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ABSTRACT 
 

This thesis focuses on the gas transport of porous graphene membranes. Moreover, it 

includes the mechanical properties of ultrathin films of atomic layer deposition (ALD) Al2O3. 

The ability to control the quantity and location of a single file molecular flux to a precise 

location in space has important applications to nanoscale 3D printing, catalysis, and sensor 

design. Barrier materials containing pores with molecular dimensions have been used to control 

molecular compositions in the gas phase, but unlike their aqueous counterparts, none has enabled 

an ability to observe or control single pore transport. Herein, we demonstrate gas transport 

through atomically thin, monolayer graphene opened with a single molecularly-sized, sub-nm 

pore demonstrating the ability to detect and control the gas flux. This is accomplished using ~nm 

sized gold clusters formed on the surface of the graphene. Such clusters migrate and partially 

block the pore. We also observe stochastic switching of small magnitude in the gas flux 

indicative of modulation by a single pore even without gold clusters. The stochastic switching is 

fit to discrete and repeatable states. These nanopore molecular valves open possibilities for 

unique sensors, catalytic processes, and approaches to molecular synthesis  based on the 

controllable switching of a molecular gas flux reminiscent of ion channels in biological cell 

membranes and solid state nanopores. 
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In this thesis, a method is also presented to create and characterize mechanically robust, 

free standing, ultrathin, oxide films with controlled, nanometer-scale thickness using ALD on 

graphene. Aluminum oxide films were deposited onto suspended graphene membranes using 

ALD.  Subsequent etching of the graphene left pure aluminum oxide films only a few atoms in 

thickness. A pressurized blister test was used to determine that these ultrathin films have a 

Young’s modulus of 154 ± 13 GPa.  This Young’s modulus is comparable to much thicker 

alumina ALD films.  This behavior indicates that these ultrathin two-dimensional films have 

excellent mechanical integrity. The films are also impermeable to standard gases suggesting they 

are pinhole-free.  These defect-free, micron-dimensioned, 2-D ultrathin films are expected to 

enable new applications in fields such as thin film coatings, membranes and flexible electronics. 
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Chapter 1 Introduction 

1.1 Introduction 

Two dimensional materials were forecast to be unstable, due to the rapid drop of melting 

temperature of thin films.
1-5

 Though people have sought two dimensional materials for decades, 

there was a lack of success until Geim and Noveselov first isolated graphene (purely two 

dimensional crystal) from graphite at 2004.
6
 For graphite, there are strong covalent bonds in the 

plane, and weak van der Waals forces, holding these sheets together. This makes graphite easy to 

be shaved to form single atomic sheets of graphite or graphene. Graphene has superior properties, 

including electrical, mechanical, and thermal properties. Our group is more interested in the 

mechanical properties. Following are some of the mechanical properties, which are related to my 

research. James Hone’s group used AFM nanoindentation to measure graphene’s breaking stress 

of 130GPa, which is 100 times stronger than structural steel, and its Young’s modulus is ~1 

TPa.
7
 Scott Bunch used a bulge test to detect that graphene is impermeable to standard gases.

8
 

This tells us that we may introduce customized nanopores into pristine graphene for separating 

gases/ions or DNA sequencing.  

For our research, graphene with pores is an ideal membrane material for gas separation. It 

is atomically thin which means that flux is maximized. Its high breaking strength makes it 

possible to bear high pressure difference for a long time, and pristine graphene is impermeable to 

standard gases, which gives us the chance to create customized pores to separate our target gases. 

From simulation results at Oak Ridge National Lab, the selectivity for H2/CH4 was predicted to 

be extremely high for porous graphene.
9
 



2 

 

1.2 Outline 

This thesis presents some of the first experiments on the gas separation properties of 

porous graphene, the gas transport through single sub-nm pores in graphene, and the mechanical 

properties of ultrathin Al2O3 ALD films. Chapter 1-3 give an overview of the basic concepts, 

which are related to the experimental results presented later in this thesis. Chapter 4 contains the 

experimental results for molecular sieving from porous graphene. Chapter 5 shows the first 

experimental results of testing the interaction of gas molecules with single pores in graphene. 

Chapter 6 is the first step to realizing gas separation from ultrathin Al2O3 ALD films. We studied 

the production methods, as well as the mechanical properties for the films to pave the way for 

ultrathin ALD films for gas separation. 

 

1.3 Primary Accomplishments 

By now, the research has been published in three journal articles and two conference 

presentations. 

Selected Peer Reviewed Journal Articles: 

 L. Wang, L. W. Drahushuk, S. P. Koenig, X. Liu, J. Pellegrino, M. S. Strano, J. S. Bunch. 

“Single Nanopore Molecular Valves in Graphene for Controlling Gas Phase Transport”. 

(Submitted) 

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

Porous Graphene”. Nature Nanotechnology, 7, 728-732, 2012 

 L. Wang, J. J. Travis, A. S. Cavanagh, X. Liu, S. P. Koenig, P. Y. Huang, S. M. George, J. 

S. Bunch. “Ultrathin Oxide Films by Atomic Layer Deposition on Graphene” Nano Letters, 
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12(7), 3706-3710, 2012 

 

Selected Conference Presentations: 

 American Physics Society(APS), March 2014, Presentation 

 Material Research Society(MRS), Fall 2012, Poster 

 

Technical Contributions: 

 Built and set up the optics for Nano-Electrical-Mechanical-Systems (NEMS) mechanical 

resonators drive and detection with the help of Steven Koenig and following Harold 

Craighead group’s design. Aligned the optics and updated the components, which achieved 

and optimized the resonance signal. Was in charge of the resonance measurements for the lab.   

 Maintained and repaired the atomic force microscope. 

 Assembled several pressure chambers for bulge test measurements. 

 

 

1.4 Graphene and Other Two-Dimensional Materials 

A wonderful material with many advantages, graphene is a rising star in science. It is a 

single atomic layer of sp
2
-bonded carbon atoms arranged in a close-packed honeycomb lattice. 

Many of graphene’s unique properties can be derived from its chemical structure
10,11

, which is 

presented in Fig. 1.1.  
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(a)                                              (b) 

Fig. 1.1 (a) STM image for graphene; (b) chemical structure for carbon atom in graphene.
10,11

 

 

Graphene is the thinnest material in the world, and extremely robust (the Young’s 

modulus is around 1.0 TPa
7
). As a single layer of atoms, the mass/unit surface area of graphene 

is quite negligible
12

. Recently, Bunch’s group found that the graphene membranes have 

ultrastrong adhesion energy to a silicon oxide substrate. For monolayer, the energy is 0.45 J/m
2
; 

and for two to five layers, the energy is 0.31 J/m
2
.
13

 In addition to its mechanical properties, 

graphene exhibits unique thermal properties as well.
14

 Due to its high thermal conductivity and 

in conjunction with its mechanical strength, graphene looks to be a promising material for heat 

control in high density, high speed integrated electronic devices. In addition, graphene is known 

to have a negative coefficient of thermal expansion, meaning the material expands upon 

cooling.
15

 One of the most well-known electrical properties of graphene is that graphene displays 

the quantum Hall effect (QHE). The QHE is a quantum-mechanical version of the Hall Effect, 

which normally requires a strong magnetic field and extremely low temperature (around 3K), 

observable only in very clean silicon or other semiconductor solids. In graphene, however, the 

QHE can be observed at room temperature, which can be attributed to the high mobility of 

charge carriers in graphene.
16-18

 Nair measured the optical absorption of graphene.
19

 It can 

absorb light from visible to infrared with 2.3% absorption for monolayer.
19
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There are three primary ways to make graphene. Firstly, the easiest and traditional way is 

mechanical exfoliation. Graphene sheets can be stacked to form graphite, however each layer is 

only held to another by weak van der Waals forces. Because of the strong bonding within a sheet 

of graphene and weak bonding between sheets, one is able to produce graphene by cleaving apart 

sheets of graphene from graphite using scotch tape.
6
 Secondly, graphene can be created from 

epitaxial growth.
20,21

 After heating up SiC in argon, Si will sublimate. The residue carbon atoms 

will assemble into graphene layers. But one drawback of SiC is the expensive price of the 

material. Thirdly, the most common used method growth method is chemical vapor deposition 

(CVD). They are two widely used catalysts, nickel
22

 and copper.
23

 Since the layers and qualities 

of graphene are hard to be controlled for nickel foil, most of the labs use copper for growth. The 

graphene growth on copper is a surface-catalyzed process, wherein surface decomposition of the 

precursor leaves carbon atoms that assemble into the 2-D graphene without carbon intercalation 

into the metal.
23

 So the graphene growth on Cu is self-limited monolayer growth. As shown in 

Fig. 1.2, Ruoff’s group reported graphene flakes as big as millimeters in diameter.
24

 

 

 
Fig. 1.2 large graphene domain.

24
 

 

After graphene was discovered, other layered materials were also studied.
25

 Transition 

metal oxides and transition metal dichalcogenides have layered structures,
26

 which makes them 

major 2D materials beyond graphene for study. For the electrical properties, NbS2, NbSe2, and 
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TaSe2 are superconductors;
26

 NiTe2 and VSe2 are semi-metals,
26

 WS2, WSe2, MoS2, MoSe2, 

MoTe2, TaS2, RhTe2, PdTe2 are semiconductors,
26

 h-BN, and HfS2 are insulators.
26

 For instance, 

bulk MoS2 has an indirect band gap, while the monolayer one has a direct band gap.
27,28

 

Decreasing the layer number N in MoS2 leads to the gain in the indirect gap, with the direct gap 

almost unchanged. The indirect-direct-gap crossover is achieved with monolayer thickness.
28

  

Several methods can lead you to a single layer from layered materials, i.e. mechanical 

exfoliation,
29

 laser ablation,
30

 liquid phase exfoliation,
31

 and synthesis by thin film techniques.
32

 

One application for the layered materials is atomically thin heterostructures.
25

 One can stack 

conductive, semi-conductive, insulating materials with atomic precision, fine-tuning the 

performance of the resulting material.
33

 One superstructure in Fig. 1.3 can be used in tunnel 

devices, such as field effect transistors (FETs), diodes and light emitting devices.
34

 

 

 
Fig. 1.3 Schematic hybrid superstructure.

34
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1.5 Nanopores  

Pristine graphene is impermeable
8
 to any standard gases or other molecules, which makes 

graphene an ideal starting material for nanopore applications. By tuning the size of nanopores, 

one can achieve DNA sequencing (few nanometers), ion separation (few angstroms), or gas 

separation (few angstroms).  

To get a thorough understanding of nanopores through graphene, we may need to review 

the history of nanopores. DNA sequencing is one of the biggest and most important applications 

for nanopores since it is a label-free, amplification-free, single-molecule approach which 

involves low reagent volumes and low cost.
35

 The mainstream method is ion-current blockade: 

Since the DNA is a charged molecule, the electric field across the nanopore will drive DNA 

through it. Once DNA goes through the pore, it will partially block the path of ions, which leads 

to a drop in the ionic current (as shown in Fig. 1.4).
36

 In the case of a cylindrical solid-state 

nanopore in a high ionic strength KCl solution (>100mM), the current can be estimated as:
37

 

                   
  

    
 

 
                                    (1-1) 

where     and     are the electrophoretic mobilities,      is the number density of    ,   is the 

quantity of electricity for one electron,   is the pore diameter,   is the pore length, which is equal 

to the membrane thickness. 
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Fig. 1.4 (a) Schematic of DNA passing the nanopore, with corresponded ionic current; (b) Four parameters in 
translocation process: the blockade duration tdwell, the time between translocation events τ, the amplitude of 
blockade current, the capture rate.36 

 

In the 1990s, biological pore α-haemolysin was accomplished for DNA 

sensing/sequencing.
38

 Though α-haemolysin is dominant as a biological nanopore, other more 

efficient biological nanopores are emerging, i. e. octameric protein channel MspA.
39

 Biological 

pores have proved to be useful for translocation experiments, but they also have some limitations: 

fixed sizes, lack of stability, and are ultra-sensitive to experimental conditions (pH, temperature, 
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mechanical stress, and salt concentration).
35,38

 Interest in solid-state nanopores has been 

increasing rapidly these years, due to their high stability, controllability of pore size, versatile-

design ability.
35,38

 The fabrication of solid-state nanopores includes thin membrane fabrication, 

and nanopore probing. SiNx has traditionally been the nanopore membrane material, due to its 

high chemical stability and low mechanical stress.
35

 From Fig. 1.5, thin SiNx layer is deposited to 

both sides of bare Si. Using photolithography, followed by reactive ion etching to etch away 

designated pattern for the bottom SiNx. Then the anisotropic wet etching is present to etch 

through the Si to form the suspended SiNx membrane on top. The last step is poking hole on the 

membrane, through ion beam sculpting or other methods.
36

 The nanopore probing is the key 

process for solid-state nanopores. Different methods can be chosen for different membrane 

materials, i.e. SiN, SiO2, SiC, Al2O3, or graphene (Fig. 1.6).  

Compared with other materials, graphene has huge advantages for nanopore applications. 

From the ionic current equation, we can see that the thinner the membrane, the larger the current. 

But the fabrication of robust, ultrathin membranes from traditional materials is a challenge. 

Golovchenko’s group successfully made nanopores on graphene for DNA sensing.
40

 As shown 

in Fig. 1.7, individual double-stranded DNA (dsDNA) molecules were detected using 8nm 

nanopores in suspended chemical vapor deposition (CVD) graphene by a focused electron beam. 

They found that the ionic conductance of the nanopore was proportional to the pore diameter 

instead of pore area.
40

 This agrees with theory for an effective membrane thickness of almost 

zero, whose dominant resistance is the access resistance, which is inversely proportional to the 

pore diameter.
41
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Nanopores are widely used as biosensors. Besides the potential for DNA 

sensing/sequencing, nanopores have some immediate applications, including medical diagnostics, 

MicroRNA expression profiling, epigenetic analysis, genetic analysis, and genomic profiling.
35

 

 

 
Fig. 1.5 Schematic of the fabrication for a membrane and nanopores.36 
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Fig. 1.6 Various images of solid-state nanopores. (a) 1.8nm nanopore in SiNx from Ar-ion beam sculption.42 (b) 
2nm nanopore in SiO2, using tightly focused electron beam followed by high-intensity wide-field TEM 
illumination.43 (c) TEM image of sub-10 nm nanopore on graphene fabricated by transmission electron beam 
ablation lithography.44 (d) 3 nm pore poked with a Ga focused ion beam in SiC membrane.45 (e) 4nm 
nanopore fabricated from He ion microscope in a SiNx membrane.46 (f) 18nm nanopore from 
electrochemically deposition with Pt.47 (g) 30nm nanopore from local oxide deposition with ion-beam 
deposition.48 (h) 2nm nanopore from local oxide deposition with electron-beam induced deposition.49  

 

 
Fig. 1.7 Top left: Schematic of the nanopore on the suspended graphene film; Top right: TEM image of the 
8nm nanopore; Bottom: graph of event blockage vs. event duration showing the ability to distinguish the 
folded DNA(inset left) and unfolded one (inset right).40  
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1.5 Gas Transport Mechanisms through Permselective 

Membranes 

In the previous section, we introduced the concept of nanopores, especially the few 

nanometer diameter nanopores in graphene for DNA sensing. This chapter, we will focus on 

membranes, which contain pores (or free volume) for gas separation. Especially, we will 

highlight nanopores with few angstrom diameters on graphene, which can be used for molecular 

sieving/effusion gas separation. To the best to our knowledge, no group has experimentally 

achieved angstrom-sized nanopores for gas separation in graphene prior to our work.
50

 But 

theoretical and simulation work previously done guided our research.  

