, and from  

                                                 
12

 We did not measure the N2 leak rate for this particular device before etching, but measurements for 12 other ones 

located on the same flake are shown in Figure 5-5 and labelled “Pristine Avg” for comparison with the after-etch 

leak rate. 
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Figure 5-4 (a) schematic of optical drive and detection for measuring frequency of graphene drum 

resonators. (b) Frequency, f, vs t for H2 (black), CO2 (red), N2 (green), CH4 (blue), and SF6 (cyan).  

With a pressure of 100 torr (~13.3 kPa) introduced into the vacuum chamber. Inlay is data from the 

same device with an 80 torr (~10.7 kPa) pressure introduced. (c) Amplitude vs drive frequency  for 

80 torr of CH4. The data corresponds to the frequencies shown in the inlay of (b) taken at t = 0 s 

(black), t = 1 s (red), t = 3 s (green), t = 5 s (blue), t = 7 s (cyan), t = 11 s (magenta), and t = 13 s 

(orange). Clearly the quality factor is too low after 13 s to reliably find the frequency.  

a 

b) 

b c 
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the rate of decrease, we determine the leak rate through porous graphene membrane. We could 

not observe the frequency return back to its original value due to significant gas damping when 

Δp ~ 0 (see Figure 5-4b). As can be seen from Figure 5-4a, the leak rate of H2, CO2, N2, and CH4 

is several seconds while SF6 shows no significant change in resonant frequency for the several 

minutes measured. This membrane will be referred to as “Bi- 4.9 Å” since it is a bilayer 

membrane with a nominal sieving kinetic diameter of SF6, 4.9 Å [176]. 

We derive the following expression for the molecular flux out of the pressurized "blister" 

microcavity, dn/dt, using the ideal gas law and Hencky’s solution (equation {3-45}) for a 

clamped circular membrane assuming no initial tension in the membrane(i.e. 0S  =0). The ideal 

gas law is given by 

( )PV nRT   {5-1} 

where P is the absolute pressure inside the microcavity, V(δ) is the volume of the microcavity 

when the membrane is bulged with deflection δ, V(δ)=Vo+Vb(δ), Vb(δ)=C(ν)πa
2
δ, for graphene 

C(ν = 0.16 ) = 0.52, n is the number of moles of gas molecules contained in the microcavity, R is 

the gas constant, and T  is temperature [110]. Substituting (Δp+patm) for P and dividing both 

sides by V(δ) into equation{5-1}, and inserting for equation {3-45} Δp with 0S  =0 we get: 

   
 

2 4

0

atm

b

nRT
K Ew a p

V V
 


 


 {5-2} 

Now we can take the time derivative of both sides and solve for dn/dt to get the flux of gas 

molecules out of the membrane  
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   2 4 23 ( ) ( ) ( )K Ew a V P C adn d

dt RT dt

      
   {5-3} 

where a is the radius of the membrane, E is the Young’s modulus, w is the thickness of the 

membrane, R is the molar gas constant, T is temperature, V(δ) is the total volume of the 

microcavity in the bulged state, and C(ν) and K(ν) are geometric coefficients which depend on 

the Poisson’s ratio, ν, of the membrane. For the case of graphene, the Young’s modulus and 

Poisson’s ratio are E = 1 TPa and ν = 0.16, respectively, and the thickness per layer is 0.34 nm 

[29], [56], [110], [147]. Using ν = 0.16 gives coefficients of K(ν=0.16) = 3.09 and C(ν=0.16) = 

0.524. Figure 5-5 shows the normalized dn/dt (normalized to the partial pressure difference 

across the membrane) for the “Bi- 3.4 Å” membrane before UV etching (black squares) and after 

UV etching (red squares). Also included is the average normalized dn/dt for 24 different 

unetched (12 for the case of N2) membranes on the same graphene flake shown in the Figure 5-1f 

inlay that contains “Bi- 3.4 Å” (black circles).  

Similarly, dn/dt, can be calculated from the linear approximation of the rate of frequency 

decay, df/dt. We do this by first combining equations {3-45} and {3-51}. We do not take S0 to be 

zero in this case since the pressure difference and thus the deflection of the membrane are small 

compared with the case of the blister test. 

