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ABSTRACT 

This dissertation presents research on scanning probe microscopy and 

spectroscopy of graphene and carbon nanotubes. In total three experiments will be 

discussed. 

The first experiment uses a scanning tunneling microscope (STM) to study the 

topographic and spectroscopic properties of graphene on hexagonal boron nitride (hBN). 

Graphene was first isolated and identified on SiO2 substrates, which was later found to be 

the source of graphene quality degradation, e.g. large surface roughness, increased 

resistivity and random doping etc. Researchers have been trying to replace SiO2 with 

other materials and hBN is by far the most successful one. Our STM study shows an 

order of magnitude reduction in surface roughness and electrostatic potential variation 

compared with graphene on SiO2. 

The second experiment shows a novel quantum interference effect of electron 

waves in graphene, loosely referred to as “Friedel oscillations.” These arise when 

incident electron waves interfere with waves scattered from defects in the sample. This 

interference pattern shows up as a spatial variation in the local density of states, which 

can be probed by the STM. We measured such Friedel oscillations in graphene near step 

edges of hBN. Due to its peculiar band structure, the oscillations in graphene have a 

faster decay rate and their wavelength is an order of magnitude longer than similar 

oscillations previously observed on noble metal surfaces. By measuring the dependence 

of the Friedel oscillations on electron energy, we map out the band structure of graphene. 
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The last experiment studies a different system: carbon nanotube quantum dots. By 

combining scanning probe microscopy and transport measurements, we obtain spatial 

information about quantum dots formed in a carbon nanotube field effect transistor. We 

also demonstrate the ability to tune the coupling strength between two quantum dots in 

series. 
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CHAPTER 1: INTRODUCTION 

WHAT DID WE STUDY? 

We studied the electronic properties of two types of carbon nanomaterials – 

graphene and carbon nanotubes, mainly by scanning probe microscopy techniques, 

including scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS) 

and scanning gate microscopy (SGM). In this chapter, I will introduce the basic ideas that 

motivated our work.  

1.1 Graphene 

Graphene, a single layer of a graphite crystal, is a honeycomb lattice consisting of 

carbon atoms (see Figure 1-1 for an artist’s rendering). With its unique physical 

properties and potential revolutionary impact on electronics, graphene has attracted a 

large amount of research effort [1-10]. Although theoretical investigations of graphene 

started in the mid 1940s [11], when graphite was an important war material, graphene 

was not isolated in the lab until 2004 [12]. Before its discovery, many people believed 

that the existence of a two dimensional crystal seemingly violated the Mermin-Wagner 

theorem [13]. One part of the theorem states that due to thermal fluctuation, no two 

dimensional long range order can exist at non-zero temperature.  

Since graphene’s first isolation on a SiO2 substrate, many techniques have been 

applied to study this new member of the carbon family. With STM, researchers 

demonstrated [14, 15] that graphene on SiO2 is quite bumpy (as shown in Figure 1-1) 

with roughness of about 1 nm, which effectively makes graphene 3D instead of 2D 

(interaction between graphene and the substrate also makes it 3D), so the Mermin-
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Wagner theorem doesn’t apply here. Scanning single-electron transistor [16] and 

scanning tunneling spectroscopy [17, 18] were used to demonstrate that not only the 

topography of graphene is bumpy but also the electrostatic potential landscape is spatially 

varying. Since the SiO2 surface is amorphous and grown by oxidizing the Si surface, it is 

naturally not flat at the atomic level and has trapped charged impurities. This contributes 

to the topographic and electrostatic roughness in graphene and greatly limits graphene’s 

performance.  For example, the fluctuation in the electrostatic potential introduces more 

scattering to charge carriers in graphene, and hence increases the resistivity [19, 20]; the 

topographic roughness can also cause random effective vector and scalar potentials [21] 

which also limit the performance of graphene. 

 

Figure 1-1. Artistic impression of a corrugated graphene sheet [7]. Adapted by 

permission from Macmillan Publishers Ltd: [Nature] Meyer et al., Nature 446, 60, 2007. 

copyright (2007). 

           

To overcome these limitations, different substrates other than SiO2 have been 

explored [19, 22, 23]. The most successful one is hexagonal boron nitride (hBN). hBN is 

a white color crystal with a similar layered structure to graphite. Like graphene, each 

layer of hBN consists of a honeycomb lattice with bond length slightly longer (1.8%) 
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than that of graphene. hBN is a good insulator with ionic bonding and a large band gap of 

~ 5 eV. All these make hBN a perfect choice as a substrate for graphene. First, the 

cleaved crystal surface is flat at the atomic level; second, there are no trapped charged 

impurities to create electrostatic fluctuations; third, the valence band and conduction band 

of hBN are far away from that of graphene, so the low energy property of graphene, 

which attracts most of the research attention, is well maintained.  

Transport measurements on graphene/hBN devices [19] showed that as expected, 

electron mobility has been greatly improved. But to understand this improvement in 

detail and explore its affect on graphene’s electronic properties, a more localized 

experimental tool is needed. The STM is an ideal choice to study graphene/hBN samples 

on the atomic scale. The goal of the first experiment [24] was naturally just to show that 

the topographic roughness and electrostatic fluctuation of graphene/hBN devices are 

greatly reduced as indicated from transport measurements [19]. Since we now have much 

better quality graphene devices, we expected new physics to emerge. With much less 

scattering and a much flatter surface, we observed in real space for the first time long 

wavelength density of states oscillations in graphene, which nicely demonstrated the 

linear band structure of graphene and the consequences of its peculiar electronic 

properties [25]. While this discovery was made somewhat by accident, the next 

experiment we did was totally guided by theoretical expectations [26].  

While helping us with the two experiments mentioned above, theorist Dr. Philippe 

Jacquod found that there were some unexpected dips in his calculated density of states of 

graphene on hBN. He later explained these dips from perturbation theory and pointed out 



14 
 

that they come from the weak periodic potential introduced by the hBN substrate. This 

periodic potential modifies the band structure of graphene and creates new Dirac cones, 

which manifest themselves as “dips” in the density of states. We carefully measured 

many different graphene/BN samples and confirmed this theoretical prediction. This 

result is the first experimental demonstration of graphene band modification due to an 

applied periodic potential and opens new possibilities for controlling graphene electronic 

properties [26].  

1.2 Carbon nanotube quantum dots 

Carbon nanotubes have been under intense study for more than 20 years [27, 28]. 

While the single electron properties of carbon nanotubes are well studied with many 

approaches, many body effects of this quasi one-dimensional material are far less 

explored, due to difficulties in experimental design and interpretation of data. The initial 

motivation of our study on carbon nanotubes was to probe some many-body effects 

predicted by theories with our scanning probe techniques [29, 30]. We hoped that our 

techniques had enough spatial resolution to see Wigner crystallization or spin-charge 

waves. However, our probes are probably too strong a perturbation for these fragile 

many-body effects and we could never observe the expected effects. Furthermore, we 

were even not very sure what to expect to see since theoretical predictions were made 

with simplifications which were not realistic in our experiments.   

A by-product of these unsuccessful attempts was that we observed the tuning of 

the coupling between carbon nanotube quantum dots using the scanning probe tip voltage. 

By changing the tip voltage, we can tune a double quantum dot system from very weakly 
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coupled to very strongly coupled (which is then essentially a bigger single quantum dot). 

This opens new ways of manipulating multi quantum dot systems, which is essential for 

future quantum dot based computing techniques.  

1.3 Structure of the thesis 

The rest of the thesis is organized as follows. In Chapter 2, the basic theories of 

graphene and carbon nanotubes will be introduced. Chapter 3 covers principles of the 

STM. Chapter 4 contains experimental details necessary for the research in our lab. 

Chapter 5 describes the experiment of graphene on hBN. Chapter 6 describes the 

observation of long wavelength density of states oscillations near graphene step edges. 

Chapter 7 is about the carbon nanotube quantum dots experiments and Chapter 8 is a 

brief final conclusion.  
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CHAPTER 2: BASIC THEORY OF GRAPHENE AND  

CARBON NANOTUBE QUANTUM DOTS 

A carbon nanotube can be thought of as a small piece of graphene rolled up to 

form a tube. Interestingly, this actually is not just an easy way of thinking! Some 

researchers have “unzipped” a carbon nanotube to form a graphene nanoribbon [31], 

although the opposite -- to form a nanotube from a nanoribbon -- seems to be less likely. 

Because of this close relation between graphene and carbon nanotube, the basic theory of 

carbon nanotubes is based on that of graphene. So we will first present the basic 

properties of graphene. 

2.1 Basic chemistry of graphene 

 

Figure 2-1. Schematic of the process of hybridization. 

A carbon atom has six electrons. In its ground state, two of the six electrons stay 

in the 1S orbital, two in the 2S orbital and the rest are in the 2P orbitals. To form a 

graphene crystal, a carbon atom hybridizes its 2S and 2P orbitals. This means a linear 
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combination of the three eigenstates (2S and 2Px, 2Py) is used to form hybridized states, 

whose electron clouds have preferred directions (Figure 2-1). While these new hybridized 

orbitals are not eigenstates of a single carbon atom, they do help to lower the system 

energy when covalent bonds are formed between carbon atoms. 