To understand gas separation it is necessary to understand the fundamentals of gas 

transport. Gas kinetic theory makes a bridge between the macroscopic properties and their 

microscopic constituents. Though the size of a gas molecule is in the angstrom range, they still 

obey the classical mechanical laws of matter in most situations. The kinetic theory is based on 

dynamics and statistics. Due to the dilute density of gases compared with liquids or solids, the 

gas molecules move about freely and are separated by large distance compared with their 

dimensions. Like classical particles, they move in straight lines until a collision occurs. After 

they separate, they will move off with different velocities. Velocity and position are two 

important parameters for the molecules' movement. Phase space is a two dimensional space 

which specifies the location and velocity of the particle.  

The Maxwell-Boltzmann distribution is the distribution of molecular velocities under 

equilibrium conditions. 
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                                                 (1-2) 

where    
 

 
    ,   

 

   
.  ,  , and   are the molecular mass, Boltzmann’s constant and the 

temperature, respectively.  

 

The parameter   is directly related to the average kinetic energy of molecules. 

           
  

  
                                                (1-3) 

After putting in all the values for the parameters, the speed distribution of molecules 

under equilibrium conditions is (Fig. 1.8): 

           
 

    
      

   

                                   (1-4) 

 

 
Fig. 1.8 Maxwell-Boltzmann distribution.51 

 

where the scale parameter    
  

 
.  

The mean value of the velocity is:
52
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                   (1-5) 

Gas molecules which strike the wall of the container is(as shown in Fig. 1.9), the flux    

is defined as the rate of flow of gas molecules per unit area:
52

 

                            
 

 
 

 

 
    

  

          
    (1-6) 

where     is the pressure in the container. 

 

 
Fig. 1.9 Schematic gas molecules striking the wall of the container, which leads to the flux (the flow rate per 
unit area). 

 

The mean free path is the average distance a gas molecule covers between two successive 

collisions. The mean free path is given by:
53

 

  
 

                                                             (1-7) 

where   is the number of gas molecules per unit volume,   is the diameter of the gas molecules. 

At room temperature, the mean free path of a gas molecule is around 100 nm. 

Molecular effusion explains escape from a container through a small orifice, whose 

thickness is thinner than the mean free path of the gas molecules. In this case, there is no 
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collision of the gas molecules to the walls of the pore, and the gas molecules will either be 

rejected by the wall, or directly go across the pore.
53

 Based on the flux of gas molecules striking 

the wall, the number of molecules escaping from the container is: 

        
   

      
 

   

       
                                                (1-8) 

where    is the area of the hole,    is the mass weight, and   is the gas constant. This is the 

classical effusion model, which will be used in the follow sections. To step ahead, the classical 

effusion describes molecules leaving box through a hole to vacuum; the number of residual 

molecules in the box at time t is: 

     
 

 

 
 

  

   
  

                                                 (1-9) 

where     is the number of molecules at t=0,   is the pore area,   is the volume of the box. The 

time constant is the time for the system to lose (1-1/e) of its total number of molecules, which 

means the decay time constant in this system is: 

  
 

 
 

   

  
 

 

 
 

    

  
                                           (1-10) 

Based on the theory of gas transport, membranes can be used to control the rate of 

permeations of different species to achieve gas separation. Normally, membranes are divided 

into two groups: microporous membranes and dense solution-diffusion membranes (as shown in 

Fig. 1.10).
54
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Fig. 1.10 Molecular transport through permanent porous membranes (left) or solution-diffusion membranes 
(right).54  

 

In solution-diffusion membranes, penetrants dissolve in the membrane material and then 

diffuse through the membranes. Most of the polymeric gas separation membranes are included in 

the solution-diffusion membranes. The free-volume elements in the membranes are the tiny 

spaces between polymer chains. Due to the thermal fluctuation, the polymer chains open and 

close the space in the membrane on the same timescale as the movement of penetrants traversing 

the membrane. The volume flux is:
54

 

   
       

 
                                                       (1-11) 

where     is the penetrant's diffusion coefficient,    is the sorption coefficient,     is the pressure 

difference cross the membrane, and   is the thickness of the membrane 

Then the membrane selectivity between two penetrants, i and j, can be derived as: 

    
  

  
 
  

  
                                                     (1-12) 

As indicated from the previous equations, both diffusion and sorption will affect the flux. 

Diffusion is the mobility term, which will decrease as the penetrants' size increases. Sorption 

coefficient depends on condensibility, which usually increases as molecules size increases. As 

shown in Fig. 1.11, in glassy polymers, the diffusion term is dominant, so permeability falls with 

increasing penetrant size. On the other hand, the sorption selectivity term mainly contribute to 
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the permeance in rubbery polymers. As a result, permeability increases as increasing the 

molecule's size in rubbery polymers. In application, glassy polymers can be used to permeate air 

gases (i. e. nitrogen) from organic vapors, while rubbery polymers permeate the organic 

vapors.
55

 

 

 
Fig. 1.11 Permeability for rubbery and glassy polymers vs. gas molecular volume.55 

 

In pore-flow membranes, the penetrants are transported through tiny permanent pores by 

pressure-driven flow. The key parameters in porous membranes are tortuosity, porosity, and 

average pore diameter as shown in Fig. 1.12. Differing in pore sizes, porous membranes can 

follow different mechanisms (Fig. 1.13). If the pore are relatively large (>1μm), gas permeate the 

membrane by convective flow, wherein no separation occurs. If the pores are relatively small 

(similar to the mean free path of the gas molecules), the diffusion through pores follow Knudsen 
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diffusion. The contributions combine convective flow and Knudsen diffusion is shown in Fig. 

1.14. If the pores are extremely small, molecular sieving transport dominates the permeance.  

For convective (Poiseuille) flow, the permeation flux is given by:
54

 

  
   

  
 
              

    
                                                (1-13) 

where   is the pore radius,   is the porosity of the membrane,   is the tortuosity,   is the thickness 

of the membrane,   ,    is the pressure on two sides of the membrane,   is the viscosity of the 

gas,   is the ideal gas constant, and   is the temperature. From the permeance equation of 

convective flow, we can see that there is no selectivity for different gas species. 

For Knudsen diffusion, the permeation is:
54

 

  
   

 
  

   

   
     

       

    
                                          (1-14) 

where    is the mass weight of the gas species. The Knudsen diffusion equation gives us 

indication that the gas species can be separated by the molecular mass differences. 
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Fig. 1.12 Porous membranes’ key parameters: tortuosity (τ), porosity (ε), and average pore diameter (d). 54 

 

 
Fig. 1.13 Transport mechanisms of porous membranes.54,56 
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Fig. 1.14 Illustration of the contributions of Poiseuille flow and Knudsen flow as a function of r/λ.57 

 

Molecular sieving for gases happens when the pore size is smaller than 1 nm. In this 

situation, surface adsorption and diffusion add some contributions to the permeance, which 

means the transport contains both diffusion in the gas phase and diffusion of adsorbed species on 

the surface of the pores (surface diffusion). The Knudsen diffusion and molecular sieving 

with/without condensable gases is shown schematically in Fig. 1.15. If the gas is condensable, 

significant amounts of gas can adsorb onto the pore walls. Sorbed gas molecules can move by a 

process of surface diffusion, which follows the Fick’s law: 

      
   

  
                                                   (1-15) 

where    is the part of the flux from surface diffusion,    is the sorbed gas, and    is the surface 

diffusion coefficient. 

Since the pore volume is small in molecular sieving case, the surface adsorption of 

condensed gas will dramatically influence the permeance of the noncondensable gas in the 

mixture.
58,59

 As shown in Fig. 1.16, sorption of sulfur dioxide on the pore walls of the 
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microporous carbon membrane can restrict or even completely block the flow of hydrogen, 

depending on the amount of SO2 sorbed.
60

  

 

 
Fig. 1.15 Permeation of noncondensable and condensable gas mixtures through porous membranes with 
Knudsen diffusion or molecular sieving.54 
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Fig. 1.16 Blocking of hydrogen (noncondensable gas) by changing the amount of SO2 (condensable gas) with 
microporous membranes.60  

 

The thinner the membrane, the larger the flux we can get. Using ultrathin films as the 

selective barrier is always a target for the development of membranes. A single layer graphene 

membrane is an ideal material for gas separation, due to its atomic thickness, ultra high strength, 

and chemically inert nature. However, the conventional analysis of diffusive transport through a 

membrane fails into the case of 2D atomically thin membranes.
61

 Following is the gas transport 

mechanism for atomic thin porous graphene membranes. There are two potential pathways for 

gas transport through porous single layer graphene: i.) effusion pathway; ii.) adsorbed phase 

pathway.
61

  

For the effusion pathway, the pores in graphene membranes have sub-nm diameter (Fig. 

1.17). As the size of the pore is comparable to the size of gas molecules, the shape and size of 

gas molecules cannot be ignored. This is because as the gas molecules are slightly off the center 
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of the pore, the repulsive atomic force they experience will increase dramatically. And the 

effusion parameters are the average of the gas molecules of all the entering angles and injecting 

positions to the orifice. Based on the classical effusion equation, we need to make some 

modification: 

  

  
 

   

       
                                                (1-16) 

where   is the transmission coefficient. The transmission coefficient is not only related to the 

geometric pore area  , but also depends on the transmission energy barrier   . In other words, 

          . 

At the same time, the decay time constant should modified to: 

  
 

 
 

    

  
                                                  (1-17) 

For multilayer graphene or other 2D materials, the effusion path is similar to the 

monolayer’s situation. The pores now go through all the layers.
61

 

 

 
Fig. 1.17 Schematic of gas molecules effusing through porous graphene membrane. 
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The adsorbed phase pathway contains five steps (Fig. 1.18).
61

 Firstly, a gas molecule 

adsorbed to a site on the surface. Secondly, the molecule diffuses to an orifice and moves into a 

potential well positioned in the space above the orifice. Thirdly, the molecule passes through the 

pore to the other side of the graphene. Fourthly, the molecule disassociates from the area of the 

pore onto the downstream surface of the graphene. Finally, the molecule desorbs from the 

surface. The whole process is schematically described in Fig. 1.18. In step 2, the molecule must 

both diffuse to the pore and overcome an activation barrier to position itself above the pore.
61

 

The permeance of adsorbed phase pathway will saturate at some pressure, which means the leak 

rate dn/dt vs. pressure difference Δp will not follow linear trend as Δp increases. This is one 

method to distinguish adsorbed path way with the gas phase pathway, which gives the linear 

relation between dn/dt and Δp. 

 

 
Fig. 1.18 (a) top view of nitrogen passing through a porous graphene; (b) side view.

61
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1.6 Pore Functionalization for Porous Graphene Membranes  

For the transport of gas through graphene membranes, not only does the molecular mass, 

kinetic diameter, and molecular adsorption matter, but also the pore functionalization can play a 

key role.
62,63

 For the calculation of gas transport, molecular dynamics (MD) simulation is the 

popular method. For MD simulation, each of the N molecules is treated as a point mass and 

Newton’s equations are integrated to simulate their motion.
64

 Classical MD simulations have 

small computational cost, which allow the simulation of large number of molecular trajectories.
63

 

This method is accurate enough for the gases with enough observable passing-through events 

within the simulation conditions and time frames. But for the gases with high barrier under 

limited driving force, MD simulation does not give statistically sufficient results for the passing-

through events.  

The free energy profile can be calculated in the simulations, and is a theoretical 

representation of a single energetic pathway, which is along the reaction coordinate.
65

 Free 

energy profile gives additional information for the gases, which overcomes the kinetic resolution 

limitation of MD simulation.
62

 A theoretical and computational study showed that a 4N4H 

nanopore (Fig. 1.19) with four dangling bonds saturated by hydrogen atoms and other four 

dangling bonds saturated by nitrogen atoms.
9
 The 3.0 Å * 3.8 Å pore can distinguish five gases 

(H2, CO2, Ar, N2, and CH4) into two groups based on their sizes: a fast permeation rate for H2, 

CO2, and an extremely slow one for Ar, N2 and CH4, which agrees with the experimental 

results
50

. In order to study the effect of the functionalization, one can manually include or 

neutralize the charge to separate the functionality effect with the effect of geometrical pore size 

for the same pore.  For example, Fig. 1.20 gives the comparison of the free energy profiles for H2 

and CO2 between the original porous graphene and the neutralized one. And the estimated fluxes 
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from the kinetic theory are listed in Table 1. In neutralized case, for H2, the free energy and the 

flux are similar; but for CO2, the permeance rate decreases by 65%. This means functionalization 

helps increase CO2 permeance much more than H2. The dipolar structure of CO2 with the 

nanopore’s negatively charged rim N atoms is energetically favorable.
62

 

In another paper, it also shows that the simulation results agree with experimental results 

nicely only with certain functionalization.
63

 Without functionalization, the simulation results are 

more than an order of magnitude away from the experimental results
50

. Fig. 1.21 gives three 

different functionalizations: fun-1 represents hydrogen atoms added to the edge; fun-2 

corresponds to a single ethyl group added; fun-3 refers to a single methyl group added to one 

location with hydrogen atoms added to other pore-rim carbon atoms. Fig. 1.21b shows that fun-2 

fit with the experimental results well with both the flux and the selectivity.  