 3 2 2 3 2 2

0 04 5 2 ( ) 64S S SS S K Ewa p      {5-4} 

Since S is larger than S0 we can neglect the cubic order term of S0. Now we can insert the 

expression for S into equation {3-50} and solve for Δp, and then insert this expression for Δp 

into the ideal gas law in a similar fashion as the bulge test equation. Since the deflection of the 

membrane is small in this case we take V to be constant. After doing this and taking time  
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Figure 5-5 Leak rate out of the microcavity for: “Bi- 3.4 Å” membrane before etching (black 

squares) and after etching (red squares), “Bi- 4.9 Å” membrane after etching (red diamonds), and 

the average before etching of 24 membranes (12 for N2) on the same graphene flake as “Bi- 3.4 Å” 

membrane (black circles with dot). (Note: the latter are hidden by black squares for several gases.) 
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derivative and solving for dn/dt we arrive at the expression: 

 

   

1/2
2 2 2 2 3 4 4

1 2 0 3

3 4 4 2 2 2

3 2 0

1/2
2 2 2 2 3 4 4

1 2 0 3

21

2 4

2

A A A

A A

A A A

c c a f S c a f

KEwdn V df

dt RT dtc a f c S a f

KEw c c a f S c a f

  

 

  

   
   
  

  
 
 
  
 

 {5-5} 

where c1 = 8744, c2 = 47785/2, and c3 = 81589. To get dn/dt (mol/s) we can use df/dt, the rate of 

the frequency decay from the linear fit of the membrane frequency versus time data. We then 

normalize the leak rate by dividing the calculated dn/dt by the pressure driving force for each of 

the gases measured to get the leak rate (normalized dn/dt) into the graphene-sealed microcavity. 

The leak rate versus molecular size for the “Bi- 4.9 Å”  membrane is shown in Figure 5-5a (red 

diamonds).  

The changes in leak rates associated with UV etching are consistent with the introduction 

of a pore(s) which allow size selective permeation of gas molecules. For the “Bi- 3.4 Å” 

membrane in Figure 5-3, the selectivity between CO2 and Ar suggests that the pore(s) size(s) 

introduced into the graphene membrane are comparable to the kinetic diameter of Ar (3.4 Å) 

[176] and that the porous graphene is sieving molecules above and below this size. Similarly for 

the “Bi- 4.9 Å”  membrane in Figure 4-3, there are likely pore(s) larger in size than that of the 

“Bi- 3.4 Å” membrane, since effective molecular sieving is seen for molecules smaller than SF6 

(4.9 Å compared to 3.8 Å for CH4)[176]. Due to the fact that there is likely only a small density 

of pores in the 5 μm diameter membranes, imaging of the pore is not possible (see supporting 

online text). However, the small density of pores is supported by Raman spectroscopy on the 

etched membranes. 
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The gas leak rates measured can be compared to results of computational modelling by 

Jiang, et al. and Blankenburg et al. [17], [58]. In the work of Jiang et al, the authors calculate a 

H2 leak rate on the order of ~10
-20 

mol s
-1

 Pa
-1

 for a H-passivated pore in graphene consisting of 2 

missing benzene rings at room temperature (see appendix)[17]. For the work of Blankenburg et 

al., the H2 leak rate was calculated to be on the order of ~10
-23 

mol s
-1

 Pa
-1

 through a smaller H-

terminated pore consisting of a single missing benzene ring [58]. 

Our measured H2 leak rate on “Bi- 3.4 Å” was ~4.5 x 10
-23

 mol s
-1

 Pa
-1

. This value is 

several orders of magnitude lower than Jiang et al, suggesting our pores have an overall higher 

energy barrier for H2 (and other species) than in their calculations.  The similarity between our 

H2 leak rate with that modelled by Blankenburg et al suggests a similar H2 energy barrier in our 

pore. Nonetheless, we do not match their calculated H2/CO2 selectivity (2 versus ~10
17

). This 

suggests that having a bilayer graphene membrane with different chemical pore termination from 

the oxidative etching can be quite important.  