Since only three of the four outer electrons participate in hybridization and form 

bonds between the carbon atoms, one electron is left to occupy the Pz orbital, which is 

perpendicular to the graphene lattice plane. These Pz electrons are capable of “hopping” 

from one carbon atom to the other due to the short distance between them and are 

responsible for the low-energy electronic properties of graphene. In literature, the bonds 

formed by the hybridized orbitals are called σ bonds and the bonds fromed by the Pz 

orbitals are called π bonds. σ bonds are much stronger than the π bonds.  

2.2 Tight binding calculation of the graphene band structure 

Although the tight-binding calculation for graphene can be found in many places 

(e.g. reference [21]), I still want to present it here in easy to understand language. It is 

important for the understanding of later experiments. Also most literature has some 

unnecessary formalism borrowed from “advanced” quantum mechanics, which often 

makes it a little bit difficult to understand for a student at the beginning. 

The lattice structure of graphene is shown in Figure 2-2. The unit cell of graphene 

consists of two carbon atoms (represented by yellow and blue color). Assuming all the 

blue atoms are omitted for now, then we have a simple triangular Bravais lattice, with 
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unit vectors a1 and a2. Assuming electrons are tightly bound to the ions, then we would 

 

Figure 2-2. Lattice structure of graphene. 

expect the electron wave function to look like a linear combination of atomic levels at all 

atom sites. We write the trial wave function as: 

                                                           
 

  
                                                         (2.1), 

where           is the wave function for an electron in the lattice,     is the so called crystal 

momentum, N is the number of atoms,     is the lattice vector of a particular atom relative 

to some predefined origin in the lattice, and           is the atomic wave function for an 

electron centered at the atom located at position    . The sum is over all the atom sites. 

This is a reasonable trial wave function since all atoms are equivalent in a Bravais lattice, 

they should contribute equal amplitude to the total wave function.  

Now we can put back the blue atoms to form the graphene lattice. We would 

expect the final wave function is a linear combination of            and           , where 
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           and            are wave functions similar to Eq. (2.1), for the yellow and blue 

atoms respectively: 

           
 

  
                      , 

           
 

  
                         . 

To determine the coefficient for the linear combination, we need to use these two wave 

functions as a basis and diagonalize the Hamiltonian matrix, since an electron can hop 

from a yellow atom to its three nearest blue atoms. The Hamiltonian for this system is: 

                                                       
                    

                   (2.2), 

where        is the atomic Hamiltonian for an atom located at    ; the second part with 

three   functions describes the process of an electron hopping from atomic site     to three 

nearby atoms (for vector definition, please see Figure 2-2). t is a constant whose value is 

determined by fitting to experimental data and its value is around -2.4 eV [21].  

Now we can calculate the matrix elements as follows: 

                                                                                                            (2.3), 

where   is energy of the atomic level in a single carbon atom. Similarly, we have: 

                                                                                                            (2.4)                      

                                                              
     
         

     
         

     
              (2.5), 

and     is just a Hermitian conjugate of    . It should be pointed out that we made an 

approximation in calculating the off-diagonal matrix elements, which is, we assumed 
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atomic wave functions are well localized in each atom and their overlap is zero, i.e. 

                         . 

Then we can diagonalize the following Hamiltonian matrix to get the energy 

eigenvalues: 

                         
           

     
         

     
         

     
 

           
     
          

     
          

     
  

      (2.6). 

If we plot the energy eigenvalues as a function of wave vector    , we get the following 

figure:  

 

Figure 2-3: Dispersion relation of graphene in the first Brillouin zone. 

 

Notice that the valence band and conduction band touch at 6 points in the 

Brillouin zone. Zoom-in of the band structure near those points shows a “light cone” 

shaped dispersion relation. Near those points          , which resembles the dispersion 

relation of a massless photon, so the effective mass of the electron is zero. Many students 

of condensed matter physics (including myself) were initially confused by why a linear 
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band structure corresponds to zero effective mass, since according to the semiclassical 

model of electrons in a crystal the effective mass is expressed as [32]: 

                                                                                                                     (2.7). 

So if we plug the linear dispersion relation into this Eq. (2.7), we should get diverging 

mass! The “paradox” lies in the wrong use of Eq. (2.7). Checking Arshcroft and 

Mermin’s classical text book [32] carefully, one will find out that Eq. (2.7) is derived 

based on common semiconducting materials where the band structure near the top of the 

valence band or the bottom of the conduction band is parabolic; for a linear dispersing 

band structure, this equation is meaningless. A lesson was learned from this that when we 

remember a handy equation, we should also remember its limitations. 

Since the off diagonal matrix elements of Eq. (2.6) are zero at the Dirac point and 

the band structure is linear to the first order in    , we can expand Eq. (2.6) around the 

Dirac points (say, around    
  

    
   , where a is the bond length ~ 1.4  ) to linear 

order in    . Figure 2-4 shows the position of the Dirac point more clearly.  

 

Figure 2-4. First Brillouin zone. Expansion is near the Dirac point around K in the figure. 
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After expansion the matrix of Eq. (2.6) looks like: 

                                           
 

   

 
         

   

 
          

                          (2.8). 

It is easy to see that   is just a constant offset in band energy and can be set to zero 

without influencing most of the physical properties. Looking at the matrix above, it can 

be expressed in a more compact way with Pauli matrices, which turns the matrix in (2.8) 

to (with   set to zero):                              

                                                            
   

 
                                                   (2.9). 

This Hamiltonian looks similar to part of the Dirac equation describing a relativistic spin 

½ particle, and this was the origin of early theoretical interest in graphene long before its 

isolation in a lab, although no new physics is added by writing it in the Dirac equation 

form. An eigenfunction of this two by two Hamiltonian matrix is a two component vector, 

similar to the real spin wave function of an electron. But this is only the spatial part of the 

wave function, so it is called pseudo spin in addition to the real spin degree of freedom 

which is not taken into account by the Hamiltonian in Eq. (2.9). The complete wave 

function of electrons in graphene is the direct product of this pseudo spin and real spin. 

Since all the experiments discussed in this thesis don’t involve electron spin, from now 

on, we will ignore the real spin part. 

Eq. (2.8) can be easily solved to give the eigenfunctions, which are (the first one 

for conduction band; the second one for valence band): 

                                  
 

  
 
          

 
  

 

  
 
           

 
                                  (2.10). 
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If we define            , they can be written as: 

                                               
 

  
  

   

 
  

 

  
   

   

 
                                                   (2.11). 

It is easy to check that electrons with opposite   values have their pseudo spin orthogonal 

to each other as seen for an example in Figure 2-5. This property of the electron pseudo 

spins has profound influence on graphene’s electronic properties and will be revisited in 

the later chapters where they are crucial for understanding the experimental results.  

 

Figure 2-5. An example of a pair of orthogonal pseudo spins. 

2.3 Density of States of graphene 

The density of states (DOS) is of great importance for the thesis since it is will be 

the major quantity measured by the STM. It can be calculated from the band structure 

quite easily for the case of graphene. 

Assume that the graphene sample is a square with side length L. Due to periodic 

boundary conditions, we have: 

                                             
   

 
                                             (2.12), 

                                            
   

 
                                            (2.13). 
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However, usually the DOS is referred to the density of states in energy, so we need to use 

the band structure to convert the uniform density of states in k space to energy.  

 

Figure 2-6. How to calculate density of states in energy from the band structure. 

 

In Figure 2-6, we can see that the number of states in a small energy window dE 

is proportional to the projected area of the section of conical surface on to the Kx and Ky 

plane, which is (the dispersion relation is       ): 

                                                           
   

   
                                                             (2.14). 

This means the density of states (defined as     ) is      
   

     
 , which is linear as a 

function of energy. Interestingly, it is zero at the Dirac point. To get an exact expression 

for the density of states, we just need to multiply the projected area by the density of 

states in K space, which is          as can be seen from Eq. (2.12) and (2.13). So the 

density of states in energy is:  
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                                                    (2.15). 

This is the density of states in energy for the whole sample. In most cases, we care more 

about the density of states in energy per unit real space area, and it can be written as: 

                                                         
   

          
                                                  (2.16). 

Usually we just use      to represent the density of states in energy per unit real space 

area. 

2.4 Carbon nanotubes and quantum dots 

As mentioned at the beginning of this chapter, a carbon nanotube can be thought 

as a small piece of graphene rolled into a tube. So their electronic properties are closely 

related. In Figure 2-7 A, we see a cartoon of a carbon nanotube. We studied single wall 

carbon nanotubes and their diameter is in the range of 1 to 2 nanometers, while their 

length can be several microns. So essentially we can assume the nanotubes are infinitely 

long. That way,     is continuous. By imposing periodic boundary condition for the 

circumferential direction, we get quantized   values, and the quantization condition is: 

          

where d is the diameter of the nanotube and n is an integer. So    can only be: 
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Figure 2-7. Derive carbon nanotube band structure from graphene. A: an infinitely long 

tube has continuous    but quantized   . B: imposing the quantization condition for 

nanotubes on the band structure of graphene. 