 

 
Fig. 1.19 the 4N4H pore structure(carbon, cyan; hydrogen, grey; nitrogen, blue) has dimensions of roughly 
3.0*3.8Å2.9 
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Fig. 1.20 Free energy profile of permeance for H2 and CO2 at 2atm as a function of the distance between the 
centers of the gas molecule and the pore.62  

 

Table 1  Gas permeance barrier(ΔG) and flux in the effect of nanopore functionality.62 
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Fig. 1.21 Effects of pore functionalization and comparison with experimental results. (a) MD results for pores 
without functionalization with existing experimental results. (b) Comparison of MD results for selected pores 
with existing experimental results. (c-e) schematic of the functinalized pores. Blue spheres, red spheres, and 
pink spheres represent C atoms in graphene, H atoms, and C atoms in the functional groups.63 

 

1.7 Graphene at the Boundary 

We have poked atomic holes through graphene to study transport, the stability of those 

holes over time is important. Monitoring the movement of individual atoms at the edge of a 

graphene pore was recently achieved by transmission electron microscope (TEM). The 

traditional methods of obtaining atomic resolution images of surfaces are atomic force 

microscope (AFM) or Scanning tunneling microscopy (STM). But both of them are not suitable 

for observing the movement of atoms at the edge. First of all, it is hard to obtain atomic 

resolution images of suspended graphene membranes with AFM or STM due to the smearing of 

the images resulting from interactions with the imaging tips. Transmission electron microscopy 

is one possible technique, because it does not rely on a tip sample interaction to generate an 

image. The group in Berkeley used Transmission Electron Aberration-corrected Microscope 
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monochromated (TEAM0.5) to achieve sub-angstrom resolution with 80kV.
66

 The low voltage 

will nearly prevent the damage of the edge from the electron beam itself. Each frame averages 1s 

of exposure, which is dramatically faster than the AFM/STM. They demonstrated that the 

dominant process in the dynamics of carbon atoms at the edge of the hole is the migration of 

dangling carbon atoms. For one σ bond, the energy barrier height is 0.3~0.6ev; for two or three σ 

bonds, the energy barrier height is 6~12eV.
66

 This means the migration for a carbon atom with 

one bond is much easier than one with multiple bonds, which is also the reason for the stability 

of a zigzag edge. As shown in Fig. 1.22, in the case of armchair edge, the removal of one atom 

will expose the neighbor atom with one bond, while the neighbor atom still has two bonds in 

zigzag situation. Fig. 1.23 shows the migration and edge reconfiguration between armchair and 

zigzag edges.
66

 

 

 
Fig. 1.22 Schematic of zigzag stability (The up is the armchair case, and the bottom is the zigzag case).66 
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Fig. 1.23 Edge reconfiguration.66 

 

1.8 Interaction of Au with Graphene 

The high mobility of Au atoms/clusters on graphene surface has raised the interest for 

systematic study of their adsorption, migration, congregation on graphene with different 

thickness and substrate underneath. For single layer graphene study with scanning transmission 

electron microscopy (STEM), no Au atoms are retained on a residue-free, pristine graphene 

surface; Au atoms tend to congregate to hydrocarbon contamination.
67

 The following density 

functional theory (DFT) study explains the high mobility.
68

 The diffusion barriers for Au clusters 

with 1~4 atoms are 4~36 mev, which are much smaller than the adsorption energies with -0.1~-

0.59 ev. They also pointed out that the diffusion of gold clusters is along the c-c bonds (T- or A-

sites and B-sites, as shown in Fig. 1.24), no Au clusters would appear in the H sites (center of the 

hexagon).
68

 The Au-Au bond is much stronger than the Au-graphene bond. So the driving force 
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for clustering of pre-adsorbed gold atoms is lowering the total energy of the system by forming 

Au-Au bonds.
68

    

 

 
Fig. 1.24 Positions of foreign atoms on graphene: T site (top of carbon atom, also known as A site), H site 
(center of the hexagon), B site (bridge site).67 

 

Compared with monolayer graphene, bilayer and trilayer graphene has stronger binding 

energy between Au and graphene, with the contribution of attraction from underside layers (Fig. 

1.25 Table 2). With the distances from Au atom to carbon atoms (As shown in Table 2), the 

migration barrier can be estimate. From Table 3, all of the adatom migration barriers of the 

lowest energy migration are lower than     at room temperature (            ), which 

explains the high mobility of Au atoms on 1, 2, 3-layer graphene.
69
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Fig. 1.25 Electron density images of monolayer and multiple layer graphene.69 

 

 

Table 2 Adatom binding energies, Au- carbon distances by ab initio DFT study.69 

 
 

 

Table 3 Calculated migration barriers for Au on the lowest nergy migration pathways on pristine graphene by 
ab initio DFT.69  
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Substrates under the graphene will significantly slow down the Au atom diffusion on 

graphene. The Au adatom diffusion constant for graphene on SiO2 is 50 times smaller than that 

for hexagonal boron nitride supported graphene, and 800 times smaller than that for multilayer 

graphite
70

. The diffusion constant is inversely proportional to the diffusion energy barrier, which 

means graphene on SiO2 has the largest diffusion energy barrier. As shown in Fig. 1.26, the size 

of Au clusters on graphene with SiO2 is smaller than that on graphite or h-BN substrates with the 

same evaporation condition, due to the strong diffusion energy barrier.
70

 

 

 
Fig. 1.26 Au clusters on graphene with different substrates SiO2(left), Graphite(middle), h-BN(right), after 
deposit 1Å of Au.70 

 

The Au atoms may not only interact with graphene surface, but also interact with the 

graphene edge. The dangling bond at the edge of graphene makes a stronger binding energy 

between Au atom and graphene, which results in a high migration barrier for Au to diffuse along 

the edge. Fig. 1.27 gives that the binding energy of Au at the edge is from 3eV to 6eV, and the 

energy barrier for diffusion on armchair edge is one order stronger than the barrier for zigzag 

case.
71
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Fig. 1.27 (a) Charge density of an Au atom at different configuration edge. (b) Corresponded binding energy to 
(a). (c) Migration of Au at zigzag edge. (d) Migration of Au at armchair edge.71  
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1.9 Conclusions 

Some fundamental concepts were introduced in this chapter to pave the way for 

following chapters. Graphene is well studied 2D material, and introducing nanopores in graphene 

has become a niche area. DNA translocation through few-nm nanopores on graphene was 

achieved. Few-angstrom nanopores on graphene membrane are projected to be useful in gas 

separations by theory and simulation. The pore functionalization may affect the permeance of the 

graphene membranes. Moreover, the atoms movement at the boundary (pore mouth) may affect 

the performance of the porous graphene membranes.  In Chapter 4, we will introduce the first 

experimental results, using porous graphene for the gas separation. In Chapter 5, we will talk 

about the interaction between the gas molecules and the single pores. In the next chapter, we will 

focus on the mechanical properties of NEMS. 
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Chapter 2 Nanomechanics 

2.1 Introduction 

Suspended graphene devices are part of the family of nanoelectromechanical systems 

(NEMS). In this section, we will introduce the definition, advantages, challenges and significant 

applications of NEMS.
72

 NEMS are made of mechanical elements and electronic circuits on the 

nano scale. Electro-mechanical systems contain two parts: a mechanical element and transducer. 

The mechanical element will change the input into the movement of the mechanical element. It 

can be the deflection under the applied force, the change of the amplitude of oscillation, the 

difference of the frequency of oscillation and so on. A transducer converts mechanical energy to 

electrical or optical signals. Nano-electromechanical systems are mechanical elements and 

electronic circuits on the nano scale (Fig. 2.1).
72

  

NEMS are ultralow-power devices. The thermal fluctuation for NEMS is at the 10
-18

 W 

level, which means we can get signal-to-noise ratios of 10
6
, if we drive a NEMS device at 10

-12
 

W power.
72

 And NEMS can be fabricated from silicon or other compatible materials to 

integrated circuit fabrication. As a result, we can fabricate the mechanical elements and auxiliary 

electronic components on the same chip. This can decrease the noise, and supply a possibility for 

more complex design.  

Michael Roukes pointed out that there are three principal challenges of NEMS 

applications:
72

 communicating signals from the nanoscale to the macroscopic world; 

understanding and controlling microscopic mechanics; and developing methods for reproducible 

and routine nanofabrication. Firstly, the signal from NEMS is pretty small, which is difficult to 

get. For example, the size of a beam is 1000 x 100 x 10 nm
3
(L x W x t),

73
 so the change of the 
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displacements in its thickness direction is only a fraction of a nanometer. This requires the 

transducers to have a far greater precision to readout the positions. Secondly, fundamental 

physics changes rapidly as the size scale is decreased to nanometers. Atomistic behavior will 

emerge.
74

 Some of the phenomenon may contradict day-to-day human experience, which may 

require one to unlearn knowledge in order to effectively understand NEMS. Finally, it is difficult 

for NEMS to be fabricated. NEMS can respond to masses on the level of single atoms. This is 

perfect for mass sensing, but for fabrication, it can make device reproducibility troublesome.
75

 

 

 
Fig. 2.1 Scanning Electron Micrographs(SEM) showing doubly clamped beam NEMS device, which is 
embedded in a nanofabricated UHF bridge circuit.73 
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2.2 Stress and Strain 

Stress and strain are two fundamental parameters for NEMS mechanical devices. The 

stress vector represents the force per unit area acting on the surface. For the stress vector    , i is 

direction of normal on surface, and j is the direction of force. The stress tensor is (Fig. 2.2): 

   

         

         

         

                                                  (2-1) 

 

 
Fig. 2.2 Schematic of stress components. 

 

The components    ,    ,     are called normal stresses, since the direction of the stress 

vector is parallel to the normal of the surface. The components          are the shearing stresses, 

where the direction of the stress is perpendicular to the normal of the surface. If an external 

moment proportional to the volume does not exist, the symmetry condition holds:
76

 

                                                                (2-2) 

The stress can cause deformation. The relative change in shape and/or size will be 

defined as strain tensors. If both the original and the deformed configurations of the body are 
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described in the same rectangular Cartesian coordinate system (Fig. 2.3), the strain tensors can 

be described as a Green-Lagrange strain tensor by the material coordinate: 

    
 

 
 
   

   
 

   

   
 

   

   

   

   
                                       (2-3) 

Or be defined as Euler-Almansi’s strain tensor by the spatial coordinate: 

    
 

 
 
   

   
 

   

   
 

   

   

   

   
                                       (2-4) 

For small deformation, their first derivatives are so small that the multiple terms can be 

negligible, which means there is little difference in the material and spatial coordinates. Then 

both the Green-Lagrange strain tensor and the Euler-Almansi’s strain tensor reduces to Cauchy’s 

infinitesimal strain tensor 

    
 

 
 
   

   
 

   

   
                                            (2-5) 

According to the engineering problems, the normal strains are: 

   
  

  
,     

  

  
,     

  

  
                                   (2-6) 

and the shear strains are: 

         
  

  
 

  

  
,          

  

  
 

  

  
,           

  

  
 

  

  
       (2-7) 

The normal strains give extension or shrinking, and the shear strains represent change of 

angle (Fig. 2.4). 
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Fig. 2.3 displacement vectors. 

 

 
Fig. 2.4 Deformation of infinitesimal strain components.76 

 

For our experiments, we focused on 2D materials. So the general forms can be simplified 

into 2D cases. The stress is simply: 

     
      

      
                                                           (2-8) 
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2.3 Young’s Modulus and Hardness 

The stresses and strains can be related by constitutive equations, which describe the 

macroscopic behavior due to the internal constitution of the material. Hooke’s law is obeyed by 

the ideal elastic solid. For the uniaxial stress: 

                                                             (2-9) 

where   is the Young’s modulus. 

For the pure shear: 

                                                           (2-10) 

where   is the shear modulus,     is the shear stress, and     is the shear strain. The shear strain 

is the strain in the strain matrix, excluding the strain in diagonal.  

For general cases, the generalized Hooke’s law should be applied: 

                                                           (2-11) 

where       is the material tensor/elasticity tensor, which has 81 components. But after the 

symmetry of   and   are applied, independent components reduced to 36. Moreover,       

     , only 21 components are needed for anisotropic elastic materials. 

For isotropic materials, the generalized Hooke’s law can be represent by the Young’s 

modulus  , and the Poisson’s ratio  : 
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      (2-13) 

 

For the 2D ultrathin membrane cases, it is a plane stress problem (             ). In this 

case, the constitutive equations simplify to: 

 

   

   

   

  
 

     

   
   

  
   

 

   

   
   

   

                                (2-14) 

 

2.4 Bulge Test 

Bulge test is a common way of measuring mechanical properties for the thin film 

structure membranes, including Young’s modulus, residual stress, and yield stress from the 

pressure difference (as shown in Fig. 2.5).  

 

 
Fig. 2.5 Schematic of bulged up membrane.77 
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Fig. 2.6 Geometrical reference diagram.77 

 

From the geometry (Fig. 2.6), we can get: 

                                                         (2-15) 

where   is the radius of the flat membrane,   is the maximum height of the bulged up membrane, 

and   is the radius of the curvature. 

After derivation, the   can be represented by   and  : 

  
     

  
 

  

  
                                            (2-16) 

From the equilibrium of force for the stress and pressure: 

                  

where      
 

 
 

  

 
,   is the thickness of the membrane 

Then 

  
   

   
                                                      (2-17) 

 

From Hooke’s law: 

                                                         (2-18) 

If residual stress,   , is not negligible in the membrane: 

                                                      (2-19) 

From the definition, the film strain: 
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where          
 

 
  

 

 
 

 
 

 
 
 

 
 

Then  
  

  

     

 
 

  

    , into Hooke’s law with residual stress: 

  
     

   
 

     

  
                                          (2-21) 

When the residual stress dominates, the second term on the right of the equation is 

predominant, where the pressure vs. deflection curve is almost linear. As the pressure continues 

to increase, the first term on the right of the equation overwhelm the second term. Then the 

pressure vs. deflection curve follows cubic trend.
77

 

The previous method is easy and simple. But deviations from this estimation may come 

from: 

a. Bulge up not truly a spherical section; 

b.   
     

  
 

  

  
      ; 

c.          
 

 
  

 

 
 

 
 

 
 
 

 
, when     

 

A more accurate method is to use Hencky’s solution,
50

 which is the relationship between 

the pressure difference and the maximum deflection for a pressurized circular clamped 

membrane: 

  
        

   
     

                                         (2-22) 
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where      is related to the Poisson’s ratio. From the bulk property, the Poisson’s ratio for 

graphene and alumina are 0.16 and 0.24, respectively. For graphene                

           ; For alumina,                           .
78,79

 

 

2.5 Harmonic Oscillator  

A harmonic oscillator represents many physical devices, including NEMS resonators. 

The general equation for a damped harmonic oscillator is: 

   

   
  

  

  
   

                                                 (2-23) 

where    is the coefficient related to damping and    is the natural frequency. 

Depending on the value of      and   
 , the equation has three different solutions, 

represented in Fig. 2.7.  

a) light damping (
  

 
   

 ),                        , where      
  

  

 
    ; 

b) critical damping (
  

 
   

 ),          
  

 
         

  

 
 ; 

c) heavy damping (
  

 
   

 ),        
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One key parameter to define damping is the quality factor, which is:
80

 

  
                               

                            
 

  

  
 

  

     
                      (2-24) 

where    is the frequency with max amplitude of the vibration,    and    are the frequencies at 

half-max amplitude, as shown in Fig. 2.8. 
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Fig. 2.7 The motion of a damped oscillator on a time scale.80 

 

 
Fig. 2.8 The schematic for the definition of quality factor in spectrum. 