We can also compare the H2 and CO2 measured leak rates between the “Bi- 3.4 Å” and 

“Bi- 4.9 Å” membranes (Figure 5-5). The one with the smaller pore size, “Bi- 3.4 Å”, (red 

squares) had a H2 and CO2 leak rates (in units of 10
-23

 mol s
-1

 Pa
-1

) of 4.5 and  2.7, respectively, 

compared to H2 and CO2 leak rates (same units) of 75 and 25, respectively, for the larger pore 

membrane (red diamonds). The closeness between the magnitude of these 2 values, and the 

magnitudes calculated in the cited modelling, suggests that in both cases a low density of size-

selective pores are participating in the transport across the graphene membrane and the faster 

leak rate for the “Bi- 4.9 Å” membrane is consistent with larger pores (and/or lower diffusional 

energy barriers) than the “Bi- 3.4 Å”. This is also consistent with the rapid effusion of gas 
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expected from the ~µm
3
 confined volume of gas in the porous graphene sealed microchamber 

[56].  

Both graphene membranes presented here were bilayer graphene membranes due to the 

more controlled etching and stability of the pores fabricated on bilayer versus monolayer 

graphene membranes. This is consistent with previous results showing slower etching for bilayer 

graphene compared with single layer graphene[168]. However, similar results were observed on 

two additional monolayer graphene membranes. The first monolayer sample in Figure 5-6 

(“Mono- 3.4 Å”) shows similar behavior as seen in “Bi- 3.4 Å” of the main text. This monolayer 

sample was filled with 150 kPa above ambient pressure with pure H2. The pore was not stable 

and additional measurements could not be taken. The second monolayer sample shown in Figure 

5-7 was measured using the mechanical resonance scheme presented in the main text. This 

membrane showed a similar pore instability as the previous sample. The order of the leak rate 

measurements taken on this membrane were N2 (black), H2 (red), CO2 (green), and CH4 (blue). 

Next, N2 was measured a second time (cyan) showing a drastic increase in the N2 leak rate. After 

the repeat of the N2 data, we then introduced SF6, and the results show that the membrane is 

slowly allowing SF6 to permeate indicating that this pore is larger but similar in size to SF6 

(4.9Ǻ) [176]. We attribute this increase in N2 leak rate to etching of the pore during the 

resonance measurement. 

Two additional bilayer membranes from the same graphene flake found in Figure 

5-1(containing membrane “Bi- 3.4 Å”) of the main text are shown in Figure 5-8. Figure 5-8a is a 

membrane that has larger pores than that of the sample presented in the main text. The 

membrane in Figure 5-8a was damaged before CH4 leak rate data could be taken. Figure 5-8b is   
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Figure 5-6(a) Maximum deflection, δ, vs, t for a monolayer membrane. The rapid decrease in 

deflection that becomes negative is consistent with the results seen in Fig 1 of the main text. Inlay: 

optical image of the monolayer graphene membrane covering one well in the substrate. (b) AFM 

line scans of the membrane in (a) as time passes. 

 

 

 

Figure 5-7(a) Frequency vs time for N2, H2, CO2, N2, CH4, and SF6, taken in that order.  (b) A zoom 

in of (a). The change in N2 leak rate indicates that the pore(s) in monolayer graphene are not stable 

and the pore size can change. After the pore was enlarged, the membrane was able to allow SF6 to 

leak through the membrane. 

a b 

a b 
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Figure 5-8 (a) Normalized dn/dt vs. Molecular size showing permeation of all gas species larger than 

CH4 before and after etching. This membrane was damaged before the CH4 data could be taken. (b) 

Normalized dn/dt vs. Molecular size for the membrane “Bi-3.4 Å” before and after etching. (c) 

Normalized dn/dt vs. Molecular size for a membrane showing an increase in the leak rate of H2, and 

no significant increase in the leak rate for CO2, Ar, N2, and CH4. (a), (b), and (c) where all from the 

same graphene flake that can be found in the inlay of Fig 1f from chapter 4. 