 

The spacing between each allowed    value is 2/d. To get the band structure of a 

nanotube, we just need to “cut” the graphene band structure along these allowed    

values, each cut gives a one dimensional band of the nanotube. The lowest bands will be 

the cuts near the Dirac points, which are shown in Figure 2-8. Depending on how the 

graphene sheet is “rolled up” to form the nanotube, the allowed    lines may cut through 

the Dirac point or miss it. When it cuts through the Dirac point, a metallic nanotube is 

formed as shown in Figure 2-8 A. When it misses the Dirac point, a semiconducting 

nanotube is formed as shown in Figure 2-8 B. In this respect, carbon nanotubes are a very   

interesting material because they can be either metallic or semiconducting without 

modification of any of the chemical bonds. By imposing the different quantization 

conditions, we can infer that about 1/3 of the nanotubes are metallic and 2/3 of them are 

semiconducting [34].  
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Figure 2-8. Metallic nanotube and semiconducting nanotube. A: a metallic nanotube has 

its lowest energy bands touching at the Dirac point. B: a semiconducting nanotube has a 

band gap. 

 

In the remainder of this section, I will briefly discuss the electronic properties of a 

quantum dot. For a more detailed description of theories and experiments of quantum 

dots, please refer to the book in reference [35].  

With the advancements of nanolithography techniques, researchers can fabricate 

smaller and smaller electronic devices. One particular type of devices consists of an 

isolated “island” with dimensions of a couple hundred nanometers and electrodes 

connected by some high tunnel barrier junctions where electrons can be injected onto the 

island. This is called a quantum dot (see Figure 2-9 for an example of quantum dot 

fabricated from graphene). 
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Figure 2-9. Quantum dot formed by etching an “island” from a big sheet of graphene 

(dark blue part is graphene, golden parts are electrodes) From L. A. Ponomarenko et al., 

Science, 320, 356  [36]). Reprinted with permission from AAAS. 

 
  

Quantum dots can be thought of as big artificial atoms since electrons within a 

quantum dot have well separated energy levels, usually with a separation energy of a 

couple tens of meV, which can be probed individually at low enough temperatures 

(usually experiments are done at around 4 Kelvin). This separation in levels comes from 

two factors: quantum confinement and more importantly electrostatic repulsion between 

electrons within these small islands. Due to their small size, a quantum dot that already 

has one extra charge will strongly repel the next extra electron. This so called “charging 

energy” is modeled with a capacitor (see Figure 2-10). Because of its small size, a 

quantum dot’s relative capacitance to the outside world is very small. The voltage of a 

capacitor is expressed as:  
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where Q is the charge on the capacitor and C is its capacitance. When C is small, adding 

even a single electron can cause the capacitor’s voltage to raise a lot (usually the 

capacitance is in the range of 10
-17

 F, which means that adding one electron to the 

quantum dot will raise its voltage couple tens of millivolts). When the temperature of the 

system is cooled down to 4 Kelvin, we can probe individual electron tunneling process. 

This phenomenon is called Coulomb blockade.  

 

Figure 2-10. Capacitor model of quantum dots. 

If we plot the energy diagram of a quantum dot, it looks like the following Figure 

2-11. Note that the large energy spacing due to Coulomb blockade only exists between 

the highest occupied level and lowest unoccupied level, while the smaller energy spacing 

due to quantum confinement exists for every electron level (the small spacing can be 

calculated by the particle in a 1D box approximation and it is about 3 meV for a 1 µm 

long quantum dot). The larger Coulomb blockade energy is shared by all the extra 

electrons which are already in the dot.  
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Figure 2-11. Energy level diagram of a quantum dot. 

This point can be understood better from Figure 2-12. By increasing the gate voltage, one 

can “pull down” all the energy levels in the quantum dot. When the lowest unoccupied 

level lines up with the electrode Fermi level, an electron can tunnel into this unoccupied  

 

Figure. 2-12. Schematic showing the process of an electron tunneling from the left 

electrode into the quantum dot. 
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level (usually the two electrodes are slightly biased, say, left electrode has a higher Fermi 

level). We notice that as soon as an extra electron tunnels into the dot, all the electrons 

which are already in the dot have their energies raised up and a new Coulomb blockade 

gap opens. Figure 2-12 demonstrates that Coulomb blockade involves all the electrons 

and is a many body effect (although a rather simple one). 

Because Coulomb blockade introduces large separations between energy levels in 

the quantum dot, when we apply a small bias voltage (usually a fraction of a millivolt, to 

be comparable to 4 Kelvin) across the nanotube and measure its conductance as a 

function of gate voltage, we see a series of peaks (see Figure 2-13). Each peak 

corresponds to the single electron tunneling process represented in Figure 2-12. When 

one energy level lines up with the Fermi energy of the electrodes then current flows; 

otherwise no current flows and hence the conductance is zero.  

 

Figure 2-13. Schematic diagram showing the conductance through a quantum dot as a 

function of gate voltage at low temperature. 
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So far we only discussed very small bias voltage, which is called the linear 

response regime of a quantum dot. If we increase the bias voltage, we will be in the non-

linear regime, and excited states of the quantum dot can be probed [37, 38]. But since in 

this thesis only the linear response regime will be studied, the large bias voltage case is 

omitted. 

2.5 Conclusion of Chapter 2 

          In this chapter, some basic theories about the materials studied in later experiments 

are presented. The next chapter will discuss the basic theories of the major experimental 

techniques. 
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CHAPTER 3: BASICS OF SCANNING TUNNELING MICROSCOPY 

With its invention in 1982 [39, 40], the scanning tunneling microscope (STM) has 

revolutionized condensed matter physics. For the first time, atoms were visible in real 

space [40]. Later many other uses of the STM were developed besides an imaging tool. It 

can be used to manipulate atoms on the surface to form artificial structures [41]; it can 

probe wave functions [42]; it can detect single spins [43] etc. Just as the Hubble Space 

Telescope’s breathtaking images of remote galaxies have fascinated people about our 

universe at the big end, the scanning tunneling microscope does the same job at the 

atomic level. Even though achieving atomically resolved topography images is nowadays 

routine in every lab with a STM, showing the images to the general public or even 

scientists whose field of expertise is other than STM can still cause great surprise and 

excitement.  

In the classic book “Introduction to scanning tunneling microscopy” [44], Prof. C. 

Julian Chen gives very intriguing descriptions of numerous aspects of STM, from theory 

to experiment. Here I am going to mention only a few that are important for 

understanding later experiments in this thesis or that are interesting from a historical 

point of view. 
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Figure 3-1. Apparatus for demonstrating vacuum tunneling [39] Reprinted with 

permission from G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel , Appl. Phys. Lett., 40, 

178. Copyright 1982, American Institute of Physics. 

 

3.1 The birth of the STM 

In a paper published in 1982 [39], Gerd Binnig, Heinrich Rohrer, Christoph 

Gerber and E. Weibel at the IBM Zurich research center demonstrated a small and very 

elegant device which looked like that in Figure 3-1. A tungsten tip labeled W was 

brought very close but not mechanically touching the surface of a platinum sample (Pt) 

(the distance between the two was in the nanometer to angstrom range). Due to quantum 

tunneling, a current can be measured flowing between them. According to simple one 

dimensional quantum tunneling theory, the current should decrease exponentially as the 

tip is moved away from the sample and indeed that’s what was observed. This is the first 

experiment demonstrating controlled tunneling of a metal-vacuum-metal junction, which 

lies at the heart of STM. In the experiment they showed the current would reduce by one 

order of magnitude if the distance between the tip and sample increases by one angstrom. 
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This ultra high sensitivity inspired Binnig and Rohrer to conceive the ideas of the first 

STM which was implemented later by them together with Gerber and Weibel. Because of 

this sensitivity, to get a reliable measurement of distance between the tip and the sample, 

system vibration should be reduced to a minimum. This feat was achieved in a rather 

interesting way: Some strong magnets (labeled as M in Figure 3-1) were attached to the 

bottom of the STM device, and then the STM was put on top of a bowl shaped support 

which was made from Pb (lead). In the experiment, the support was cooled down by 

liquid Helium which turned Pb to a superconductor. Due to the Meissner effect, the 

superconductor (more specifically, type I superconductor, which Pb belongs to) became 

perfectly diamagnetic and repelled the magnets on top of it. A stable equilibrium was 

reached and the STM was floating during the measurements. Noise was greatly reduced 

by this levitation since the STM could be viewed as sitting in the bottom of a quite stiff 

potential well. Modern STM’s use vibration isolation stages to get even better vibration 

shielding from the environment.  