 

As the damping term will extract energy from the resonance system, we need the external 

force to maintain the movement: 

   

   
  

  

  
   

   
  

 
                                            (2-25) 

The solution for the light damping situation is:                 , where      
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 ,         
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When        
  

   
  

   ,      
     

         
     

 
  

              
 
80

 

For NEMS resonators, the Q is normally extremely high(   ).
81

 Then the amplitude 

can be simplified as      
  

              

   
      . Because of their small sizes, NEMS can 

measure extremely small displacements, weak forces and so on. Firstly, the natural frequency of 

the mechanical systems is:
82

 

    
 

  
 

    

    
                                                                 (2-26) 

where      is the effective spring constant and      is the effective mass of the oscillator. This 

equation is a general form for 1 degree-of-freedom (1DOF) vibration problems. No matter if the 

resonator is beam, cantilever, or membrane; it can be modeled as a spring with a mass 

with/without damping. If we shrink the size of the systems as the linear dimension  , the 

effective mass      is proportional to   , and the effective spring constant      is proportional 

to  . It means the natural frequency is inversely proportional to  , so the frequency increases 

geometrically as the size decreases. High frequency is very important because the response time 

is fast, and the frequency can also increase other performances, i.e. sensitivity.
81

 The small 

effective mass of the resonator gives NEMS a high sensitivity to additional masses. This is a 

valuable attribute for a wide range of sensing applications. Recently, there are a lot of papers 

about NEMS mass sensing. Some of them even reach atomic scale mass sensitivity.
73,75,83

 

2.6  Dynamics of Membranes  

In solid mechanics, a membrane is defined as a pre-tensioned two-dimensional plate, 

whose bending moment can be ignored. For the NEMS graphene resonator in my thesis, 
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membrane dynamics is a better estimation for the movement, compared with plate dynamics. For 

the circular membrane with field variable          as shown in Fig. 2.9, the motion equation in 

polar coordinates is:
84

 

             
 

 
    

 

  
                               (2-27) 

where   is the mass per unit area,    is the tension per unit length,       is the second derivative 

to time  ,      is the second derivative to  ,     is the first derivative to  , and      is the second 

derivative to  . 

With clamped boundary condition (Fig. 2.9): 

                                                    (2-28) 

The vibration modes are shown in Fig. 2.10, with resonant frequency:
82

 

  
      

  
 

 

                                          (2-29) 

where   is the tension across the membrane,    is the mass density,   is the radius,        is the 

coefficient depending on the modes:             ,             ,             ,        

     ,             ,              . For the graphene resonators, the fundamental mode 

(m=0, n=1) are the most studied modes. 
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Fig. 2.9 A circular membrane clamped at the edge.84 

 

 
Fig. 2.10 First six mode-shapes with fixed boundary condition.84 

 

For the fundamental mode of the circular membrane, the resonant frequency is: 
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                                          (2-30) 

From the Hencky’s solution, we have    
        

  
 

     

  
 with      

    

  
. If the 

contribution of the initial tension    can be ignored, combining the Hencky’s solution with the 

resonant frequency equation leads to: 

          
      

    
                                       (2-31) 

where     is proportional to the pressure difference     cross the circular membrane. This 

equation will be used for the ultrathin film mass density calculation in Chapter 5. 

2.7 Optical Detection-Interference 

Optical interference is a popular technique to detect minor movement of NEMS. For the 

detection of NEMS resonators, they use either Michelson interferometer for opaque and 

relatively wide resonators,
85

 or Fabry-Perot interferometer for partially-transparent samples (i.e. 

graphene resonators),
86-88

 as shown in Fig. 2.11. The interference signal comes from the 

coherence of two waves. Generally speaking, there are two kinds of coherence: temporal 

coherence, and spatial coherence.  Temporal coherence measures the average correlation 

between itself and after time τ; spatial coherence gives the ability of interference between two 

points of the same wave over the time average.  

An arbitrary optical wave                    , where         is the complex 

wavefunction. The average intensity: 

                                                                 (2-32) 

where     denotes an ensemble average. 
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In order to check the temporal coherence, we fix the    in        . And now         

    . The temporal coherence function:
89

 

                                                          (2-33) 

And the normalized temporal coherence function:
89

 

     
    

    
 

             

           
                                        (2-34) 

where         .         means that the process “forgets” itself, so that light fluctuations 

at points separated by a time period longer than   are independent.        represents that the 

light fluctuations are exactly the same after separated by a time  . The value of      between 0 

and 1 gives partial temporal coherence. If      decreases monotonically with time delay, the 

value   , with      decreasing to a prescribed value (i.e. 0.5, or 1/e), names the coherence time. 

And the light travelling in the distance     is effectively coherent, thus the definition for 

coherence length is:
89

 

                                                          (2-35) 

where    is the speed of light, and    is the coherence time. 

The spectrum width of the light can be described as:
89

 

    
 

  
                                                 (2-36) 

For spatial coherence, we fix the   in        . And now              . The normalized 

spatial coherence function:
89

 

           
          

             
 

                   

             
                     (2-37) 

Where               . The explanation of spatial coherence is quite similar as temporal 

coherence; the only difference is the change from time period   to distance        . When 

              , the wave has partial spatial coherence. 
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The more general complex degree of coherence is defined by:
89

 

           
            

             
 

                     

             
                  (2-38) 

 

A single mode CW laser is both spatially and temporally coherent. On the contrary, 

sunlight is neither spatially or temporally coherent. For spatial coherence, the path difference of 

the two waves should be much smaller than the coherent length; for temporal coherence, the time 

difference of two waves needs to be significant shorter than the coherent time (shown in Table 4). 

The interferometers detect the intensity of the field under two waves merged: 

                        
  

     
      

      
         

                                    (2-39) 

where   ,    are the amplitude for the waves.     ,      are the k-vectors,   ,    are the 

frequencies of the waves, and    ,     represent the polarization of the waves. If the two waves 

share the same polarization (co-polarized waves),         
   . For the waves with the same 

frequency        . 

Then the equation is modified to: 

         
      

      
                                         (2-40) 

Where     
  gives the the degree of interference: 

    
       

                                         (2-41) 

where   ,    are the amplitude of wave1 and wave2;   is the phase difference between two 

waves. For the design of the interferometer, we want to maximize     
 . If   and    are given,   

is the only parameter to be optimized. Typically, we want the design to reach      ,  avoid 

         . 
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Fig. 2.11 Schematic of Michelson interferometer (left) and Fabry-Perot interferometer (right).90 

 

 

 

Table 4 Spectral width, coherence times, and coherence length for different light sources.89 

Source Δνc (Hz) Τc = 1/Δνc lc=c Τc 

Filtered sunlight 
(λ0=0.4~0.8μm) 

3.75*1014 2.67 fs 800nm 

Light-emitting diode (λ0=1μm, 
Δλ0=50nm) 

1.5*1013 67 fs 20 μm 

Low-pressure sodium lamp 5*1011 2 ps 600 μm 

Multimode He-Ne laser 
(λ0=633nm) 

1.5*109 0.67 ns 20 cm 

Single-mode He-Ne laser 
(λ0=633nm) 

1*106 1 μs 300 m 

 

We use the Fabry-Perot interference to measure the graphene membrane resonators. From 

Fig. 2.12, the blue laser (405nm) is the drive laser, and the red laser(633nm) is the detection laser. 

The blue laser is modulated by the intensity modulator, goes through the optical path, and 

reaches the sample. It could change the temperature on or near the membrane, which causes a 

periodic force. With this force, the resonator can be vibrated. The movement of the resonator is 
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detected by the red laser by Fabry-Perot interference, and then the reflected signal will be 

collected by the photo detector. Finally, we can use the network analyzer to analyze the signal. 

 

 
(a) 
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(b) 

Fig. 2.12 (a) Schematic of the system set up; (b)Tested system.91 

 

The fast leak rate of the porous graphene membrane was measured from the changes in 

the resonant frequency of the membrane versus time.
50

 A pressure difference was induced across 

the membrane, which would increase the resonant frequency by introducing tension. If the gas 

molecules can go through the porous graphene membrane, the pressure difference would 

decrease to zero gradually, which would make the resonant frequency drop to the initial value 

quickly. But if the molecules could not go through the membrane, the pressure difference would 

persist for a while, which would provide a constant resonant frequency. An example of 

measurements taken for this thesis is shown in Fig. 2.13.  

In this case, an etched porous graphene was placed in vacuum chamber of 0.1torr for 

several days to ensure the microcavity is at equilibrium with the pressure of the vacuum chamber. 
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A pure gas species was then introduced into the same vacuum chamber at a given pressure and 

the resonant frequency was measured continuously. The resonant frequency decreases with time 

(as the pressure in the microcavity goes from vacuum to the external pressure), and from the rate 

of decrease, the leak rate through the membrane can be derived. From Fig. 2.13, the leak rate for 

H2, N2, CO2, CH4 were several seconds; but no significant change of the frequency for SF6 for 

several minutes. This membrane will be referred to as ‘Bi-4.9Å’, as it is a bilayer membrane with 

sieving kinetic diameter of SF6(4.9Å). 

 

 
Fig. 2.13 Frequency versus time for various gases with a pressure of 100 torr introduced into the vacuum 

chamber. Inset: data from the same device with 80torr pressure.
50

 
 

 

We can also determine the equation for dn/dt from df/dt:
50
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                   (2-42) 

where     is the initial tension of the membrane,    is the mass density,   is the elastic constant, 

     is the constant from Hencky’s solution,   is the thickness of the membrane,   is the radius 

of the membrane,   is the resonance frequency,   is the volume of the microcavity, treated as a 

constant in our case,   is the gas constant,   is the temperature, and  
  

  
 is the change of the 

frequency. 

From the leak rates of all the membranes, we can get the selectivity for the membranes 

(Table 5).  

 

Table 5 Ideal gas separation factors for membrane ‘Bi-4.9Å ’.
50
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2.8 Conclusions 

This chapter introduced the basis of solid state mechanics and dynamics for NEMS, 

especially for graphene NEMS resonators. Optical detection for graphene resonators was 

introduced. In next chapter, we will review ALD, the material involved in one of the projects. 
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Chapter 3 Atomic Layer Deposition (ALD) 

3.1 Introduction 

ALD becomes a key technique for science and technology progress, which can be used to 

achieve ultrathin films in our lab. ALD reaction is continuous and almost pin hole free, even for 

the high aspect ratio.
92

 Many of the ALD materials are stable, which can be used in hash 

environments. What’s more, there are numerous applications for flexible ultrathin insulating or 

oxide films, which may come from ALD. 

3.2 Atomic Layer Deposition 

Atomic layer deposition (ALD) becomes an important surface technology with 

motivation towards scaling down microelectronic devices. Semiconductor processing is the main 

driver for ALD, since ALD meets the needs of continuous and pinhole-free films of 

semiconductor devices. Other applications come from magnetic read/write heads
93

 and diffusion 

barrier coating.
94

 Most ALD processes are based on binary reaction sequences, as shown in Fig. 

3.1. Some materials have been grown by ALD, shown in Fig. 3.2.  
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Fig. 3.1 Schematic of ALD using self-limiting surface chemistry and an AB binary reaction sequence.95 

 

 
Fig. 3.2 The materials grown by ALD.

96
 

 

 

The reactants in ALD should be thermally unstable, which is easy to react without crucial 

condition, i. e. inorganic or metalorganic. Alkyls are ideal candidates for ALD reactants, since 

they are very reactive. Another necessary property for surface ALD reactions is self-termination, 

which requires surface adsorption to be irreversible. Physisorption is always reversible, while 
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chemisorptions can be reversible or irreversible. So the adsorption in ALD is limited to 

irreversible chemisorptions. The adsorption rate is defined by: 

  

  
                                                         (3-1) 

where    is the adsorption rate,    is desorption rate,    is the adsorption rate constant,    is the 

desorption rate constant,   is partial pressure, and   is the chemisorption coverage. After 

saturation the adsorption rate is zero, Langmuir isotherm gives the chemisorption coverage in 

equilibrium: 

    
   

      
 

 

                                                      (3-2) 

For irreversible adsorption, the equilibrium constant    , then      . So the 

chemisorption coverage becomes: 

                                                        (3-3) 

 

The chemisorption mechanisms in ALD have three different kinds: a. ligand exchange, b. 

dissociation, c. association, which is shown in Fig. 3.3. In ligand exchange, the ligand is 

combined with a surface group and released as a gaseous reaction. For dissociation, the reactant 

molecule is separated onto reactive sites on the surface. According to association, the reactant 

forms a coordinative bond with a reactive site, and no ligand is released.
97

 

 

The reason for the self-limiting (self-termination) is a finite number of surface sites can 

only deposit a certain number of surface species. The factors causing saturation are steric 

hindrance, and the number of reactive surface sites. In some situations, even though space 

remains available on the surface, no bonding sites are accessible. The reaction continues until 

steric hindrance stops it, which causes growth of less than a monolayer per cycle.
98

 Temperature 
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can also affect the growth per cycle (GPC) by affecting the number and type of reactive sites on 

the surface, and through changing the preferred reaction mechanisms. What’s more, another 

issue to impact GPC is the number of cycles. From the very beginning, ALD reaction cycle 

happens on the surface of the original substrate material. Then, it occurs on a surface with both 

the original substrate and the ALD-grown material. Finally, it reacts on a surface with only the 

ALD grown material exposed. Different steps will give you different GPC. Generally speaking, 

the growth mode has three types (as shown in Fig. 3.4): a. two dimensional growth, b. island 

growth, and c. random deposition.  

 

 
Fig. 3.3 Chemisorption mechanisms for ALD.97 
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Fig. 3.4 Schematic illustration of growth mode: (a) 2D growth, (b) island growth, and (c) random deposition, 
where n is the cycle of growth.97 

 

 

The most common ALD system is the ALD of Al2O3. There are two ways to deposit 

Al2O3: either one can use trimethylaluminum (TMA) and H2O,
99,100

 or TMA and ozone.
101,102

 

The formal one is thermal ALD, which is closely related to chemical vapor deposition (CVD); 

the latter one is plasma or radical-enhanced ALD, which can react at temperatures as low as 

room temperature. The growth thickness per AB cycle is 1.1~1.2Å,
103,104

 which is comparable 

with the thickness of one Al2O3 ‘monolayer’. The mass gain per cycle from quartz crystal 

microbalance (QCM) and the thickness, which is determined by ellipsometric measurement, 

profilometry and AFM step height measurements, were used to estimate the density of 3.0 g/cm
3
 

for Al2O3 ALD films, reacted at 177 °C.
105

 The TMA/H2O growth is self-terminated, and the 

GPC was independent of the reaction pressures. As shown in Fig. 3.5, the GPC decreases with 

temperature, due to the change of the inherent reaction mechanisms and variation in the number 

of reactive surface groups (i.e. OH groups). TMA/H2O is 2D growth, because of the smooth 

layers formed and having the expected mass density.
103,106

 For the chemisorption mechanisms, 

the Al2O3 ALD is a combination of ligand exchange with OH group (releasing methane), and 

dissociation with surface oxygen bridges. 
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Fig. 3.5 GPC of TMA/H2O vs temperature.103,107-113 

 

There are different types of ALD reactors. One kind of reactors’ reactants is exposed 

without using a carrier gas and sometimes with throttled pumping.
103,114,115

 On the other hand, 

some ALD reactors’ reactants are exposed with a carrier gas (most of the flow is inert gases) 

flowing through the reactor.
104,116

 Some ‘batch’ reactors can deposit on many samples 

simultaneously.  