 

 

 

  

a b c 
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the sample presented in Figure 5-5 (“Bi-3.4Ǻ”) but is included here for comparison, and Figure 

5-8c shows the leak rate of a membrane that showed molecular sieving of H2 versus CO2 and 

larger molecules (Ar, N2, and CH4). This suggests that the pore size for the membrane in Figure 

5-8c is between 2.89 Ǻ and 3.3 Ǻ [176]. 

5.5. Conclusions 

In conclusion, we have demonstrated selective molecular sieving using porous, μm-sized, 

atomically-thin graphene membranes. Pores were introduced in graphene by UV-induced 

oxidative etching and the molecular transport through them was measured using both a 

pressurized blister test and mechanical resonance. Our results are consistent with theoretical 

models in the literature based on effusion through angstrom-sized pores [17], [58]. The results 

presented here are an experimental realization of graphene gas separation membranes by 

molecular sieving and represent an important step towards the realization of macroscopic, size-

selective porous graphene membranes. The approach used here can also be used to probe the 

fundamental limits of gas transport by effusion through angstrom-sized pores with atomic-sized 

channel lengths. 
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6. Towards Large Scale Graphene Membranes for Gas Separations 

6.1. Introduction 

In Chapter 5 we demonstrated proof of concept results on the ability for graphene to act 

as a molecular sieving gas separation membrane. However, this was on a small scale (~5 um 

diameter membranes) and much work needs to be done to make graphene gas separation 

membranes a viable technology for industrial applications. This chapter focuses on strategies to 

scale up the micron sized porous graphene to the mm size scale. The goal of this chapter is to 

take the next step in realizing industrial scale porous graphene membranes for gas separations. 

This will be accomplished by using graphene films grown by CVD on copper or nickel foils 

[41]. Once the graphene films are grown via CVD on copper foils graphene films will then be 

transferred to porous ultrafiltration support membranes [39], [42], [43], [44], [177]. This will 

result in an asymmetric membrane were selectivity of gases will be accomplished by molecular 

sieving through the porous graphene layer.  

The first step in realizing CVD graphene gas separation membranes will be to produce 

impermeable graphene films grown by CVD. Since CVD graphene films are polycrystalline 

defects in the crystal boundaries could potentially be detrimental to the selectivity of such a 

membrane [17], [177]. In addition CVD graphene films are subject to voids in the film during 

growth were the individual grains did not connect in the growth process [178], [179]. In order to 

make highly selective membranes a method of creating continuous impermeable films has been 

explored. The primary method for producing impermeable graphene membranes will be to stack 

multiple single layers graphene films together on the porous support [180]. The advantage to this 

technique that the defect free zones of individual layers will stack on the defective grain 
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boundaries of the adjacent layers. Our initial results on micron-sized graphene flakes show that 

etching of bilayer flakes is more controllable and leads to more stable pores suitable for gas 

separations.  

Once impermeable graphene films are created, etching will then be done to open up size 

selective pores to separate gases. Etching to open up pores in the graphene films will initially be 

done using UV-induced oxidative etching similar to what was reported in Chapter 5. Permeation 

of the mm-scale graphene membranes will be measured using a time lag permeation apparatus 

that was recently built in our lab.  A schematic of the time lag permeation apparatus can be seen 

in Figure 6-1a and b picture of the set up can be seen in Figure 6-1b. The next section will focus 

on time lag permeation measurements and the measurement apparatus built in our lab. 

6.2. Measurement of Large Scale Graphene Membranes 

The experimental set up of the time lag permeation measurements can be seen in Figure 

6-1 (a and b). The set up consist of a membrane cell with pressure sensors on each side of the 

membrane to monitor the upstream and downstream pressures as a function of time. The 

membrane accepts circular membranes with a diameter of 8 mm. The upstream side is connected 

to a gas source with pure component gasses being used. Typically H2, CO2, O2, N2, and CH4 are 

used due to their well-known kinetic diameters of 2.8 Å, 3.3 Å, 3.46 Å, 3.64 Å and 3.8 Å 

respectively. The downstream side is connected to a vacuum pump to evacuate the downstream 

side to a negligible level prior to experimentation. Figure 6-1c shows a typical downstream 

pressure versus time measurement for a dense membrane. Once steady state is reached, i.e. the 

pressure verse time relation becomes linear, a line with the same slope as the linear region can be   
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Figure 6-1 (a) Schematic of the time lag gas permeation measurement system. (b) Photo of the time 

lag permeation measurement system used in this study. (c) Schematic of a typical downstream 

pressure response for a dense membrane undergoing solution diffusion. 