3.2 Basic theory of STM 

Using a feedback circuit to keep the tunneling current constant while scanning the 

tip on top of the sample, one can get a topography image of the surface. This process can 

be understood in the following figure. Roughly speaking, constant current means constant 

tip-sample separation, so the tip movement maps out the surface shape. Later we will see 

that what an STM image really shows is the constant electron density contour instead of a 

simple physical topography. 
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Figure 3-2. Schematic of the motion of an STM tip, showing the tip following the 

surface topography (more precisely, constant electron density contour). 

 

Since tunneling current lies at the heart of STM, it is important to understand the 

physics of its behavior. In the following sections I will treat the tunneling current in two 

ways: the simple 1-D tunneling theory and the more general Bardeen tunneling 

approximation [44]. 

3.2.1 Simple 1-D tunneling theory 

Electrons tunneling from an STM tip need to travel through a vacuum gap which 

acts like a potential barrier. We can model this by a 1-D tunneling problem (see Figure 3-

3). The barrier height is comparable to the work function of the tip (if an electron is 

emitted from the tip) or the sample (if an electron is emitted from the sample) and its 

width can be taken as the smallest separation between the tip and the sample.  Usually the 

tunnel barrier height is several electron volts. The work function is defined as the 

minimum energy needed to take one electron out of the sample surface to infinitely far 

away. 
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Figure 3-3. 1-D tunneling problem. An incident electron wave will get exponentially 

attenuated as it tunnel through the barrier. 

 
Assume an electron is tunneling from the sample to the tip, so in Figure 3-3 the 

left hand side is the sample; the right hand side is the tip. A bias voltage V, small 

compared with the barrier height, is applied between the sample and the tip. Because V is 

small, almost all the electrons that arrive at the tip surface have roughly the same 

momentum, and semi-classically the same velocity. So the current mostly depends on 

“how many” electrons arrive at the tip. As an electron tunnels through a classically 

forbidden barrier, its amplitude will be exponentially decreased by a factor of     , 

where W is the barrier width and          is the decay rate with   being the tunnel 

barrier height. So an electron with wave function        in the sample will show up at 

the tip as           . The total current comes from many tunneling electrons, and it 

can be written as: 

                                                                       
     
  

                                    (3.1), 

where the sum is over all the electron states within the bias voltage V. This equation 

explains the super high sensitivity (and hence the atomic resolution) of STM: since the 

tunneling barrier is usually about several eV (let’s take a typical value of 4 eV), then 
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      , which means by increasing the tunnel barrier wdith by 1 angstrom, the current 

is reduced by about one order (       ). It is useful to define a quantity called the local 

density of states (LDOS), which will play the major role in the second experiment to be 

introduced. LDOS is defined as: 

                                             
 

   
          
        
     

                         (3.2). 

One powerful use of the STM is to measure the LDOS. The current can be expressed in 

terms of the LDOS as: 

                                           
     
  

              
                        (3.3). 

Taking the component in   which is linear in   , we can see that: 

                                                              
                                              (3.4), 

which means by measuring the current change as a function of bias voltage, we get a 

direct measurement of the local density of states. By changing the DC bias voltage, we 

can probe different energies of the sample band structure. The LDOS is an interesting 

quantity and can cause a little confusion for students (me included again). Usually what 

we learned in a condensed matter physics book is the total density of states (DOS) instead 

of the LDOS. The difference lies in that the LDOS incorporates the electron wave 

function into it so it contains spatial information. The capability of measuring LDOS 

makes STM an even more powerful tool, because to some extent, we can use STM to 

map out electron wave functions on the surface. 
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3.2.2 Bardeen’s tunneling matrix approach 

While being very simple and intuitive, the 1-D theory above is not accurate 

enough, since the derivation was based on a much simplified tunnel barrier, while in real 

case, the tunnel barrier is much more complicated than just a step. 

In a theory paper dealing with early metal-insulator-metal tunneling experiments 

[45], John Bardeen used first order time dependent perturbation theory to get the 

tunneling matrix, which later became the fundamental theory in interpretation of STM 

measurements. Although the original Bardeen’s paper started with a many body wave 

function (as stated in his paper’s title “Tunneling from a many-particle point of view”), it 

turned out to be unnecessary. Therefore I will outline the single-electron derivation in this 

section, which gives the same result as Bardeen’s original paper. For more detailed 

description of Bardeen’s theory and many other related aspects, please refer to the STM 

book by C. J. Chen [44] and the introductory paper in reference [46]. 

 

Figure 3-4. Potential landscape of the STM system. 
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The basic idea of Bardeen’s approach is as follows. In the simple 1-D tunneling 

treatment of the last section, we were actually trying to solve a Hamiltonian for the whole 

STM system (tip + vacuum gap + sample).  However, for a real system, the potential 

landscape is never as simple as shown in Figure 3-4, and actually we don’t know much 

about the exact form of this potential. So a solution of the whole Hamiltonian is 

impossible. Bardeen suggested that since we have a better idea of the electronic states of 

the tip and sample on their own, we can use those states as the basis to represent an 

electron wave function in a real system. The tip and sample states are eigenstates of the 

tip and sample Hamiltonians: 

                                                
  

  
                                              (3.5), 

                                                   
  

  
                                                  (3.6), 

where         and      satisfy the following relations: 

                                                                                                              (3.7), 

                                                                                                                    (3.8). 

These relations may appear weird at first glance, but they can be understood easily when 

we look at the following figure. In Figure 3-5, the vacuum level is taken to be zero 

energy. The black dashed curve represents        , and the red dashed curve represents 

          . Note that      (       ) is nonzero only within the tip (sample) region, hence 

we have the relations in Eq. (3.7) and Eq. (3.8). The surface that separates the tip from 

the sample is arbitrarily drawn, as long as it is within the tip sample gap.  
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Figure 3-5. Separation of the total potential (blue solid) into the tip part (red dash) and 

the sample part (black dash). 

 
An electron wave function in this tip + gap + sample system evolves in time as 

described by the total Hamiltonian: 

                    
 

  
                  

  

  
                                        (3.9). 

Assume that an electron is initially located in the sample, with sample eigenstate      

and energy  . At time t = 0,          is brought into the system. Now the electron evolves 

per Eq. (3.9), and it has some probability to evolve into a tip state and a tunneling process 

happens. In the weak tunneling limit, the electron wave function will mostly stay as 

           , with some components of the tip states: 

                                                                                              (3.10), 

where    is the eigen-energy of wavefunction      . Note that Eq. (3.10) is an 

approximation since we only expanded        with tip states, which are not complete, so 

this derivation is not exactly the same as the normal time dependent perturbation method. 
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We can plug Eq. (3.10) into the Schrodinger equation (3.9) and try to solve for the   ’s. 

After some simplification we get: 

     
      

  
                        

                                    (3.11). 

Since we have assumed weak tunneling, so all the      ’s are small in the first order 

approximation. We can neglect the second term in Eq. (3.11), and get: 

                                   
      

  
                                                          (3.12). 

The initial condition is        , so we have: 

                                                          
                

    
                           (3.13). 

The probability of the electron tunneling into the tip state       is: 

                                         
                   

 
      

       

  
 

      
                          (3.14). 

So the total probability of an electron initially at the sample tunneling into the tip is: 

                                     
 

                    
 
      

       

  
 

      
               (3.15). 

Since we have: 

                                                     

     
       

  
 

  

  
      

 
                                           (3.16), 

the tunneling process conserves electron energy when tunneling time   is large compared 

with 
 

  
, where    is the energy resolution of the STM, which is usually determined by 
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the experimental temperature and can be taken as 1 meV, so the tunneling time   should 

be in the picoseconds range or longer.
1
 

Plug Eq. (3.16) into Eq. (3.15), we have: 

                             
 

                         
                     (3.17). 

The sum in this equation can be turned into an integral since there are many states in the 

macroscopic tip. We have: 

                       
 

                                 
           (3.18), 

where       is the tip density of states. This integral can be evaluated to give: 

                                       
 

  
   

 
                     

                       (3.19). 

The current is proportional to tunneling rate, which is: 

                                           
  

  
 

  

 
                      

                               (3.20). 

Finally, Eq. (3.20) only considers the tunneling rate from a single sample state, all the 

electron states within the bias window (see Figure 3-3 for illustration) can contribute to 

the tunneling process and hence the total current. So we have: 

                               
    

 

  

 
                                   

              (3.21). 

In this equation, the matrix element reveals a lot of local properties of the electron wave 

functions and the two density of states factors give valuable information of the band 

structure of the sample and the tip. Usually the tip material is chosen (for example, 

                                                            
1 While this condition is assumed to be valid without question in [44], I found it to be not so obvious and I 
can’t find a good source to solve this problem. It seems that due to uncertainty principle and the vacuum 
barrier which is usually much higher than the energy resolution, the tunneling time (the time that electron 
spends on flying through the vacuum barrier) should be smaller than  /ΔE. But on the other hand, 
Bardeen’s theory has been proven to be quite successful in interpretation of experimental results. 
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tungsten) such that its density of states         is almost featureless (please see C. C. 