High- K dielectric ALD Al2O3 has been studied as a candidate to replace SiO2 as gate 

electrics. Complementary metal oxide semiconductor (CMOS) field effect transistors (FET) have 

continued to be improved, following Moore’s law for decades.
117

 More and more devices in the 

same chip require smaller and smaller sizes of devices. But once the thickness of SiO2 is smaller 

than 2nm, the strong gate leakage current exists from tunneling electrons through SiO2.
117

 Thus 

new material is desired to replace SiO2 as a gate oxide. 

The source-drain current of the FET controls by the gate capacitance:
117

 

       
    

 
                                                        (3-4) 
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where    is the vacuum permittivity,   is the area of the capacitance,   is the relative 

permittivity, and   is the thickness of the oxide. Tunneling current is extremely sensitive to the 

distance, which means increasing the thickness will dramatically reduce the leakage current. But 

adding the thickness of the oxide will also decrease the gate capacitance. The solution is to seek 

a high-K dielectric with thick oxide, which will limit the leakage current with relatively high gate 

capacitance. 

Six conditions need to be satisfied to choose high-K dielectric as gate electrics.
117

 (a) It 

needs high enough K value; (b) It needs to be thermodynamically stable, due to direct contact 

with Si; (c) It must be kinetically stable, since the high temperature annealing for the device is 

needed to release the impurities; (d) It should act as an insulator, which means the band offset of 

Si should be over 1 eV; (e) It needs to have good electrical inter face with Si; (f) It must have 

few bulk electrically active defects.
117

 Al2O3 satisfies all the requirements for the high-K 

dielectric as gate electrics. Compared with other deposition methods, ALD Al2O3 has excellent 

coverage, good purity, pin-hole free, atomic thickness, and large area.
117

 

Combination of ALD Al2O3 and carbon nanotube (CNT) or graphene leads to new 

applications.  Graphene or CNT insulated and protected by passivation layer is necessary for its 

applications, such as, building blocks for the fabrication of nanodevices,
118

 field effect 

transistors,
119,120

 surrounded gate transistor,
121,122

 field-emission electron sources,
123

 and 

nanoprobes for microscopy.
124

 ALD Al2O3 gives perfect protection as passivation layer for CNT 

or graphene. But direct deposition is difficult, since the surface of graphene or CNT is inert and 

does not contain chemical species that allow for the reaction. Consequently, isolated Al2O3 

nanospheres are grown on defects of CNT and graphene, and nanoribbons are formulated along 

the step edges of the graphene surface.
125-127

 Pretreatments are needed for the Al2O3 ALD 
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coating. Wet chemistry treatments, including inorganic or organic approaches,
128-135

 are effective 

as pretreatments. But the liquid-based techniques are experimentally tedious and may not be 

scaled-up, and its functionalization changes the hybridization of CNT or graphene. Another 

method is using ozone or O2 plasma to increase the surface energy of graphene before the 

coating, which introduced defects in the graphene lattice.
136,137

 Certain substrate such as Cu may 

enhance the coating, but it is not a universal method for an arbitrary substrate or suspended 

graphene/CNT.
138

 Compared with previous pretreatments method, we prefer NO2/TMA 

pretreatment. It is simple, which can be finished in the same instrument as the coating. It is easy 

to scale up, and the only limit is the volume of the ALD coating chamber. This method does not 

change the property of CNT or graphene, and do not introduce any extra defects. The classical 

recipe is 50 cycles of NO2/TMA at room temperature. NO2 monolayer is physisorbed to 

CNT/graphene, and TMA is adsorbed onto the NO2. This forms a self-terminationg monolayer 

around CNT or on graphene, providing an adhesion layer for the nucleation and growth of Al2O3 

ALD films, as shown in Fig. 3.6.
125,139,140

  

 

 
(a)                                                           (b) 

Fig. 3.6 (a) Schematic of NO2/TMA functionalization mechanism. NO2 is adsorbed on the CNT surface, 
followed by TMA.139 (b) Illumination of oxide deposition process on graphene. NO2/TMA pretreatment is 
followed by H2O/TMA growth.140 
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3.3 Mechanical Properties of Al2O3 ALD 

As stated previously, high dielectric constant (high-K) materials are known as a solution 

for reducing gate leakage current and dielectric breakdown beyond the 45 nm technology node. 

As one of the high-K material, Al2O3 ALD is well studied for its electrical properties. The 

previously less studied mechanical properties are essential to the design and engineering of ALD 

coated devices. What’s more, the mechanical properties for 2D materials may be quite different 

as their bulk counterparts, due to their high surface area to volume ratio and their different 

material structures created by unique processing methods. The typical mechanical properties, we 

are considering, are Young’s modulus, hardness, initial stress, and density.  

Nanoindentation is a popular technique that has been employed to study many types of 

thin films. From the measured load vs depth relationship (Fig. 3.7), modulus and hardness may 

be determined. For example, from the raw indentation results (Fig. 3.8), the value of E = 183.9 ± 

6.46 GPa and H = 11.6 ± 0.7 GPa were determined for Al2O3 films.
141
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Fig. 3.7 FESEM images of the residual impression remaining after indentation to (a) Al2O3, and (b) SiO2 

coatings on Si.
141

 

 

 
Fig. 3.8 load vs. depth for 500nm thick Al2O3 film on Si.

141
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Wafer curvature method measures the stress in Al2O3 films. As shown in Fig. 3.9, the 

films were heated to 275 °C and then cooled to 25 °C. The data was recorded from three 

consecutive thermal cycles.
141

 

 

 
Fig. 3.9 Stress results for 100nm Al2O3 deposited on Si.

141
 

 

Bulge test and nanobeam deflection can also be used to determine the Young’s modulus 

of thin films. For bulge test, differential pressure was applied to the membrane (Fig. 3.10a). After 

finding out the deflection vs. pressure curves, Young’s modulus can be calculated from: 
142

 

     
    

       
     

          
                                             (3-5) 

where   is the Poisson’s ratio;   is the Young’s modulus;   is the pressure difference;     is the 

initial tension, and    is the deflection. The Young’s modulus was measured at 181 ± 20 GPa.
143

 

According to nanobeam deflection measurement, a constant force was employed to the 

cantilever in different positions. The deflections were recorded, corresponding to the position (as 

shown in Fig. 3.10b). Young’s modulus is: 
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                                                             (3-6) 

where   is the Young’s modulus,    is the deflection,   the width,   the contact point,   the 

force, and   the thickness of the cantilever.
144

 From the fit of the measured data, they got the 

Young’s modulus is 168 ± 8 GPa for the 100nm-thick cantilever, and it is 182 ± 32 GPa for the 

50nm-thick cantilever.
143

 

 

 
(a)                                                                                   (b) 

Fig. 3.10 (a) Bulge test results; (b) AFM-based nanobeam deflection measurements.143 
 

Craighead’s group demonstrated the ability to simultaneously measure Young’s modulus 

and density of ~21nm ALD alumina by a resonance method using an interferometer. They have 

coated ALD films on both sides of the Si cantilever resonators (Fig. 3.11 a-h). The resonant 

frequencies are very sensitive to the mass change of the NEMS resonators, and the coating of the 

ALD will shift down the frequencies. They compared the resonant frequencies of both in-plane 

and out-of-plane modes for the resonators before and after coating (Fig. 3.11 i-j). From the 

comparison, the Young’s modulus and density of coated films were deduced to be ~170 GPa and 

3g/cm
3
, respectively. 

145
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Fig. 3.11 Fabrication sequence of nanomechanical cantilevers devices and experimental schematic for 

measuring the NEMS resonators.
145

 

 

 

3.4 Conclusions 

ALD is an important technique mostly used in coating, but also can be used to create a 

structured membrane. The state of the art for the mechanical properties of Al2O3 ALD was 

reviewed. In chapter 5, we will present newly-determined mechanical properties of ultrathin 

ALD films. 
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Chapter 4 Single Nanopore Molecular Valves in 

Graphene for Controlling Gas Phase Transport 

4.1 Introduction 

The ability to control the quantity and location of a single file molecular flux to a precise 

location in space has important applications for nanoscale 3D printing, catalysis, and sensor 

design. Barrier materials containing pores with molecular dimensions have been used to control 

molecular compositions in the gas phase, but unlike their aqueous counterparts, none has enabled 

an ability to observe or control single pore transport.
146-156

 Herein, we demonstrate gas transport 

through atomically thin, monolayer graphene opened with a single (nominally) molecular-sized, 

sub-nm pore demonstrating the ability to detect and control the gas flux. This is accomplished 

using ~nm sized gold clusters formed on the surface of the graphene. Such clusters migrate and 

partially block the pore. We also observe stochastic switching of small magnitude in the gas flux 

indicative of modulation by a single pore even without gold clusters. The stochastic switching is 

analyzed using a Hidden Markov Model to fit to discrete and repeatable states, and the switching 

frequency is used to estimate the energy of the transition that occurs. This work presents an 

example of creating single nanopore molecular valves to control gas phase transport through a 

comparably-sized pore.
9,61-63,90,157-164

 These nanopore molecular valves open possibilities for 

unique sensors, catalytic processes, and approaches to molecular synthesis  based on the 

controllable switching of a molecular gas flux reminiscent of ion channels in biological cell 

membranes and solid state nanopores.
38
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4.2 Material and Method 

The methods for device fabrication and pressurization follow closely references. 
8,50,79,165

 

Suspended graphene membranes were fabricated using mechanical exfoliation on silicon oxide 

substrates with predefined etched wells. The wells were defined by photolithography on an 

oxidized silicon wafer with 90nm silicon oxide on top and have a diameter of 4~5 μm. Reactive 

Ion Etching was used to etch the wells to a depth of 400~1000 nm, and the ‘scotch tape’ method 

was used to deposit graphene over the wells. The gold atoms were evaporated onto the graphene 

in vacuum (CVC 3-boat thermal evaporator, at 0.1 Å/s for less than 0.5 s). 

To pressurize the inside of the microcavity, we put the sample into a high pressure 

chamber with a certain gas species at a prescribed pressure, which we call the charging pressure. 

After several hours or days, depending on the gas species used, the pressure in the microcavity 

comes to equilibrium with the charging pressure. The pristine graphene sheet is impermeable to 

any gases, but the gas can diffuse through the silicon oxide substrate. To reach pressure 

equilibrium, we wait 4~30 days, which is longer than the time for equilibrium to make sure the 

accuracy of the measurements.  

After measuring the leaking rate for the pristine graphene, we etched pores by exposing 

the graphene membranes to a UV lamp (λ1=185nm, λ2=254nm) under ambient conditions. We 

first pressurized them with pure H2 up to 200 kPa above ambient pressure. After the microcavity 

reached equilibrium we removed it from the pressure chamber and measured the deflection using 

AFM. We continue with a series of short UV exposures (less than one minute) followed by quick 

AFM scans (few minutes). Once a pore is created whose size is between H2 and N2, then the 

deflection abruptly changes from positive to negative. Once a pore is created, the leak rate is 
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dominated by transport through the pores and 1~12 hours of pressurization, depending on the gas 

species, is sufficient for equilibrium.  

 

4.3 Leak Rate for Pristine Graphene 

The leak rate can be derived from a mass balance on the microcavity using the ideal gas 

law and Hencky’s solution for a clamped circular membrane and follows closely reference:
50

 

       2 3 2

04 4

1
[3 ]b atm

dn Et Et d
K V V P K C a

dt RT a a dt


     

 
      

 
          (4-1) 

where R is the gas constant, T is the temperature, E = 1 TPa is the Young’s modulus, t = 0.335 

nm is the thickness of the membrane, a is the radius of the membrane (microwell), V0 is the 

microcavity volume at zero deflection, Vb is the bulged up volume calculation from deflection, 

Patm is the ambient pressure, δ is the maximum deflection of the membrane, K(ν = 0.16) = 3.09, 

and C(ν = 0.16) = 0.52 are constants determined by the Hencky’s solution.   

The maximum deflection versus time was measured for pristine unetched graphene 

membranes (Fig. 4.1). The samples were inserted into the high pressure chamber with ~200 kPa 

charging H2. After few weeks, the internal pressure of the microcavity reached equilibrium with 

the charging pressure. Continuous AFM scanning was taken during the first 100 min of removal 

from the pressure chamber, and the deflection decreased by a few nanometers. From the slope of 

the deflection vs. time and equation 4-1, we determine that the permeance is ~6 x 10
-25

mol s
-1

Pa
-1

, 

which is one order of magnitude slower than the H2 permeance of the porous graphene 

membranes.   
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Fig. 4.1 Maximum deflection vs time before etching (a) Maximum deflection vs time for pristine graphene 
with gold, formed porous graphene membrane in section 4.5&4.6; (insets): optical image of monolayer 
graphene flake; (b) Maximum deflection vs time for pristine graphene, which was before etching for 

membrane in section 4.7&4.8  (inlay): optical image of monolayer graphene flake. 

 

4.4 Description of Data Fitting (calculating permeance vs time) 

Due to the stochastic nature of the switching of transport in the porous graphene, we 

developed a solution to determine the permeance as a function of maximum deflection. This is 

different than the solution of equation 4-1 from which we extract a constant permeance. For the 

porous membranes, we first used least square fit method to smooth the dn/dt data. In order to fit 

the data, we developed a model that describes the deflection of the microcavity versus time.  We 

start with a mass balance based on the ideal gas law with P (pressure), V (volume), n (mols), and 

T (temperature) describing the state of the microcavity.  The differential with respect to time 

describes the rate at which molecules leave the chamber, which is the transport rate. 

PV nRT                                                          (4-2) 

 
d dn

PV RT
dt dt

                                                   (4-3) 

Pressure and deflection are related by the mechanical properties of the graphene and 

geometry, therefore pressure ( P ) can be described as a function of deflection.  Similarly, the 
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volume of the well is directly related to the deflection.  Therefore the ideal gas law can be 

written with those two terms as function of the deflection. 

( ( ) ( ))d d P V dn
RT

dt d dt

  


                                            (4-4) 

The relation between pressure and deflection is described by the following equation. 

  3 30
3 14 2

4( )
atm atm

SEtK
P P p p P

a a


                                  (4-5) 

where 0S  is the initial surface tension of the graphene which has a well known value of 

0.1N/m.
8,165

  The mechanical constants used are well established from numerous experiments of 

graphene membranes in a similar geometry.
7,50,79,165

  For convenience, the parameters have been 

lumped into the constants 1p  and 3p .  The relation between volume and deflection is described 

by the following equation.  