  

a b 

c 
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traced down to the x-axis to find the time lag. This time lag is how long it took the membrane to 

saturate. The slope of the line dp/dt is the steady state rate of pressure rise and can be used to 

compute the permeability rate P with the following equation [181]: 

0

0

VT Ldp
P

dt A pTP

 
  

 
 {6-1} 

where P is the permeability coefficeient also the permeability rate, dp/dt is the steady state rate 

of pressure rise on the downstream side of the membrane, V is the calibrated downstream volume 

(see APPENDIX 2), ∆p is the pressure difference across the membrane, A is the area of the 

membrane, L is the thickness of the membrane, T is the measurement temperature, and T0 and P0 

are the standard temperature and pressure, respectively. After finding the permeability rate of 

each component the ideal separation factor (αAB) can be calculated. The ideal separation factor is 

defined the ratio of permeation rate of component A over B 

A
AB

B

P

P
   {6-2} 

where PA is the permeation rate of component A and PB is the permeation rate of component B.  

6.3. Large Scale Graphene Membrane Fabrication 

To date two techniques have been explored to fabricate large scale graphene gas 

separation membranes using CVD graphene grown on copper foils. For both techniques 

graphene is grown on 25 µm thick copper foils
13

 in a tube furnace with Ar, CH4 and H2 flow at 

1000˚C at ambient pressure
14

 [39]. After growth the graphene is transferred to a polymer support. 

                                                 
13

 Copper foils are from Alfa Aesar and are ordered with no chromium oxide passivation layer. 
14

 Flow rates for the gases are 5sccm CH4, 6sccm H2, 200 sccm Ar. Growth time was 10 min. H2 and Ar were 

flowing during the heating process. 
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I will refer to these techniques as the polymer carrier transfer technique and the press transfer 

technique [43], [44], [177]. The polymer supports used here are either porous Polysulfone (PSf) 

ultrafiltration membranes with a nominal molecular cut off of 70mg/mol supplied from GE 

infrastructure. We used Ammonium persulfate [(NH4)2S2O8] as the oxidative etching solution at 

a concentration of 1 M to etch away the copper foils. When the graphene is grown on the copper 

foils both sides are initially coated with graphene(Figure 6-2a). For the following transfer 

techniques one side of the graphene needs to be removed. We do this by etching one side of the 

graphene by floating it in the etching solution for a short time (Figure 6-2b) and then removing it 

from the solution and rinsing it with deionized (DI) water to rinse the graphene off of that side 

(Figure 6-2c).  

6.3.1. Polymer Carrier Transfers 

This technique consists of first casting a polymer layer over the graphene layer grown on 

copper (Figure 6-2d). This is typically accomplished by spin casting to get a thin polymer layer, 

and Poly(methyl methacrylate) (PMMA) is the polymer typically used for such transfers[180]. 

We used PMMA with a molecular weight of 966k dissolved in Anisole at 80 mg/ml. Once the 

polymer is cast on top of the graphene, the copper foil is then placed in an oxidation bath to etch 

away the copper foil leaving behind a layered composite of PMMA on top of graphene (Figure 

6-2e). Next, the graphene/PMMA is gently transferred to a bath of DI water to wash away the 

Ammonium persulfate and other residuals from the etching process (Figure 6-2f). Once the 

graphene/PMMA is in the DI water the substrate it is to be transferred to is submerged in the DI 

water and placed directly under the graphene/PMMA stack. Finally the DI water is slowly 

drained out of the container and the graphene/PMMA is lowered onto the substrate and the 

substrate/graphene/PMMA stack is left to dry overnight (Figure 6-2g) [42]. 
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Figure 6-2 Graphene transfer process. (a)-(c) is used to remove the graphene layer from the 

backside of the copper foil. (d)-(g) are the steps for the polymer carrier transfer technique. 
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To make multilayer graphene films, the graphene/PMMA stack can be transferred to 

another copper foil with graphene grown on top of it in the same fashion as describe above for 

transferring to a polymer support. Now we have a copper foil with 2 layers of graphene followed 

by the PMMA carrier layer. Next, the 2 layer graphene plus PMMA stack can be transferred by 

etching the copper foil. This can repeated to get until the desired number of layers are attained 

and then the graphene layers with PMMA on top can be transferred to the polymer support. We 

did not wash or burn the PMMA off due to the fact that the PSf support was sensitive to both 

treatments. The final product is a PMMA, n-layer graphene, PSf support stack.  