Chen’s book about how to treat a tungsten tip to get a featureless tip structure), so dI/dV 

gives a direct measurement of the sample density of states. Also if we assume the tip 

wave function is spherically symmetric (like the 1S state of a Hydrogen atom), we can 

show that [44, 47] Eq. (3.21) can be simplified to Eq. (3.1), i.e. current is directly 

proportional to the local density of states of the sample. The real power of Eq. (3.21), 

however, lies in its ability to explain more complicated experimental results. For example, 

when using the STM to probe bonding and anti-bonding wavefuctions [48], or when 

studying what kind of treatments can result in a tip good for imaging [49], Bardeen’s 

theory becomes indispensable. 

3.3 Operating an STM in the scanning gate microscopy mode 

The invention of STM has initiated the creation of a whole family of scanning 

probe microscopes. By changing the interaction mechanism between the scanning probe 

and the sample, spatial information of a large variety of surface physics can be obtained. 

For example, by putting a tiny Hall sensor at the end of a scanning probe, local magnetic 

properties such as domain wall structures can be measured in real space [50]. In this 

section, I will describe a younger member of this huge scanning probe microscope family, 

i.e. scanning gate microscopy [51], which will be the major experimental tool of the third 

experiment discussed later. 

The principle of scanning gate microscopy (SGM) is summarized in Figure 3-5. 

When used as a normal STM, the tip is only several angstroms away from the sample 

surface (the surface is even not very well defined at this length scale!) and there are 
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electrons tunneling. When used as a SGM, the tip is brought much further away from the 

surface, usually in the tens of nanometers range, and there is no tunnel current. In Figure 

3-6, a carbon nanotube field effect transistor is used to illustrate the SGM principles. In 

the experiment, the conductance through the nanotube is measured as a function of tip 

position (so it is a 2D conductance map), while a tip with a voltage applied to it is 

scanned over the nanotube. The tip can change the local electrostatic potential. If there is 

some tunneling barrier inside the tube, by scanning the tip over the barrier site, the barrier 

height can either increase or decrease (depending on the relative polarity of the tip and 

the barrier). This tuning can easily be seen in the conductance map. So SGM is a 

sensitive tool to get spatial information of the electronic properties of a sample. Since the 

tip behaves like a movable and localized gate for the nanotube, the technique gets its 

name as scanning gate microscopy.  

 

Figure 3-6. Schematic of SGM over a carbon nanotube. 
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3.4 Conclusion of Chapter 3 

In this chapter, the basic theories of an STM are presented. The simple 1D 

tunneling theory is a very good intuitive tool for understanding the STM principle. But to 

get a more accurate description, we need the more sophisticated Bardeen tunneling theory. 

In the next chapter, some experimental details will be described which will be of use to 

future members working in our lab. 
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CHAPTER 4: EXPERIMENTAL DETAILS 

I learned a lot in the 5 years of lab experience. Besides a lot of working 

knowledge of physics and skillful hands, an important thing I have learned is that an 

experiment is a very low entropy state of matter, and simply due to statistical mechanics, 

all the forces except those from the experimenter themselves are trying to increase the 

entropy of the experiment. There are always some unexpected forces that can disorder 

your experiment, e.g. the sample stops working, a tool breaks, and some unknown noise 

persists in the measurement.  As someone said , in an experiment anything that can go 

wrong will go wrong. So being patient is very important and that is the most important 

thing that I would like to share with future members in the lab. 

In this chapter, some experimental details that I found useful will be presented. 

They are carbon nanotube growth, STM and AFM tip etching, using SGM to find small 

samples and e-beam lithography. 

4.1 Carbon nanotube growth 

We grow carbon nanotubes by a technique called chemical vapor deposition 

(CVD). The CVD system is shown in Figure 4-1. The center part is a tube furnace which 

can heat the tube inside it to 1100 
○
C (when the lid is closed, of course. When the lid is 

open, the heating circuit is cut off). Carbon containing gases are fed through the left hand 

side. The flow rate is precisely controlled by flow controllers. Both the meters and the 

furnace are computer monitored so the whole growth and cooling process is automatic. 

As the gases pass through the hot zone inside the furnace, some of them decompose into 

active carbon atoms and other elements. The sample with catalyst is placed in the middle 
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of the furnace inside the tube, where carbon nanotubes can grow. The detailed 

information for nanotube growth is as follows. 

 

Figure 4-1. CVD system (gas tanks to the right of the picture not shown) 

Catalyst Recipe  

Methanol  30 ml 

Fe(NO3)3 40 mg 

MoO2 10 mg 

Al2O3 30 mg 

 

Mix the three solids in methanol and ultrasound for 30 min (the liquid has a uniform 

brown color at that time). The active ingredient is Fe(NO3)3. The nanometer sized iron 

particles in the Fe(NO3)3 are responsible for turning active carbon atoms into nanotubes 
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and its small size ensures mostly single walled carbon nanotubes (with diameter in the    

1 - 2 nm range) will be grown from it since multi-walled carbon nanotubes have much 

larger diameter than the size of the catalyst. The other two components are added to avoid 

clotting of Fe(NO3)3 and their quantity can be changed. Many different recipes are 

available in the literature with different combinations of the three components (other 

chemicals containing Fe can also be used, e.g. FeCl3 [52]). But when we find one that is 

working, we should stick to it. The CVD method is known for being not very reliable. It 

has good moods and bad moods, without much hint of when the next change will come 

(some common causes of these changes are unintentional catalyst contamination, 

expiration of the catalyst, leakage in the gas line).  

Growth Gases 

Gas flow rate: 

Hydrogen 710 ml/min 

Methane 900 ml/min 

Ethylene 40 ml/min 

 

Again, as the catalyst recipe, the gas recipe can be modified as long as we have a carbon 

source gas and a carrier gas. We had success with this gas combination; later we omitted 

ethylene and were still able to get nanotubes (ethylene was used to enhance single wall 

nanotube production). Researchers used alcohol vapor (ethanol) instead of methane as the 

carbon source and could grow nanotubes hundreds of microns long without a problem 

[52]. 
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Growth procedure 

1: Ultrasound catalyst liquid for 20 min to make sure liquid has uniform color; 

2: Drop 1 ml catalyst liquid with a pipette on the PMMA covered sample with E-beam 

lithography defined openings for catalyst to sit in (E-beam lithography is discussed at the 

end of this chapter); the catalyst liquid should cover the sample; 

3: Use nitrogen to blow dry the sample (some solid catalyst particles will remain in the 

PMMA openings); 

4: Bake the sample in the oven at 170 degree C for 8 minutes; 

5: Put the sample in acetone to dissolve the PMMA; this will take one or two minutes; 

wait until color fringes due to thin film interference of PMMA are gone and the sample 

surface becomes shinny; 

6: Put the acetone washed sample in methanol to dissolve any residual acetone on the 

surface; note that if residual acetone is not cleaned, they will leave particles after drying; 

7: Put the sample with catalyst in the heating tube and connect the tube ends with gas 

feed and vent (leakage to air should be prevented at these points); 

8: Flush the tube with 1 L/min Ar for 5 minutes; 

9: Keep the Ar flowing and heat the furnace to 900 
○
C; 

10: When the furnace reaches 900 
○
C, turn on the growth gases (Hydrogen, Methane and 

Ethylene), and then turn off the Ar; 

11: Grow for 10 minutes; 

12: Turn on 1 L/min Ar and then turn off the growing gases; open the furnace lid to cool 

down the tube; 
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13: Take out the sample when the tube cools down to room temperature (or below 100 

degree C); turn off the Ar gas flow; 

14: Turn off all the gas tanks, in case any unexpected leak happens in the system. 

A typical AFM image of carbon nanotube growh is shown below. 

 

Figure 4-2. A typical carbon nanotube growth. 

4.2 Tip etching 

We etch our own STM and AFM (the low temperature one in our lab) tips. They 

are based on the same principle: by electrochemical reaction, we dissolve part of the 

tungsten wire to form a sharp tip. Since AFM requires a very sharp tip to get high spatial 

resolution, the configuration of the AFM tip etching process is a little different from that 

of the STM. We start by describing the STM tip etching procedure. 
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Figure 4-3. STM tip etching. 

The etching chemical 

Name Concentration 

NaOH in purified water 2 molar (1 molar = 1 mol/liter, for NaOH, 

it equals 80 g/liter) 

 

As shown in Figure 4-3, the STM tip etching setup is quite simple. We first mix 

the etching chemical (care should be taken when handling NaOH since it is a strong base), 

then put the cathode (the copper ring in Figure 4-3) in the liquid, and use the tungsten 

wire as the anode. Dip the end of the freshly cut tungsten wire into the liquid (about        

1 mm immersed under the liquid is enough), and turn on the DC voltage between the two 
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electrodes to about 3-5 V (Red electrode is positive and black electrode is negative. An 

AC voltage supply can also be used. In that case, only half of the time the etching process 

is working). Bubbles form around the tungsten wire. After about 1 to 2 minutes, the 

bubbling stops and the tip is ready. Turn off the power supply and then take the wire out 

of the solution. Carefully cut the etched wire to desired length for a tip (~0.5 cm), and 

examine it under the optical microscope (don’t let the end touch anything except air). A 

good tip should look like that in the picture shown in Figure 4-4.  