    2

0 1 0V C a V V                                         (4-6) 

The constants for linear deflection term have been lumped together into 1  for 

convenience. 

The normalized dn/dt, which is proportional to permeance, is calculated by dividing dn/dt 

by the pressure difference of the effusing gas species. Classical effusion results in a linear 

relation between the rate of transport and the pressure difference, and therefore we define a 

constant value for normalized dn/dt, represented by k . The gas within the microcavity is 

assumed to be pure, and therefore total pressure ( )P   is equal to the partial pressure of the gas.  

extP  is the partial pressure of the gas species in atmosphere and is approximately zero for all of 

the gases tested (except O2 and N2).  
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  ( )ext

dn
k P P

dt
                                             (4-7) 

By assuming this form for dn/dt, the differential equation can be written in terms of the 

deflection as follows. 

 
( ( ) ( ))
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d d P V
RTk P P

dt d

  



                          (4-8) 
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The dependence on the deflection is represented as a single arbitrary function, y.   
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d

y RTk
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                                           (4-11) 

The differential equation is separable and can be solved. 

 
0 0

t

y d RTk dt



                                      (4-12) 

   0  Y Y RTkt                                      (4-13) 

The resulting form is a line.  The values of the integral, ( )Y  , can be calculated 

numerically for each experimental deflection point. A segment of these values is fit using the 

analytical least squares line fit, and gives results for 0( )Y   and k  when temperature is known. 

For the results of permeance or flux, the fitting method is applied to a segment of 5 data 

points, and the resulting values are assigned to the center data point. A value of k, the permeance, 

is calculated at each point by proceeding through the data set in this manner. Permeance values 

following only include points with deflection above 50 nm. Points below 50 nm were excluded 

because small errors in the pressure correlation, and small amounts of air in the microcavity in 
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some runs results in large errors in the permeance calculation at points lower than 50 nm 

deflection. When a full five points aren’t available for the points at the beginning and end of the 

deflection data set, only the three or four nearest points are used to fit a value of permeation. 

 

 

4.5 Stochastic Switching of Gas Transport by AuNC 

We studied 2 types of nanopore molecular valves: a porous single layer of suspended 

graphene with no gold nanoclusters on its surface (PSLG) and a porous single layer of suspended 

graphene on top of which we evaporated gold nanoclusters (PSLG-AuNCs). To fabricate both 

types of devices, we start with suspended pristine monolayer graphene. The graphene is 

mechanically exfoliated over predefined etched wells on a silicon substrate with 90 nm of 

thermal silicon oxide on top. This forms a graphene-sealed microcavity which confines a ~µm
3
 

volume of gas underneath the suspended graphene. For the PSLG-AuNCs samples, gold atoms 

are evaporated onto the graphene after exfoliation and prior to poration. Molecular sized pores in 

the graphene are introduced using UV-induced oxidation.
50

 In the first few hours after UV-

induced oxidation, the gold clusters are observed to migrate and congregate on the surface of the 

graphene (Fig. 4.2a-b). 

A pressurized blister test is used to determine the leak rate out of the graphene sealed 

microcavity.
50

 The microcavity is filled with 300 kPa of pure H2, and the membrane is bulged up 

due to the pressure difference across the membrane (Fig. 4.3a and d). We then monitor the 

deflection of the membrane using an AFM (Fig. 4.3d-f). For the PSLG-AuNC device, the leak 

rate of gas out of the microcavity is slow initially, and the membrane deflection changes slowly 
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with time (Fig. 4.3d). A fit to a membrane mechanics model is shown as a red line. During 

scanning there is a sudden jump in the deflection and a much faster leak rate is observed (Fig. 

4.3e). This change from bulged up to bulged down occurs in ~30 s and is indicative of a rapid 

leaking of all of the H2 gas inside the microcavity, while any leak of air back into the cavity is 

much slower. A line cut through the center of the membrane during this process is shown in Fig. 

4.4. From the line cut (blue lines in Fig. 4.3 d-f), we can see the maximum deflection drops from 

147nm to -115nm in ~1 minute (Fig. 4.5). We attribute this sudden change in the deflection to 

migration of the gold nanoclusters on the surface of the membrane that “opened” a single pore in 

the graphene membrane allowing a fast leak rate (Fig. 4.3a-c). A single pore in the graphene 

membrane is likely responsible for the sudden change in permeance since it is unlikely that 

multiple identical pores opened simultaneously. 

 

 
Fig. 4.2 AFM amplitude images showing the movement of gold nanoparticles on a suspended graphene 
membrane. 
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Fig. 4.3 (a-c) Schematic of the gold nanoparticles (yellow solid circles) blocking and unblocking the pore on 
the monolayer graphene membrane; (d-f) AFM height images capturing the deflection change in (a-c). 

 

 
Fig. 4.4 Deflection vs. position through the center of the membrane in Fig. 4.3 (d-f). 
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Fig. 4.5 Maximum deflection vs. time for the dramatic leak rate change. The solid red line is a fit to the data 
before switching using the membrane mechanics model. 

 

Fig. 4.5 plots an extrapolated fit of the deflection data before the sudden drop in 

deflection.  This extrapolation represents the expected trajectory if the pore had continued in the 

blocked state at the start of the run. It was calculated by numerically linearizing the deflection 

data prior to the sudden drop (0 to 12 minutes) via equation 4-12 to the form of equation 4-13. 

From the analytical least squares fit, values for the two parameters, 0( )Y   and k , can be 

determined based on all the points in the range of 0 to 12 minutes. 

To create a fit and extrapolation for the deflection, a set of artificial evenly spaced 

deflection values between the maximum and minimum deflections are put in the form of 

equation 4-13. The fitted values of the two parameters, Y(δ0) and k, are used to solve for time at 

each of the artificial deflection points. Then the artificial deflection points are plotted against the 

calculated times as the fit and extrapolation.  
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4.6 Controlling the Leak Rate by Laser Induced Heating 

The change in permeance can be trigged by laser induced heating in vacuum to stimulate 

movement of the AuNCs. After that, we pressurized the sample in the same chamber to reach the 

designed pressure in the microcavity. After which the method was the same as previously 

described in ‘Material and Method’ section. In this case, the membrane in Fig. 4.2 displays a fast 

permeance as evidence from a decrease in the maximum deflection vs. time of H2 gas taking 

place in less than 30 minutes (Fig. 4.6). The permeance is relatively constant over many 

measurements at different starting internal pressures of hydrogen suggesting that eventually the 

AuNCs have stopped migrating. This is further confirmed by AFM images (Fig. 4.6 inset) which 

show the configuration of AuNCs as stable. After shining a laser on the surface of the membrane, 

the permeance slows considerably, now taking ~ 30 – 90 minutes to leak out depending on the 

initial internal pressure (Fig. 4.7). Again the leak rate is stable during these measurements over 

multiple internal pressures. An AFM image of the surface of the membrane after laser exposure 

shows a change in the configuration of AuNC on the surface of the membrane (Fig. 4.7 inset).  

From the max deflection vs. time curves (Fig. 4.6 and 4.7), the rate of change of the 

number of molecules, n, constitutes a leak rate dn/dt that can be extracted assuming the simple 

membrane mechanics model (Fig. 4.8a).
50

 We observe that the leak rate shows a linear 

dependence on the pressure difference with a slope of 8.41 ± 0.26 x 10
-24

 mol-s
-1

-Pa
-1

 before and 

1.70 ±0.02 x 10
-24

 mol-s
-1

-Pa
-1

 after laser exposure, consistent with nanopore transport
63

. A 

histogram of the leak rate normalized by the pressure difference, which we define as the 

permeance, is shown in Fig. 4.8b. Counts on the histogram correspond to a permeance 

calculation based on the slope around each deflection data point. There are clearly 2 defined 

states of the leak rate before and after laser exposure.  



83 

 

 

 
Fig. 4.6 Maximum deflection of the graphene membrane before focusing a laser beam at the center of the 
membrane. Different colors represent different charging pressures. The charging pressure is from 200 kPa to 
700 kPa to 200 kPa, in 100 kPa increments; (inset) AFM amplitude images of the graphene membrane 
corresponding to the state of the graphene membrane for the measurements. 

 

 
Fig. 4.7 Maximum deflection of the graphene membrane after focusing a laser beam at the center of the 
membrane. Different colors represent different charging pressures. The charging pressure is from 200 kPa to 
850 kPa, in 50 kPa, 100 kPa, or 150 kPa increments. (inset) AFM amplitude images of the graphene 
membrane corresponding to the state of the graphene membrane for the measurements. 
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Fig. 4.8 (a) Leak rate dn/dt vs. pressure difference Δp for Fig. 4.6-shown in red and Fig. 4.7 – shown in black; 
(b) Histogram of the permeance from (data in (a) –red) and (data in (b)-black). 

 

Fig. 4.8 shows switching of the permeance by laser induced heating which moves the 

AuNCs towards the pore site. This process is reversible. Further experiments on the same 

graphene membrane in Fig. 4.8 continue to show a slow leak rate (gray colored bar). Additional 

laser induced heating of the membrane resulted in a faster permeance shown by the magenta 

colored bars in Fig. 4.9.  
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Fig. 4.9 Histogram of the permeance from (data in gray) to (data in magenta) by laser induced heating again. 

 

Gas transport through the porous graphene membranes can be modeled using classical 

effusion. When the pore size is smaller than the mean free path of the molecule, classical 

effusion dictates that the time constant for the decay of the number of molecules in the graphene 

sealed microcavity is given by: 

2

R

wMV

T





                                                    (4-14) 

where V is the volume of the container, γ is the transmission coefficient, Mw is the molecular 

mass, R is the ideal gas constant, and T is the temperature.
52

 The transmission coefficient, γ, 

incorporates both the physical geometry of the pore, and any energy barrier from molecular 

interactions between the molecule and the pore. Due to the small volume of gas in the graphene 

sealed microchamber (~1 µm
3
), the time constant for the effusion due to a single defect can be 

considerably long (tens of minutes) making our geometry ideally suited for measuring the leak 

rate through a single sub-nm pore and for observing sub-Å2 
changes in the transmission 

coefficient. Correspondingly, the leak rate dn/dt assuming classical effusion is given by:  

dn

dt 2π Rw

p
M T


                                                 (4-15) 

where Δp is the pressure difference across the membrane 
63

. A plot of dn/dt vs. Δp shows a linear 

dependence further supporting classical effusion (Fig. 4.8a). The transmission coefficient can be 
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deduced from the slope and changes from 0.15 Å2 
(before) to 0.03 Å2

 (after) laser heating. The 

transmission coefficient is the geometric area of the pore (a few Å2
) multiplied by a transmission 

probability that an impinging gas atom or molecule has sufficient energy to pass through the 

potential barrier of the pore. Hence, γ is considerably smaller than the cross sectional area of the 

test gas H2 (2.89 Å) providing further evidence that the pore is on the order of the kinetic 

diameter of H2 and we are measuring small changes in the energy barrier from molecular 

interactions between the gas and pore mouth.  

  

 
 

4.7 Influence of Gas Species on Leak Rate 

The ability to observe small changes in γ allows us to vary the molecular size and study 

how that influences gas transport in the same SLGM. For this study, we used a single SLGM that 

contained no AuNCs. The leak rate, dn/dt, of helium gas through SLGM shows a linear 

dependence on Δp and is relatively constant over a range of Δp from 200 kPa to 700 kPa (Fig. 

4.10 inset). This agrees with classical effusion with a slope equal to 1.5 ± 0.01 x 10
-23

 mol-s
-1

-Pa
-

1
 corresponding to γ = 0.36 Å2

 (Fig. 4.10). The permeance for other noble gases, Ar, Ne, as well 

as He, are shown as a histogram with average values and standard deviations of 4.1 ±2.1 x 10
-25

, 

2.5 ±1.6 x 10
-24

, and 1.5 ±0.2 x 10
-23 

mol-s
-1

-Pa
-1

, respectively (Fig. 4.11). This follows a trend of 

a slower leak rates for larger gas atoms. In addition to the noble gases, we measured the leak rate 

of the non-noble gas molecules, H2, CO2, and N2O both before and after introducing the 

molecular-sized pores (Fig. 4.12). Data for the non-porated graphene was taken on a separate but 

similar monolayer graphene membrane and the measured leak rates agree well with a leak 
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primarily through the underlying silicon oxide substrate.
8,50,79

 In all cases, there was a 

considerable increase in the leak rate after poration supporting that the leak rate is primarily 

through the molecular-sized pore. 

We can deduce the transmission coefficient as a function of the kinetic diameter for all 

the gases measured. As expected for the noble gases, the transmission coefficient increases as the 

kinetic diameter decreases: (Ar) 0.027 ±0.017 Å2
, (Ne) 0.14 ±0.09 Å2

, and (He) 0.36 ±0.05 Å2
 

(Fig. 4.13), further confirming that the pore size is on the order of the kinetic diameter and 

showing the influence of the molecular size on γ. In addition, the leak rate of H2, roughly follows 

the trend observed with the noble gas atoms. However, CO2 and N2O follow a very different 

trend (inset Fig. 4.13). Their leak rates and transmission coefficients are considerably larger than 

one would expect from their kinetic diameter (CO2) 0.65 ±0.52 Å2
, and (N2O) 1.52 ±1.21 Å2

. We 

attribute this to chemical interactions that N2O and CO2 have with the pore which lowers the 

energy barrier to transport. These experiments demonstrate that gas transport of polar gas 

molecules clearly shows a strong influence on chemical interactions between the molecule and 

the pore consistent with recent theoretical calculations.
161,163
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Fig. 4.10 Leak rate dn/dt vs. pressure difference Δp for He gas (inset) Maximum deflection vs. time for He gas. 

 

 
Fig. 4.11 Histogram of permeance for the noble gases, Ar, Ne, and He. 
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Fig. 4.12 Permeance vs. kinetic diameter for all of the measured gases before (blue) and after (black) etching. 

 

 
Fig. 4.13 Transmission coefficient vs. kinetic diameter for He, Ne, H2, and Ar. (inset) Transmission coefficient 
vs. kinetic diameter for He, Ne, H2, N2O, CO2, and Ar. 

 

The original data of the max deflection vs. time for He, Ne, Ar, H2, N2O, and CO2 are 

shown in Fig. 4.14. Different colors represent different measurement for the same PSLG. From 
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this data, we extracted the leak rate dn/dt vs. pressure difference Δp and the corresponding 

permeance. 

 

  
Fig. 4.14 Maximum Deflection vs time of multiple gases for porous monolayer graphene membrane in Fig. 
4.12&4.13.   