6.3.2. Press Transfers  

The press transfer technique was developed to eliminate the need for the polymer carrier 

layer which is influential in the gas transport measurements [44], [177]. We start with a copper 

foil with graphene on one side. Next, we place our polymer support directly onto the copper foil 

with the graphene, sandwiching the graphene between the polymer support and the copper foil. 

We then place it between two glass microscope slides and apply ~20psi at 70˚C for 90 minutes 

(Figure 6-3a). After the pressure and heat treatment, we remove the copper 

foil/graphene/polymer support from the glass slides and place this in the etching solution to 

remove the copper foil (Figure 6-3b). After the etching of the copper foil, we are left with 

graphene adhered to the polymer support. We remove this from the etching solution and place it 

a DI water bath to clean the graphene from residual etching solution (Figure 6-3c). Once 

removed from the DI water bath, we dry it in air overnight.  

Using this method, we can also make multilayer graphene films. In order to do this, we 

press the graphene/polymer support against another piece of graphene grown on a copper foil.  
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Figure 6-3 (a)-(c) Schematic of press transfer technique. 
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We then repeat the above procedure and are left 2 layers on top of our polymer support. We can 

then repeat this procedure until we have the desired number of graphene layers. 

6.4. Results 

Single component gas permeation rates were measured for transferred CVD graphene 

films with 1 through 6 layers of graphene using both the polymer carrier layer technique and the 

press transfer technique mentioned above. Both sets of results are for graphene transferred to a 

porous PSf support. Figure 6-4a shows the results for bare PSf along with PMMA transferred to 

the PSf support and 1 layer of graphene transferred to the PSf support with the PMMA layer on 

top of the graphene. We can see that the PMMA and graphene are both acting as barriers and the 

graphene is blocking some of the pores in the PSf support. Figure 6-4b shows the results for1, 2, 

3, 4, and 6 layers of graphene with PMMA on top of the graphene layers. The general trend is 

that additional graphene layers act as an increased barrier but there is significant scatter in the 

results. This could be due to variations in the quality of the graphene grown or variations in the 

thickness of the PMMA layer.  

To avoid variation in the PMMA layer thickness we moved to the press transfer method 

in which PMMA is not used in the transfer process. The results for PSf, pressed with an annealed 

copper foil but without any graphene grown on the copper foil as a control for the press 

technique and 1 through 4 layers of graphene transferred to the PSf support. Figure 6-4c shows 

the results which are similar to that of the PMMA transfer technique expect that the permeation 

rates are higher than the PMMA transfer technique due to the absence of the PMMA layer. The 

trend of the addition of graphene layers acting as a barrier is less clear in this data as opposed to  
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Figure 6-4 Single component transport measurements for the two transfer techniques. (a) and (b) 

are for the PMMA transfer technique and (c) is the results for the press transfer technique.  

a 
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the polymer carrier transfer process. Again we have significant scatter in the results. Possible 

origins of this scatter are the heat and pressure treatment collapsing the pores in the PSf support 

and/or variations in the quality of the CVD graphene films.  

A number of challenges have been encountered with the creating large scale gas 

separation membranes with graphene. Among the challenges are creating large scale membranes 

from CVD graphene that are impermeable barriers. This could be due to voids in the graphene 

films or small voids being created in the membranes during the transfer process. These voids 

could not be detected using optical microscopy. O’Hem et al. showed that CVD graphene films 

can have intrinsic defects on the order of 1-15 nm which would be detrimental to graphene being 

an impermeable barrier or using graphene as a gas separation membrane [177]. We also had 

challenges with both transfer techniques due to variations in the processing which could be 

contributing to the changes in transport. 