 

Figure 4-4. A good tip under the optical microscope. (the scale bar is 100 µm) 

 
The chemical reactions are [53]: 

Anode 

W(s) + 6OH
-
 WO3(s) + 6e + 3H2O 

WO3(s) + 2OH
-
  WO4

2-
(aq) + H2O 

Cathode 
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6 H2O + 6e  3H2(g) + 6OH
- 

So the tungsten is oxidized into soluble WO4
2- 

(this is important because no insulating 

oxide will be left on the etched tip surface), and the bubbles are hydrogen gas (It seems to 

contain more than just pure hydrogen gas because when I occasionally breathed the 

bubbles it caused me to cough). 

          The reason for the end of the tip to form this nice conic shape can be understood in 

Figure 4-5. Due to surface tension and the hydrophilicity of tungsten, when the tungsten 

wire is put in the NaOH solution, the liquid surface will rise up a little around the wire. 

Since there is limited source of NaOH in that small portion of liquid, the etching stops 

sooner than at the end. When a conic shape is forming, surface tension cannot pull the 

liquid surface up any more so the whole etching process stops and leaves the end of the 

tip just touching the flat surface of the solution.  

 

Figure 4-5. Schematic showing the formation of a nice tip. 

          This etching process usually produces tips with a radius of curvature at the end of 

50-100 nm, and this is good enough for an STM tip, since in STM applications, we 

usually scan very flat surfaces with roughness less than 1 nm, and what really matters is 

the atomic structure near the very end of the tip. So usually we just need an atom cluster 

sticking out at the end to provide atomic resolution and the macroscopic sharpness of the 
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tip is not a concern (actually some people just use a shear to cut the tungsten wire and use 

the freshly cut end as a tip). However, for AFM applications, sharper tips are needed, 

since the macroscopic sharpness directly determines the resolution of the AFM. To 

improve the sharpness, we etch the tip in a modified configuration as shown in Figure 4-6. 

 

Figure 4-6. AFM tip etching. 

The reason why the configuration for the STM tip etching cannot provide sharper 

tips is that the etching process doesn’t stop when the wire reaches its finest point. Further 

etching only makes the tip blunter. To overcome this issue, we used the configuration 

shown above. We use a steel ring to span a membrane of NaOH solution, and use that 

thin film to etch the tungsten wire. When the wire inside the solution film gets thinner 

and thinner, at some point the thinnest part can’t support the weight of the section of wire 

hanging below and it drops into the catcher, which becomes our AFM tip. This way the 
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etching process is forced to stop and we don’t get over etching. This method usually 

produces tips with a radius of curvature of around 25 nm.  

4.3 Scanning Gate Microscopy 

Since the basic STM and AFM operations can be found in the user manuals, I am 

not going to repeat them. In this section, instructions for scanning gate microscopy (SGM) 

will be presented, since this technique is not covered in the manuals. 

STM can provide stunning atomic resolution images. This capability also tells us 

the weakness of STM: its scan size is very limited (in the several microns range). If we 

want to find a particular area in a macroscopic sized (in the centimeter range) wafer, it is 

obviously unrealistic if we scan the whole sample micron by micron. The camera that 

helps us look into the STM and locate the tip has a resolution of about 20 microns, but 

usually the graphene sample is less than 10 microns in size and carbon nanotubes are 

even much smaller (a couple of nanometers in diameter). In such cases, SGM can be very 

handy in helping us find the area of interest quickly and safely. 

The principle of SGM is outlined in section 3.3. Its effectiveness relies on the fact 

that the sample conductance has a strong dependence on an external gate voltage (usually 

for graphene samples, we need about 10% or more change in conductance as we sweep 

10 V in back gate voltage to be able to use SGM easily) and also the sample’s size is in 

the 10 microns or smaller range. These two requirements ensure that the sample 

conductance will have a detectable change as we bring a charged tip near it, since like the 

Si back gate, the charged tip changes the electrostatic potential of the sample, but unlike 

the gate, the tip can only influence a small area (a couple microns) underneath it. If the 
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sample is small (~ 10 microns), the area influenced by the tip consists of a large fraction 

of the whole sample, then we can still get a detectable change in the total conductance. 

To illustrate the SGM method better, a step by step description of using SGM to find a       

10 µm graphene sample in a real experiment is presented below. 

 

 

Figure 4-7. Graphene between two gold electrodes. 
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In Figure 4-7, two pictures show the device under an optical microscope. The 

yellow parts are gold electrodes, and the purple area between the two gold electrodes is 

graphene. This device’s conductance has strong gate dependence both at room 

temperature and 4K (see Figure 4-8, where the gate sweep at 4K is shown). 

 

Figure 4-8. Conductance as a function of back gate voltage at 4 K. 

To find the graphene, we first land the tip somewhere near it by using the optical 

camera (we can see the narrow part between the two electrodes through the camera). 

Then we test the sample flatness by measuring the height at four corners of the scanning 

window. Usually the slope of the surface is about 1%, which means if we do a 10 µm 

coarse movement, the tip will be 100 nm closer to or further from the sample surface. To 

avoid crashing the tip into the surface, we start with the tip about 200 nm away from the 

sample. This way, the tip will have minimal chance of touching the surface in the SGM 

searching process (usually we can land the tip within about 10 to 20 µm of the area of 

interest). 



59 
 

From Figure 4-8, we see that the conductance changes rapidly in the -10 to -5 V 

back gate voltage range. So we can set the back gate at -8 V and the tip at some large 

voltage, e.g. -9 V relative to the sample (note that the Vgap voltage in the STM software 

is the voltage applied to the sample assuming the tip is always held at ground. So if we 

want to apply -9 V to the tip, we actually need to set the Vgap to +9 V). A large tip 

voltage will make the tip have a large influence on the conductance hence it is easy to 

find the sample. We then start scanning the tip over the sample and record the 

conductance as a function of tip position. Usually we only need one scan line in both the 

x and y direction. The results look like those in the following pictures (note that some 

samples may have very noisy conductance curve, but the overall trend of the conductance 

as a function of tip position is what we should pay attention to). 

 

Figure 4-9. Conductance as a function of tip position. 

From Figure 4-8, we see that at -8 V back gate voltage, if we want to increase the 

conductance, we need to change the back gate voltage to more negative values. In Figure 
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4-9, the tip is at -9 V and when it moves in the +X direction we get higher conductance. 

This means when the tip (negatively charged) is moving in +X direction, it effectively 

makes the graphene sample feel a more negative voltage. So we can infer that +X 

direction is closer to the sample. The same analysis can be applied for the Y scan and we 

can infer that the –Y direction is closer to the sample. Since the scan covers only 2 µm x 

2 µm area, we move the tip about 2 µm a time in the + X and – Y direction (the step size 

of our STM at 4 K is about 200 nm), that way we will not miss the area of interest. After 

each move, we can check the conductance as a function of tip position again and decide if 

we need to move further. Eventually, we will reach a place where we see conductance 

behaviors like those in the following picture. 

 

Figure 4-10. Conductance as a function of tip position with tip above graphene. 

 
These curves mean that we are above the area of interest and we can do a full two 

dimensional scan to get an image like below. 
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Figure 4-11. 2 D conductance map shows the graphene in the area of scan. 

 
The picture above shows the graphene is in the lower right corner of the scan area. 

Then we just need to do a small coarse movement to bring the bright spot (or dark spot) 

to the center. When this is done, we can reduce the tip voltage to the normal STM 

tunneling voltage (~ 0.3 V) and let the tip approach the surface. Most of the time, we can 

get good image of the graphene right away. 

4.4 A device to mount the AFM tip 

The AFM tip is mounted on the side of one arm of a tiny quartz tuning fork that is 

used in electronics with a resonance frequency of 32,768 Hz (see Figure 4-12). The tip 

has its sharp end sticking out a little bit (the sticking out length is about the width of the 

tuning fork arm) over the arm. The tuning fork + tip system has its own resonance 

frequency, usually lower than the bare tuning fork. When the tip feels the force from the 
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surface, the amplitude of the tuning fork oscillation reduces. Since the tuning fork is 

made from quartz, a piezoelectric material, the reduced amplitude results in a reduced 

voltage between the two arms and this voltage signal can be detected. 

 

Figure 4-12. A typical tuning fork used in our AFM. The AFM tip is to be mounted on 

the top or bottom side of the tuning fork. 

 

 

To mount the tip on the fork arm, we put some glue on the side of the fork and 

then very carefully put the tip in the glue. This process requires we precisely drop the tip 

on the narrow arm of the tuning fork, and as can be seen from Figure 4-12, this task is not 

easy with a shaking hand. So I built a device to help (Figure 4-13). 