 

4.8 Schocastic Switching of Porous Graphene without AuNC 

Though the leak rates are relatively constant over long time periods (days) of repeated 

measurements, the transmission coefficient demonstrates discretized fluctuations indicative of 

stochastic switching. Fig. 4.15a shows the concatenated permeance over time along with a fit to 

discrete states using Hidden Markov modeling (see details below). The data in Fig. 4.15a was 

taken over the course of five days where a dashed line corresponds to the start of a new 

measurement. All measurements are concatenated into a single observed time axis so that the 

repetition of certain states and values of permeance can be seen. This switching is clearly seen in 

Fig. 4.15b where the permeance switches five times within 1 hour (black circles). The histogram 
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of the permeance for Ne is plotted in Fig. 4.15c. The permeance shows a large number of states 

on the low end of the spectrum with occasional switching to faster leak rates. We fit these 

permeance values versus time to discrete states and applied a Hidden Markov model (HMM) to 

elucidate transition rates 
166,167

. The frequency of switching between the states also yields an 

approximate value for the activation energy of the switching process, 0.9 eV.  This is comparable 

to the activation energy required for rearrangement of molecule bonds, such as cis-trans 

isomerization.
168

 These calculations comparing a the model pore and experimental results 

demonstrate that relatively minor changes in the pore can have an observable impact on the 

permeation characteristics of the pore. 

 

 
Fig. 4.15 Stochastic switching of the leak rate through porous monolayer graphene without gold 
nanoparticles (a) Permeance (black circles) and fit (red line) vs. time for all the Ne data. Bottom axis, 
observable time, corresponds to the 800 minutes of measurements taken over five days after repeated 
pressurization. Each measurement is separated by a dashed line. (b) Single experimental run within (a) 
matching highlighted time range. Left axis, blue squares - Maximum deflection versus time for Neon. Right 
axis– permeance vs. time calculated from the change in deflection vs. time in. (c) Histogram of the permeance 
for all the data in (a). 

 

For fitting permeance versus time to discrete states, we applied a hidden Markov model 

(HMM). HMM describes a system that can switch between various states, however the states are 

not directly observable and must be inferred from changes in output.  This type of modeling has 
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been applied in fluorescence and sensing applications to model the changes in observed 

fluorescence from interactions with an analyte.
169

  The states and fit were calculated using the 

program HaMMy, which was originally developed for HMM analysis of FRET systems.
167

 

The data from multiple runs was analyzed together by concatenating all data sets so that 

they have a shared time axis, called observed time. This represents the time in which data was 

being measured. The experiments for Ne were done over the course of five days, and the time 

between experiments is excluded for the fitting but noted by dashed lines in Fig. 4.15. For 

estimating the frequency of transitions between states, the transitions that occurred between the 

end of the previous experiment and the start of the next are excluded. Only points and time when 

the deflection is above 50 nm are included.  When input into the program HaMMy, the 

permeance data is normalized by the maximum value, however, after the Markov model fit is 

generated, the permeance is converted back to absolute values. 

The fitting algorithm fits the data to states that are distinct from each other and treats the 

transitions between states as instantaneous.  The program was used to fit up to ten states, but it 

can also return empty states if the number of recognizable states is lower than ten. 

The frequency of transitions between states can be used to estimate the activation energy 

of the pore transitions.  For Ne, the hidden Markov modeling identified 26 transitions that did not 

occur during the time between experimental runs.  The total observed time was 785 minutes.  

Therefore, the frequency is about 1 transition per 30 minutes, or 2x10
-3

 1/s.  The kinetic rate 

constant is approximately equivalent to the frequency.  For an elementary process, the kinetic 

rate constant consists of an attempt frequency, A, and an exponential dependence on activation 

energy. 

3 12 10
aE

RTk Ae
s


                                           (4-16) 
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Molecular vibrations typically occur within a few orders of magnitude of 10
13

 1/s.
170

 We 

assume A=10
13

, and our data give us k based on one switching in 30minutes. Assuming a 

temperature of 298 K, the activation energy for a transition, aE , can be estimated as 0.94 eV. 

 

4.9 Estimation of Change in Permeance from Pore Rearrangement 

We attribute the stochastic switching in leak rates to small fluctuations at the pore site 

which modulate the transmission probability. One possible source of fluctuations is reaction of 

the pore edge functionalization with atmospheric species; another is pore isomerization, in which 

the pore transitions between stable chemical states through rearrangement, but no gain or loss, of 

the atoms around the pore. Fig. 4.16a illustrates the simplest possible rearrangement: moving a 

single carbon atom in a simplified model pore which excludes functionalization. The effective 

size is around the expected pore size based on the observed molecular sieving. Even for this 

simplified model, this small rearrangement results in a relatively significant change in the energy 

barrier, as shown in Fig. 4.16b. That change in the model pore’s estimated energy barrier gives 

an expected change in the permeance of around a factor of two or three, which is consistent with 

the magnitude of the experimentally observed changes in Fig. 4.15. The sensitivity of the leak 

rate to small rearrangements at a single pore further supports the hypothesis that a single pore is 

responsible for the observed gas transport in the measured porous graphene.   
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Fig. 4.16 Atom Rearrangement at pore mouth. (a) Representation of a simple model pore rearrangement. (b) 
Estimation of barrier energy for two pores depicted in (a) and the expected ratio of permeance between the 
two. 
 

In Fig. 4.16 b, it was shown that a small rearrangement in the pore could result in a 

meaningful change in the barrier energy and the expected permeance. The ratio is derived from 

an alternate form of equation 4-15 rearranged in terms of permeance, θ.  The transmission 

coefficient, γ, is expanded into a geometric area term, ag, and a barrier energy, Ea, term. 

1 dn

dt 2π R 2π R

aE
RT

g

w w

a e

p M T M T






  


                              (4-17) 

When there is a pore rearrangement, both component terms of the effective pore area can 

change.  However, as a first order approximation, we will assume only the geometric area term 

remains approximately constant. Therefore, the ratio of the permeances reported in Fig. 4.16b is 

simply the following: 

,2 ,2
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                                       (4-18) 

The energy barriers for pore configuration 1, ,1aE , and pore configuration 2, ,2aE , are 

calculated using a single-center Lennard-Jones potential with the following parameters. 
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Table 6 Parameters for Lennard-Jones Potential Calculation 
Center σ  (Å) ϵ / kB  (K) 

C 171 2.960 34.2 

Ar 172 3.542 93.3 

He 172 2.551 10.22 

Ne 172 2.820 32.8 

CO2 
172 3.941 195.2 

H2 
172 2.827 59.7 

N2 
172 3.798 71.4 

N2O 172 3.828 232.4 

O2 
172 3.467 106.7 

 

Fig. 4.16b only includes He, H2, and Ne.  The full list of energy barriers is listed below.  

Energy barriers that are negative mean that the interaction energy for being in the center of the 

pore is more favorable than as a free gas molecule; the energy barrier is treated as zero in this 

case.  For the larger molecules the energy barrier is larger and means those molecules would 

permeate very slowly, effectively blocked relative to the low barrier.  CO2 and N2O show large 

energy barriers even though experiments show they permeate quickly; as discussed in the 

manuscript, this is believed to be the result of favorable electronic interactions that lower the 

total interaction energy, which is not captured by the simple Lennard-Jones (L-J) potential. 

 

Table 7 Calculated Energy Barriers 
 L-J Energy barrier 

Ea/(R*298) 

Gas Fig 4.16a 
Left 

Fig 4.16a 
Right 

He 0 (-0.83) 0 (-0.37) 

Ne 0 (-0.96) 0.73 

H2 0 (-1.36) 1.12 

O2 7.29 23.8 

Ar 8.55 25.7 

N2 14.5 36.8 

CO2 45.5 109.2 

N2O 40.9 102.4 
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4.10 Conclusions 

In conclusion, we created molecular valves in graphene which allow us to control the gas 

flux through a single (nominally) molecular-sized nanopore. The process can be controlled by 

movement of AuNC on the graphene surface. These results lead to a greater understanding of 

molecular gas transport through molecular-sized pores in atomically-thin materials. The 

switching observed may lead to unique sensors based on the reversible switching of molecular 

transport through ~atomic size pores reminiscent of ion channels in biological cell membranes,   

i. e. sensors for molecules that change configurations, or single molecule binding events. 
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Chapter 5 Ultrathin Oxide Films by Atomic Layer 

Deposition on Graphene 

5.1 Introduction 

Two-dimensional (2D) materials are promising nanomechanical structures.
12,29

 Graphene, 

the best known and studied of this class of materials, boasts a high Young’s modulus, intrinsic 

strength, gas impermeability, and excellent thermal and electrical conductivity.
7,8,14,18,87

  There 

are possible applications where flexible ultrathin insulating or oxide films are needed with 

comparable mechanical properties. The integration of graphene with other two dimensional (2D) 

or quasi-2D materials may also lead to new functional properties for the composite 

materials.
140,173-176

 Currently, the range of ultra-thin materials is severely limited by the materials 

and length-scales that are accessible through thin film fabrication.   

Mechanical and chemical exfoliation, as well as growth techniques such as chemical 

vapor deposition, can produce just a handful of ultra-thin layered materials.
23,29,31,177,178

 As 

traditional materials approach ~ 1 nm film thicknesses, fabrication of freely suspended films is 

difficult due to stresses or significant voids in the films that destroy the mechanical integrity of 

the film. To overcome these problems, we use suspended graphene membranes as sacrificial 

supports to grow high quality ALD films and then remove the graphene to leave the ALD thin 

film. These experiments demonstrate that ALD on graphene offers a route to create free-standing, 

ultrathin, quasi-2D structures with atomically controlled thickness and mechanical properties 

comparable to their bulk counterparts.
92,104,179,180
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5.2 Experimental Methods 

Graphene is deposited using mechanical exfoliation over pre-defined etched wells similar 

to previously described methods (see Fig. 5.1a).
8,29,79

 A series of wells with ~5-8 μm diameters 

were defined by photolithography on a silicon wafer with 90 nm of thermally grown silicon 

oxide. Dry plasma etching (CF4 + O2, followed by SF6) is used to etch wells that are 500 nm – 3 

μm and the “scotch tape” method is used to deposit graphene.
29

 

Atomic layer deposition on the graphene is performed in a homebuilt reactor following a 

recipe similar to one previously reported for ALD alumina growth on carbon nanotubes.
125,139

 

The samples are placed inside the ALD reactor, pumped down to ~30 mTorr, and held at 180°C 

for 30 min - 1 h before beginning the reaction. The reactor is purged with 20 sequences of argon 

purging before performing the NO2/TMA nucleation treatment. Each argon purge involved 

dosing argon to 1 Torr for 60 s and then pumping for 60 s.   

The nucleation treatment involves a dose of NO2 to 1 Torr for 60 s followed by pumping 

for 60 s.  Subsequently, a dose of TMA to 1 Torr for 60 s is applied, followed by pumping for 60 

s. This process is repeated 10 times. After forming this adhesion layer, ALD of alumina is 

performed by cycling TMA/H20 doses as follows: dose TMA to 1 Torr for 60 sec, pump for 60 

sec, then dose Argon at 20 Torr for 60 sec and pump for 60 seconds 5 times, dose H2O to 1 Torr 

for 60 s, pump for 60 s, then dose Argon at 20 Torr for 60 s and pump for 60 s 5 times. This 

represents 1 cycle of ALD. After the TMA/H2O cycles are complete, the reactor is purged again 

with argon and then the samples are removed. All reactions were performed at 180 (± 0.5) °C. 

In summary, atomic layer deposition films are fabricated using a combination of 

deposition and etching using a suspended graphene support. The graphene provides an 

atomically-smooth growth surface that can easily be etched away. Graphene is mechanically 
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exfoliated over predefined wells as illustrated in Fig. 5.1a.  The graphene is then exposed to a 

trimethylaluminum (TMA) and NO2 treatment that forms an adhesion layer for ALD 

nucleation.
125,134,139

 Aluminum oxide ALD is subsequently grown using TMA/H2O doses.
103,181

 

An example of such a graphene/ALD composite film after 7 cycles of alumina ALD is shown in 

Fig. 5.1b. We then use oxidative etching of the underlying graphene support to leave only the 

thin alumina ALD film suspended over the predefined well as displayed in Fig. 5.1c. After the 

graphene is etched away, the film is no longer visible in the optical microscope, and Raman 

spectroscopy was used to confirm the absence of graphene (Fig. 5.3).   

 

 
Fig. 5.1 (a) Schematic of a graphene membrane before atomic layer deposition (ALD). (b) (upper) Optical 
image of an exfoliated graphene flake with 7 cycles of alumina ALD. (lower) side view schematic of this  
graphene/ALD composite. (c) Optical image of a pure alumina film after graphene is etched away. (lower) 
side view schematic of this  pure ALD film. 

 

Image of cross-section for ALD/graphene composites is observed by TEM. Cross-

sections of alumina/graphene devices on SiO2 substrates were prepared using a focused ion beam 

lift-out. Before cross-sectioning, the samples were coated with ~20 nm of amorphous carbon 

followed by a thick platinum layer to protect the sample surfaces.  The samples were imaged 

using a 200 kV electron beam in a FEI Technai-F-20 TEM/STEM.  The composition of each 

layer was verified with electron energy-loss spectroscopy. TEM/STEM was used to image the 

alumina that was formed on graphene after 10 cycles of TMA/NO2 nucleation treatment 
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followed by 5 cycles of TMA/H2O ALD deposition.  From these images, the observed alumina 

layer was amorphous and 2.8 ± 0.3 nm thick. 

  

 
Fig. 5.2 Bright-field TEM image of a cross-section of supported alumina ALD film on 5-layer graphene 
supported on silicon oxide. The amorphous alumina layer is 2.8 ± 0.3 nm thick.  

 

Raman spectroscopy was used to confirm the removal of graphene after etching.
29

 Fig. 

5.3 shows Raman spectroscopy of a graphene/ALD composite film before etching of graphene. 

The Raman spectrum shows the G and 2D peaks that are characteristic of a bilayer graphene 

membrane. After etching, the G and 2D peak are not detectable in the Raman spectrum 

confirming that all the graphene was etched away leaving only the suspended pure alumina ALD 

film.   

 

 

 
Fig. 5.3 (a) Raman spectrum for one of the graphene/ALD composite films in Fig. 3.1b. (b) A representative 
Raman spectrum on one of the pure alumina ALD films in Fig. 3.1C.  
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5.3 Young’s Modulus of ALD Membranes 

We have used blister test to get the Young’s modulus of ALD membranes. A pressure 

difference is applied to the film using a previously reported method where slow diffusion 

through the SiO2 substrate over-pressurizes the film-sealed microchamber.
8,79

 An atomic force 

microscope (AFM) image of such an over-pressurized suspended film in Fig. 5.1c is shown in 

Fig. 5.4a. The ALD film is bulged upward with a maximum deflection through the center of the 

film, δ = 261 nm, and a radius, a = 2.76 µm, consistent with the radius of the predefined well. At 

increasing Δp, the film stretches further as δ increases as characterized in Fig. 5.4b. During AFM 

imaging, the bulge is stable suggesting a constant pressure difference and no significant leak rate 

of gas out of the microchamber, similar to previous results on graphene membranes
8
. This 

behavior implies that the aluminum oxide films are pinhole-free and impermeable to the nitrogen 

gas used for pressurization. 