6.5. Conclusions    

In this chapter we explored the first steps to fabricating large scale CVD grown graphene 

membranes for gas separations. The first step was to fabricate impermeable barriers. We 

introduced two techniques to make large scale graphene films and measured the transport 

properties across films created by these methods. Although we did not create perfectly 

impermeable barriers we showed that as the number of graphene layers is increased the barrier 

properties also increased. More work will need to be done to understand why the graphene films 

are not acting as complete gas barriers.  



114 

 

7. Conclusions and Suggestions for Future Work 

7.1. Summary 

This thesis examined the mechanics and adhesion as well as explored gas separations with 

thinnest possible material, graphene. Chapters 1-3 included an overview of the basic concepts 

relevant to the experimental results presented in Chapters 4-6. Chapter 1 began with discussing 

mechanical properties of materials and the fundamentals of gas separation membranes. Chapter 2 

provided an introduction to carbon allotropes and graphene and an introduction to using 

graphene as a gas separation membrane. Chapter 3 started with a review of adhesion and then 

introduced methods for measuring adhesion and in membranes. Chapter 3 also included the 

fundamental mechanics, both static and dynamic, of circular membranes. 

The experimental section started in Chapter 4. Here a pressurized blister test was used to 

measure both the in-plane mechanical properties and adhesion energy of monolayer and few 

layer graphene suspended over a circular cavity in silicon dioxide. The adhesion energy between 

graphene and silicon dioxide was found to be 0.45 ± 0.02 J m
-2

 for monolayer graphene and 0.31 

± 0.03 J m
-2

 for samples containing two to five graphene layers. These values are larger than the 

adhesion energies measured in typical micromechanical structures and are comparable to solid-

liquid adhesion energies. We attribute this to the extreme flexibility of graphene, which allows is 

to conform to the topography of even the smoothest substrates, thus making its interaction with 

the substrate more liquid like than solid like. In addition we found that the in-plane mechanical 

properties are consistent with previously reported values. 

In Chapter 5 we show that ultraviolet-induced oxidative etching can create pores in 

micrometer-sized graphene membranes, and the resulting membranes can be used as molecular 
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sieves. A pressurized blister test, similar to that used for testing the mechanical properties, and 

mechanical resonance are used to measure the transport of a range of gases (H2, CO2, Ar, N2, 

CH4, and SF6) through the pores. The experimentally measured leak rate, separation factors, and 

Raman spectrum agree well with models based on effusion through a small number of angstrom-

sized pores. 

 In Chapter 6 we work toward creating large scale gas separation membranes from CVD 

grown graphene films. CVD graphene films are grown on copper foils and transferred to a 

polymer support or suspended over openings in copper. Films are measured in a time lag 

permeation apparatus to get gas permeation and ideal gas separation factors. 

7.2. Future Outlook 

The field of graphene adhesion is one that is currently blossoming and there is still much 

to be explored and learned about graphene. There is still a lot to be learned about graphene to 

substrate, as well as graphene to graphene interactions, from both an experimental and 

theoretical perspective. The origin of monolayer graphene having a higher adhesion energy still 

needs to be fully understood. One possible explanation that is currently being explored further is 

the effect of surface roughness on adhesion of single and few layer graphene. These studies are 

still in their infancy [157]. Many more aspect of graphene adhesion are still ripe to be explored 

such as graphene adhering to materials other than silicon oxide[69] and graphene adhesion to 

biological cells [182]. A better understanding of graphene to graphene and graphene to substrate 

interactions can be used to make future devices and also improve graphene transfer processes 

[183]. 
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As can be seen from the conclusion of Chapter 6 there is still a large amount of work to 

be done before graphene membranes are suitable for industrial scale gas separation applications. 

A variety of advances need to be made in the large scale manufacturing of graphene membranes 

including higher quality CVD grown graphene and the transfer of those graphene films to the 

appropriate supporting material. There are other methods to producing large scale gas separation 

membranes that remain largely unexplored such as incorporating graphene into a polymer matrix 

for gas separation application. It could also be that graphene is not the ultimate answer for more 

gas separation membranes and another 2D material with intrinsic pores suitable for gas 

separations might prove to be a better solution. Since the discovery of graphene there have been 

a wealth of other 2D materials proposed and synthesized. 