 

Figure 4-13. The tip mounting device. 
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It is a simple clip attached to a micro-manipulator. We can attach the tip to the 

clip and locate it over the tuning fork quite easily as seen in Figure 4-14 (Note that in the 

real experiment, the tuning fork is soldered to the small circuit board of the AFM). To 

release the tip, we just put a pair of tweezers in between the clip and this will gently open 

the clip and drop the tip onto the tuning fork (Figure 4-15). All these processes are done 

under a long working distance microscope.  

The current clip may not be very well constructed. Future experimenters can 

modify it and make it more efficient and safer. 

 

Figure 4-14. Move the tip over the tuning fork. 

 

Figure 4-15. Release the tip from the clip. 
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4.5 Introduction to e-beam lithography process 

E-beam lithography is a very powerful tool for nanoscience. With it we can make 

devices in the tens of nanometer range. The basic steps of e-beam lithography process are 

listed below. 

The process in Figure 4-16 describes deposition of catalyst. We can change 

catalyst to evaporated metal and write electric contacts in the same way. Note that we 

first use two layers of PMMA (a polymer which can be exposed to high energy electron 

beam and become soluble in the developer chemical), a lighter molecular weight one 

(PMMA 495) at the bottom and a heavier one (PMMA 950) on the top. The reason for 

this can be seen in the third picture of Figure 4-16. After exposing to electron beam, the 

lighter PMMA is more easily dissolved in the developer chemical, so it ends up with a 

bigger hole. This way when we deposit metal, the metal film will be discontinuous and 

easier for the later lift off of the remaining PMMA layers.  

Sometimes we want to connect electrodes to a nanotube or a piece of graphene 

which are already on the surface. Then we need another technique of e-beam lithography, 

which is called alignment. The basic procedure is as follows. 

1: use Si wafers that already have some coordinate system on them, such as some 

numbers written by e-beam lithography and metal evaporation previously; 

2: transfer the nanotube or graphene onto this coordinated wafer; 

3: use the AFM to scan the area of interest and find out its exact coordinate; 

4: design the electrodes e-beam file with the same coordinate system; 
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5: before using the SEM to write the electrodes, first find the coordinate markers and 

make sure they are aligned with the markers in the e-beam file; 

6: follow the procedure in Figure 4-16 to write the electrodes and evaporate metal. 

To really master this technique, several practice writings are needed.  

 

 

Figure 4-16. Using e-beam lithography to define catalyst locations. 
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CHAPTER 5: STM STUDY OF ULTRA FLAT GRAPHENE ON BORON NITRIDE 

               From this chapter on, I will present the details of three experiments which form 

the major part of my PhD research. The first experiment studies the basic properties of 

graphene on hexagonal boron nitride. 

After its discovery in 2004 [12], for several years people followed the original 

recipe of graphene fabrication and exfoliated graphene on SiO2 wafers. However, more 

and more research showed that SiO2 is not ideal as a substrate for graphene. Topographic 

studies [14, 15, 17] showed that the surface of graphene on SiO2 has roughness (defined 

as the full width at half maximum of the height histogram) of about 0.3 nm. This means 

there are many “hills” and “valleys” in graphene. These hills and valleys in graphene can 

bend the carbon bonds and modify the electron hopping properties, which can introduce 

effective electric and magnetic fields (see [21] for a review on the issue of curvature 

induced scalar and vector potentials in graphene). Even worse, the SiO2 wafer is grown 

by oxidizing the surface of a Si chip, so the SiO2 surface is not only rough (amorphous) 

but also dirty, meaning that there are many impurities trapped in it and some of them are 

charged particles. These charged impurities change the local electrostatic potential and 

electrically dope the graphene near them [16-18]. The variations in electrostatic potential 

can cause extra scattering to charge carriers and reduce the mobility (mobility is a 

quantity defined as the average drift velocity of electrons divided by the external electric 

field). With the same charge carrier density, the lower the mobility is, the more resistive a 

sample becomes. 
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To overcome these limitations, the substrate was removed and suspended samples 

were fabricated. Using this technique, graphene mobility is greatly improved [54, 55] and 

new physics, such as the fractional quantum Hall effect [56, 57] can be explored. 

However, suspended graphene devices are delicate and difficult to fabricate. In order to 

use graphene in large scale applications, we need substrates that offer mechanical support 

to the graphene without interfering with its electrical properties. 

Recently substrates other than SiO2 have been tried [19, 22, 23] and among them, 

hexagonal boron nitride (hBN) is the most successful one. On the periodic table, boron 

and nitrogen are the neighbors of carbon in the same period, so they have similar atomic 

size. But since boron has one less electron and nitrogen has one more electron than 

carbon, instead of covalent bonding, boron and nitrogen form an ionic bonded crystal. 

The crystal has a similar layered structure to graphite.  Within each layer, the lattice is 

hexagonal like in graphene but with a 1.8% longer lattice constant. Due to its layered 

structure, it can be cleaved to provide an atomically flat surface; and due to its ionic 

bonding, there are few dangling bonds and trapped charge impurities. All these properties 

make hBN a much better choice than SiO2 as a substrate for graphene devices. Indeed, 

the initial transport measurements of graphene on hBN devices showed great 

improvements in graphene quality [19]. Figure 5-1 shows the results from one of the 

transport experiments. The main graph plots the resistance as a function of back gate 

voltage (by changing gate voltage, the charge density in graphene is changed and hence 

the Fermi level is swept through the band structure of graphene, in the way that is very 

much like the operation principle of a field effect transistors (FET)). The black curve 
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corresponds to a graphene on hBN device and the red one to a graphene on SiO2 device. 

For an ideally clean graphene sample, we would expect a maximum resistance at zero 

gate voltage since that is when the graphene has the fewest charge carriers. However we 

notice the red curve has its maximum resistance at a gate voltage of about 20 volts, which 

means the graphene is doped with a lot of holes to start with and we need a large positive 

gate voltage to induce extra electrons to compensate for these holes and reduce the net 

charge to zero. On the other hand, the black curve (graphene on hBN device) has its 

maximum resistance near zero gate voltage which means it is much cleaner than the SiO2 

device. We also notice that the red curve not only shifts in gate voltage but also has a 

much wider width (larger FWHM). If we have a uniformly doped sample, we would only 

expect a shift and not broadening. This wider FWHM indicates that the doping strength is 

random, and some part of the graphene is doped stronger than others. So the red curve 

can be seen as superposition of many shifted black curves, each of which has its 

maximum resistance (depending on its local doping strength) at slightly different gate 

voltages. The result is a curve that has a much wider FWHM. In the top left insert, the 

conductance as a function of gate voltage is plotted. The slope of these curves is 

proportional to the carrier mobility in graphene. Obviously the black curve has a much 

larger (3 times larger) slope than the red curve, which indicates that this graphene on 

hBN device has 3 times higher mobility than the graphene on SiO2.  
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Figure 5-1. Transport measurement of graphene on hBN and SiO2. Reprinted by 

permission from Macmillan Publishers Ltd: [Nature Nanotechnology] C. R. Dean et al., 

Nature Nanotechnology 5, 722, copyright 2010 [19]. 

 

All these improvements proved hBN is a better choice than SiO2. But transport 

measurements only probe global properties. To understand these improvements from an 

atomic level and explore local effects of graphene on hBN, we need some other 

experimental tools. STM is an ideal tool for these tasks since it can probe both local 

topography and electronic properties. 

5.1 Topography of graphene on hBN 

A schematic of the experimental setup used for STM imaging of graphene is 

shown in Figure 5-2. A piece of graphene is placed on top of a piece of hBN. The hBN is 
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about 14 nm thick, so it can shield the roughness and charge impurities from the 

underlying SiO2 surface but it is not too thick to greatly reduce the effectiveness of the Si 

back gate that is 300 nm below.  

 

Figure 5-2. Schematic of the experimental setup. The sample is held at ground. Vt is the 

voltage applied to the tip relative to the sample; It is the tunnel current between the tip 

and the sample. Vg is the back gate voltage applied to the Si layer. 

 
The size of the graphene on hBN between the two gold electrodes is about 10 

microns. It is easy to imagine that putting a 10 micron size single sheet of carbon atoms 

on top of another 10 micron sized hBN is not a trivial task. It involves careful manual 

alignment between the graphene and hBN flakes. The detailed process of sample 

fabrication can be found in reference [19]. The samples studied in this experiment were 

fabricated in Dr. Pablo Jarillo-Herrero’s group at MIT. 

Using the SGM method described in Chapter 4, we can find the graphene flake 

using the STM without much difficulty. A typical STM topography image of the 

monolayer graphene showing the surface corrugations due to the underlying hBN 

substrate is shown in Figure 5-3a. This image can be compared with an STM topography 
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image of monolayer graphene prepared in a similar manner but on SiO2 as shown in 

Figure 5-3b. It is clear from these two images that the surface corrugations are much 

larger for graphene on SiO2 as compared to hBN. This is due to the graphene conforming 

to the substrate and the planar nature of hBN as compared to the amorphous SiO2.  

 

Figure 5-3. STM topography of graphene on (a) hBN and (b) SiO2. 