 

The deformation of the film follows:
79,182

    

       
  

                                                         (5-1) 

where E is Young’s modulus, t is the thickness of the film, and K(υ) is a constant that depends 

on the Poisson’s ratio. For the case of aluminum oxide, K(υ = 0.24) = 3.35. 
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Fig. 5.4 (a) (upper) Atomic force microscope image of a pressurized 7 cycle pure alumina ALD film  with ∆p = 
278 kPa. This film corresponds to the film boxed in red in Fig. 5.1 (b) and (c).  (b) Deflection vs. position 
through the center of the film in (a) at different ∆p.  

 

 

Fig. 5.5 shows     
  

  vs. Δp for 18 pure alumina ALD films (graphene etched away) 

fabricated on an exfoliated graphene flake using 7 cycles of alumina ALD. The behavior of each 

film follows a line as expected from equation (5-1).  The average and standard deviation of the 

slope of these lines gives Et = 250 ± 12 GPa-nm.  

 

A method identical to one previously used to determine the elastic constants of pressurized 

graphene membranes was used to determine the elastic constants of the pure ALD films for a 

number of different films formed using 4 – 15 cycles.
8
 Fig. 5.6 shows additional blister test data 

for the other pure ALD films fabricated and tested in this study. All of the films shown in one 

plot are from the same ALD coating on multiple graphene membrane supports. The Et values are 

extracted from the slopes. 

The plot of Et vs. number of ALD cycles is shown in Fig. 5.7. A best fit line of the data 

gives a slope of Etcycle = 16.9 ± 1.4 GPa – nm with an intercept of E0t0  = 127.1 ± 13.1 GPa – nm. 

This slope corresponds to EALD Al2O3= 154 ± 13 GPa assuming an ALD growth rate of 0.11 
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nm/cycle.
103,106

 This Young’s modulus is comparable to previous measurements on much thicker 

(tens to hundreds of nm) alumina ALD films that have Young’s moduli of 168 – 220 

GPa.
141,143,183

 Because the films are freely suspended, a mechanical support does not influence 

the mechanical properties of the ALD thin films. The high Young’s modulus is remarkable 

considering our samples are 2 – 3 orders of magnitude thinner than previously measured ALD 

films. 

 

 
Fig. 5.5 K(ν)z3/a4 versus  ∆p for 18 pure ALD films with 7 cycles of alumina ALD. Colored lines are best fits to 
each sample. The average and standard deviation of all the slopes corresponds to Et = 250 ± 12 GPa-nm. 
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Fig. 5.6 K(ν)δ3/a4 versus  ∆p for (a) 5 pure ALD films with 8 cycles of alumina ALD. The average and standard 
deviation of all the slopes corresponds to Et = 213 ± 12 GPa-nm. (b) 1 pure ALD films with 5 cycles of alumina 
ALD. The slope is a best fit line and corresponds to Et = 180 ± 6 GPa-nm. (c) 8 pure ALD films with 5 cycles of 
alumina ALD. The average and standard deviation of all the slopes corresponds to Et = 219 ± 21 GPa-nm. (d) 5 
pure ALD films with 8 cycles of alumina ALD. The average and standard deviation of all the slopes 
corresponds to Et = 280 ± 12 GPa-nm. (e) 3 pure ALD films with 10 cycles of alumina ALD. The average and 
standard deviation of all the slopes corresponds to Et = 355 ± 71 GPa-nm. (f) 9 pure ALD films with 15 cycles 
of alumina ALD. The average and standard deviation of all the slopes corresponds to Et = 375 ± 38 GPa-nm.  

 

 
Fig. 5.7 Et vs. # of cycles for all the pure ALD films measured. The standard deviation is shown as error bars. 
The solid line is a best fit to the data and corresponds to Etcycle = 16.9 ± 1.4 GPa – nm with an intercept of E0t0  

= 127.1 ± 13.1 GPa – nm. This corresponds to EALD Al2O3= 154 ± 13 GPa assuming a thickness gain per cycle of 
tcycle  =  0.11 nm.  
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5.4 Mass Density for ALD Membranes 

The mass density can be calculated from the resonance method experiments. The 

pressure induced-strain in the film can be used to tune the mechanical resonance frequency of the 

suspended films. Fig. 5.8 demonstrates this behavior for a graphene/ALD composite film 

fabricated using 5 cycles of alumina ALD. The mechanical resonance is actuated and detected 

optically as previously reported.
8,87

 We were unable to measure a resonance frequency for the 

pure alumina ALD films presumably due to the lack of optical reflectivity from these samples. 

The frequency first decreases and then increases as the film transitions from a bulged upward to 

a depressed downward state.  

At sufficiently large pressures far from the minimum frequency, the frequency scales as   f 
3
 α Δp.  

The slope shows a dramatic decrease in frequency with the addition of alumina ALD cycles as 

shown in Fig. 5.9. The pressure inside of the microcavity in Fig. 5.9 is much lower than the 

inside pressure in Fig. 5.8, which makes the y-intercept at pext=0 much lower. This behavior can 

be explained by the pressure-induced changes in the tension in a stretched circular film according 

to:  

    p
a

Et
f

A

 

34

33 )(K
107




                                               (5-2) 

where ρA is the mass per unit area. From the slope of the lines in Fig. 5.9 and using Et)(K   

determined by a pressurized blister test on the composite ALD/graphene film, we can determine 

ρA of each suspended film before and after each ALD process. All samples showed an increase in 

ρA with number of alumina ALD cycles as displayed in Fig. 5.10a.  The first three cycles showed 

a larger increase in ρA that may be related to the initial nucleation of alumina ALD. The finite ρA 

before any ALD cycles is attributed to the additional mass from the adhesion layer.   
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Using the measured ρA, we can estimate the volume density of the ALD films, ρV, and the 

areal mass density of the adhesion layer from pretreatment, ρA_ad. Because all the samples have 

an adhesion layer with an unknown ρA_ad, we first determine ρV from the slope of the lines in Fig. 

5.10a for coatings after the nucleation treatment. This determination yields ρV = 2.3 ± 0.4 g/cm
3
 

assuming an ALD growth rate of 0.11 nm/cycle.
103

 (The anomalously large value at 12 cycles 

shown in blue was not used in calculating this average and standard deviation.) We then deduce 

ρA_ad from the measured ρA using ρA_ad = ρA - ρV * N, where N is the number of alumina ALD 

cycles. This derivation yields an average value and standard deviation of ρA_ad = 1.4 ± 0.3 * 10
-7

 

g/cm
2
. We can then determine ρV for every ALD film in Fig. 5.10a. This procedure yields ρV = 

2.4 ± 0.7 g/cm
3
 as shown in Fig. 5.10b.  This density is comparable within experimental error to 

previous densities measured on thicker alumina ALD thin films of 3.0 g/cm.
3
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Fig. 5.8 Mechanical resonant frequency vs. pext  for a graphene /ALD composite film with 5 cycles  of alumina 
ALD. (insets)  Schematic of the film at different ∆p. 
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Fig. 5.9 Frequency3 vs. pext for a single graphene/ALD composite film with 0, 4, 9, 12 cycles of alumina ALD. 

 

 
Fig. 5.10 (a) Areal mass density ρA vs. number of cycles for all the graphene/ALD composites measured. (b) 
Histogram of volume mass density ρV  for the alumina ALD films. The black line is a Gaussian fit to the data.  
 

5.5 Initial Tension in Graphene and Graphene/ALD Composite 

Films 

Even with no applied pressure difference across the films, the frequency of these 

nanomechanical resonators still behave as stretched membranes.
79

 This is illustrated by the high 

resonant frequencies exhibited by the membranes even when no pressure difference exists across 
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the membranes or pint = pext. Neglecting the bending rigidity, the fundamental frequency of a 

clamped circular membrane under uniform tension, S0, is given by: 

2

0
0

π2

404.2

ma

S
f                                                         (5-3) 

 

The initial surface tension in the membranes can be deduced by measuring the resonant 

frequency of the membranes when no pressure difference exists across the membrane. For the 

graphene membrane resonator before ALD deposition, this corresponds to a uniform tension of 

S0 = 0.073 ± 0.041 N/m (Fig. 5.11a). After ALD film deposition, the uniform tension is S0 = 0.21 

± 0.13 N/m (Fig. 5.11b).  This increase in uniform tension indicates that there is a significant 

increase in the intrinsic stress in the membranes. Future work will seek to understand the origin 

of this increased tension in the composite membranes to determine whether this intrinsic stress is 

a result of stress in the pure ALD films or arises from the composite nature of the films. 

 

 
Fig. 5.11 Histogram of initial tension in (a) pristine graphene membranes and (b) graphene/ALD composite 
membranes. 
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5.6 Pure ALD Films from the Nucleation Treatment 

The thinnest suspended pure alumina ALD film fabricated is shown in Fig. 5.12. This 

film had only 4 cycles of the NO2/TMA nucleation treatment applied to the graphene. 

Subsequent etching of the graphene support leaves a continuous and smooth film. The film has a 

few small voids visible by AFM. Fig. 5.13 shows optical and AFM images for a film made from 

only 5 cycles of the NO2/TMA nucleation treatment. This film is also continuous and smooth and 

there are no pinholes or small voids visible by AFM.  

 

 

 
Fig. 5.12 (a) Optical image of a graphene flake with 4 cycles of NO2/TMA. (b) Optical image after etching away 
the graphene (c) Atomic force microscope image corresponding to the red box in (b) of the pure alumina ALD 
film (scale bar = 2.5 µm).  
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Fig. 5.13 (a) Optical image of a graphene flake with 5 cycles of NO2/TMA. (b) Optical image after etching away 
the graphene (c) Atomic force microscope image corresponding to the red box in (b) of the pure alumina ALD 
film (scale bar = 2.5 µm).  

 

5.7 Yield Rate 

None of the 178 samples fabricated with less than 4 alumina ALD cycles were 

impermeable to N2 gas after removal of the graphene as shown in Fig. 5.14a. However, the yield 

of impermeable films increased with number of ALD cycles and reached 85% for 15 ALD cycles 

as displayed in Fig. 5.14b.  This behavior indicates that increasing the number of ALD cycles 

reduces pinholes or gas diffusion through the film (The cycles here is the coating after 

pretreatment).  
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Fig. 5.14 (a) (black) Number of all pure ALD films fabricated in this study  vs. number of ALD coating cycles.  
(red) Number of pure ALD films that hold N2 gas from that sample batch (b) Percentage yield vs. # of cycles 
for all the pure ALD films fabricated.  

 

For freely suspended films formed using only 5 cycles of the TMA/NO2 nucleation 

treatment, AFM images of the films do not show voids (Fig. 5.13). This corroborates our 

measurements of a contribution from the adhesion layer to E and ρA_funct in Fig. 5.7 and Fig. 5.10a. 

Future work will examine the dependence of the adhesion layer and its role in nucleating 

continuous pinhole-free ALD alumina thin film growth on graphene.  

 

 

 

 

 

 

 

 

 

 

 



112 

 

5.8 Conclusions 

In conclusion, a new class of ultrathin films has been created based on aluminum oxide 

ALD on graphene. These films are mechanically robust, pinhole-free, and have ~nm thicknesses 

while still maintaining a Young’s modulus comparable to their much thicker counterparts. The 

manufacturability, thickness control, and versatility of the ALD process means that materials and 

processing can be tailored to suit many applications where traditional silicon or graphene-based 

thin film mechanical devices fail to offer the needed functionality.
184,185

 Furthermore, these films 

can be integrated with graphene or other nanomechanical structures to create multifunctional 

quasi-2D electromechanical structures. 
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Chapter 6 Summary and Suggestions for Future 

Work 

6.1 Summary 

This thesis summarized a careful study for the gas transport mechanisms of graphene 

membrane, which can be used in gas separation. What’s more, it looked into details of 

mechanical properties of ultrathin suspended ALD films, which may be used for gas separation. 

Chapter 1-3 overviewed the basic concepts and background, which underlie my research; chapter 

4-5 provided the results and discussion of the key findings. 

Chapter 1 began with fundamentals of graphnene. Then nanopores on graphene was 

introduced in detail. Chapter 2 focused on nanomechanics, which started from the solid state 

mechanics and dynamics for NEMS. Then it introduced the mechanical properties of graphene in 

detail.  Chapter 3 gave the basics of ALD and the mechanical properties of Al2O3 ALD. 

We created single pore valves from porous graphene membrane to control gas flux in 

Chapter 4. In this part, sub-nm pores were introduced to the pristine graphene with UV exposure. 

A blister test was used to check the leak rate. Controlling the pore opening and closing using 

AuNC dramatically changed gas permeance. We detected the stochastic switching of permeance 

on single layer graphene membrane, which is believed to arise from the minor atomic 

rearrangements around the pore mouth. The permeance of polar gas molecules were observed to 

be much higher than the kinetic theory’s prediction.  

Chapter 5 provided a method to fabricate ~nm thin suspended pure ALD Al2O3 films. 

ALD Al2O3 was deposited on graphene membranes; then graphene was etched away by 

oxidation in furnace at 600°C. No visible voids can be found on ALD films even with just with 5 
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cycles of pretreatment. As the cycles of coating increase, the percentage of membranes, which 

can hold gas, increases. From the blister test, we found that the Young’s modulus for ALD Al2O3 

is around 154GPa, which is comparable to previous measurements on much thicker alumina 

ALD films. From the resonance test, we calculated the mass density is ~2.4 g/cm
3
, which is 

comparable to previous densities measured on thicker alumina ALD thin films. 

 

 

6.2 Suggestions for Future Work  

The preliminary study of single pore on graphene membrane opens a door to a new field. 

We can tune the temperature to see the response of the quantized switching. Different 

functionalized methods can be tried to modify the permeance switching. Different kinds of nano 

blockers can be used on 2D porous materials to create controllable switching. These experiments 

can be extended to ion separation, and water desalination too. Besides the experimental work, 

systematic analysis may be needed from theorists. 

Some in-depth study of ALD ultrathin films is also interesting. AFM nanoindentation can 

be used to check its breaking strength. NEMS resonators can be created from pure ALD films. 

Blister test or other methods can be used to check its permeance. Since it is easy to scale up with 

the uniform coated ALD technique, ALD ultrathin film for gas or ion separation is also attractive. 

Moreover, ALD healed porous graphene may lead to some promising results. Recently, 

extremely high flux is achieved from porous graphene with high density pore arrays (7.6-nm 

pore diameter with 4.0% porosity), but the selectivity is less than 10 for H2/CO2.
186

 If we can use 
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ALD technique to heal the 7.6nm pore to sub-nm, molecular sieving may be achieved. In this 

case, both large flux and high selectivity may be accomplished at the same time.   
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