One route might be with two dimensional polymers [184], [185]. The field of 2D 

polymers is growing quickly. Polymers could be synthesized more quickly and require less 

energy to manufacture. Where graphene must be synthesized at 1000 ˚C on a metal catalyst 2D 

polymers can be made in solution at more moderate temperatures and thus be cheaply and easily 

manufactured on a large scale [186]. 

In addition, there is much to be learned about the gas transport properties across 

molecular sized pores. Even if graphene is not the ultimate answer when it comes to gas 

separation membranes, much can be learned about the transport across these novel pores. Never 

before has there been a chance to so carefully measure the transport through a few number of 

pores but it will no doubt lead to a wealth of knowledge in this area and perhaps guide the design 

of the next generation gas separation membranes. 
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APPENDIX 1 

 

We use the method of image charges to estimate the influence of trapped charges in the 

SiO2 on the adhesion of graphene to the substrate. The adhesion needed to move a density of 

charges from a distance d from the conducting plane out to infinity is given by equation {3-11}. 

If we assume all the charges are on the surface of the SiO2 and that the equilibrium spacing 

between the graphene and SiO2 is equal to that of the equilibrium spacing of graphite d = 0.34 

nm. The charge density needed to produce our measured adhesion energy of 0.31 J/m
2
 is ~9x10

17
 

m
-2

. The charge density of SiO2 is reported to be 2.3x10
15

 m
-2

 [187]. Seeing that the reported 

value of the charge density in SiO2 is almost three orders of magnitude lower, we can conclude 

that trapped charges do not have a significant contribution to the adhesion energy value we 

measure. Other studies have used potassium ions to increase the charge density present in the 

oxide [188]. The concentration of potassium ions was as high as ~5 x 10
16

 m
2
. This upper limit 

of the extrinsic doping concentration results in a charge density that is one order of magnitude 

less than that needed to have adhesion energies on the order of what we measured. These results 

show that the effect of charge impurities in the SiO2 below the graphene will not significantly 

influence our measure of adhesion energy. 
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APPENDIX 2 

 

As can be seen from equation {6-1} in order to calculate the permeability of a given 

membrane the volume, V, of the downstream side of the measurement apparatus must be known. 

In order to find the volume of the downstream side, we first put an impermeable metal foil in the 

place of the membrane to seal the two volumes. Next both sides are pumped down to vacuum 

and then the upstream side is filled to given pressure, P1. Next, the “large” upstream volume (this 

will be referred to as VL) is open to the “small” downstream volume (VS) and the added volume 

will cause the pressure to drop to P2. Since there are two unknowns we will next need to insert 

solid object of known volume and repeat the process. For the objects of known volume we use 1 

inch stainless steel ball bearing of volume Vbb. Measurements were done with 0 to 35 ball 

bearings. To find the two volumes a linear fit of the data was taken and the relationship between 

P1, P2, and the number of ball bearings, Nbb is derived from the ideal gas law (equation {5-1}) 

assuming isothermal expansion between the two volumes to find the unknown volumes. The 

equation to find VL and VS given by 

1

2

1

1

bb S
bb

s L

V V
N

P V V
P

  



 
{A2-1} 

Now since we know Vbb, we can find VS and VL from the slope and intercept of the linear fit to 

the data in Figure A2-1d. From the linear fit we find that the slope is 1.069 and the y-intercept is 

94.27. Now knowing Vbb = 2.145cm
3
 we calculate VS and VL to be 2.007 cm

3
 and 189.2 cm

3
 

respectively. Now that the downstream volume is well known, accurate measurements of the flux 
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across the membrane can be found from the measurement of dp/dt taken from the downstream 

pressure sensor.  
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Figure A2-1 (a) Schematic of method for volume calibration. The green circles represent the ball 

bearings of a known volume Vbb that are used to find the large and small volumes. (b) Graph of 

number of ball bearing, Nbb, vs 1/(P1/P2-1). A linear fit of the data, red line is used to find the 

volumes. 

 

a b 
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