Figure 5-4 shows a histogram of the heights in the two images. In both cases, the 

heights are well described by Gaussian distributions with standard deviations of        

224.5 ± 0.9 pm for graphene on SiO2 and 30.2 ± 0.2 pm for graphene on hBN. The values 

for graphene on SiO2 are similar to previously reported values [14, 15] while the 

distribution for graphene on hBN is similar to graphene on mica or HOPG [58].  As the 

height variation of the graphene on hBN is as flat as HOPG, it has reached its ultimate 

limit of flatness. 
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Figure 5-4. Histogram of the height distributions for graphene on SiO2 (blue squares) 

and graphene on hBN (red triangles) along with Gaussian fits. 

 

 

The images in Figure 5-3 are large STM topography scans and the atoms are not 

visible. Small scale atomically resolved STM topography images show some interesting 

patterns, as seen in Figure 5-5.  Besides the hexagonal carbon lattice, longer period 

superstructures are clearly visible. These superlattices are a natural result of one periodic 

structure being placed on top of another as seen in Figure 5-6 and are called a moiré 

pattern. The period of the moiré pattern depends on the relative rotation between the two 

hexagonal lattices. A small rotation angle corresponds to a long period (Figure 5-6 left) 

and a large rotation angle to a small period (Figure 5-6 right). 
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Figure 5-5. STM topography images of moiré patterns (a) STM topography images of a 

moiré pattern produced by graphene on hBN. The scale bar is 2 nm. The inset is a zoom 

in of a 2 nm region and the scale bar is 0.3 nm. The imaging parameters are: tip voltage 

relative to sample Vt = -0.3 V and tunneling current It = 100 pA. (b) STM topography 

image from another region of the same graphene flake showing a different moiré pattern. 

The scale bar is 2 nm. The inset is a zoom in of a 2 nm region and the scale bar is 0.3 nm. 

The imaging parameters are Vt = -0.3 V and It = 100 pA. 

 

 

Figure 5-6. The formation of a moiré pattern. 

To get a more accurate measure of the rotation angle between the graphene and 

hBN, we can Fourier transform the images in Figure 5-5 (see Figure 5-7). In both cases, 

we see two distinct sets of peaks in the FFT, there is a set of six points near the center of 
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the images which correspond to the moiré pattern and there are six additional points near 

the edge of the images which correspond to the graphene atomic lattice. The most 

obvious difference between the two images is that the inner six points have different 

distances from the origin. The shorter ones represent a longer moiré pattern. Examined 

more closely, the outer six points, which represent the atomic lattice, are rotated from 

each other in the two images.  For Figure 5-7a, the atomic lattice is rotated by 12.6 ± 1.0
◦
 

from the horizontal. In the case of Figure 5-7b, the atomic lattice is rotated by 18.5 ± 0.6
◦
. 

In contrast the moiré pattern is rotated by 29.9 ± 0.1
◦
 from the horizontal in Figure 5-7a 

and 38.4 ± 0.2
◦
 from the horizontal in Figure 5-7b.  

 

Figure 5-7. Fourier transform of Figure 5-5 (a) Fourier transform of Figure 5-5a showing 

the six graphene lattice points near the edge of the image and the long wavelength moiré 

pattern near the center of the image and around each lattice point. The scale bar is          

10 nm
−1

. The inset is a zoom in around one of the lattice points. Its scale bar is 2 nm
−1

. (b) 

Fourier transform of Figure 5-5b showing the atomic lattice as well as the moiré pattern. 

The scale bar is 10 nm
−1

. The inset is a zoom of the moiré pattern and its scale bar is       

4 nm
−1

. 
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Figure 5-8. Simulated real space and Fourier transforms of moiré patterns (a) Simulated 

lattice showing a moiré pattern produced by graphene on hBN. The scale bar is 2 nm. (b) 

Fourier transform of (a) showing the six graphene lattice points near the edge of the 

image and the long wavelength moiré pattern near the center of the image and around 

each lattice point. The scale bar is 10 nm
−1

. (c) Simulated lattice showing a shorter moiré 

pattern. The scale bar is 2 nm. (d) Fourier transform of (c) showing the atomic lattice as 

well as the moiré pattern. The scale bar is 10 nm
−1

. 

 

We can numerically simulate the moiré pattern to find out the relative rotation 

between the graphene and hBN lattices (Figure 5-8). It can be seen that the simulated 

moiré patterns have Fourier transforms that agree well with the data in Figure 5-7. In the 

case of Figure 5-7a, we find that the hBN is rotated by -5.4
◦
 from the graphene. On the 

other hand, for Figure 5-7b, we find that the hBN is rotated by -10.9
◦
. This difference of 

5.5
◦
 matches the difference in the orientation of the graphene lattices in the two images. 

Therefore, we conclude that the underlying hBN substrate is continuous and the graphene 

above it sits at two different angles. Atomic force microscopy images show that graphene 

on hBN tends to form flat regions separated by ridges and pyramids (see Figure 5-9 for 
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an example). As the two STM images were taken from different sides of one of these 

ridges, it is clear that the graphene can change orientation across these ridges. 

 

Figure 5-9. Atomic force microscope image of the graphene area between two electrodes. 

 

5.2 Scanning tunneling spectroscopy of graphene on hBN 

The scanning tunneling microscope is not only able to acquire images of atoms 

but can also map the local density of states (see Chapter 3 for details). We have 

performed scanning tunneling spectroscopy of graphene on hBN. Figure 5-10a shows a 

typical dI/dV spectroscopy curve which is proportional to the local DOS. According to 

the theoretical calculation in Chapter 2, the DOS is a linear function of energy, which is 

equivalent to tip voltage in Figure 5-10a. The curve is nearly linear in tip voltage with a 

minimum near zero tip voltage indicating the energy of the Dirac point. According to 

calculation, the DOS should be zero at the Dirac point, but due to the limited energy 
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resolution of the tip, we can have nonzero DOS (see reference [44] for more details about 

uncertainty principle limited energy resolution of the STM).  

 

Figure 5-10. (a) dI/dV spectroscopy showing a nearly linear density of states as a 

function of energy (tip voltage). (b) dI/dV spectroscopy as a function of tip voltage and 

gate voltage. The white line corresponds to the minimum in the dI/dV curves and 

represents the Dirac point. (c) Energy of the Dirac point as a function of gate voltage. The 

red curve is a fit assuming a linear band structure. (d) Energy versus momentum 

dispersion relations for the case of graphene and hBN having the same lattice constant 

and zero angle mismatch (black curve) and two curves with 1.8% lattice mismatch. The 

blue curve has -5.45
◦ 
angle mismatch and the red curve has -10.9

◦
. 

 

The location of the minimum in the dI/dV curve can be varied by applying a back 

gate voltage, Vg, to the sample, which electrostatically dopes the graphene. Its effect can 

be understood better with Figure 5-11. For a piece of non-doped graphene with zero gate 

voltage, electrons completely fill the valence band to the Dirac point. So if we perform a 
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dI/dV measurement, we get the minimum at zero tip voltage. If a positive gate voltage is 

applied, it will attract electrons from the gold electrodes into the graphene. Since the 

graphene and gold electrodes are connected, they will remain at the same Fermi energy 

(or chemical potential to be more precise), and the Dirac point shifts negative relative to 

the Fermi energy. If we want to probe the DOS near the Dirac point, we need to apply a 

positive voltage to the tip relative to the sample to lower its Fermi energy. This means 

that the minimum in dI/dV measurement happens at a positive tip voltage. Similarly, 

when a negative gate voltage is used, the minimum in dI/dV measurement happens at a 

negative tip voltage. 

 The voltage on the back gate induces a charge on the graphene of n = αVg with   

α = 7.2 × 10
10

 e/cm
2
V based on a parallel plate capacitor model. In the model, we have 

taken 285 nm of SiO2 with a dielectric constant of 3.9 and 14 nm of hBN with a dielectric 

constant of 3-4 [59]. There is a small uncertainty in the value of α of about 1% due to the 

unknown precise value of the hBN dielectric constant. Figure 5-10b plots dI/dV as a 

function of tip voltage and gate voltage. The white line follows the minimum in the dI/dV 

curves for each value of the gate voltage. We observe that the location of the minimum 

changes more quickly when the Dirac point is near zero tip voltage which is consistent 

with the linear density of states of graphene. Since there is a small DOS near the Dirac 

point, a small number of extra charges can quickly fill up the states and shift the Dirac 

point, so the minimum in dI/dV shifts quickly with gate voltage. While away from the 

Dirac point, the DOS is larger and we need a large number of extra charges to fill the 

states and shift the Dirac point; hence the minimum in dI/dV moves slower with gate 
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voltage (see Figure 5-11 for illustration of how the Dirac point can be shifted by different 

gate voltage). 

 

Figure 5-11. The effect of gate voltage: by changing the back gate voltage, we can attract 

more electrons or holes to the graphene (depending on the gate voltage polarity), which 

will change the minimum position in the dI/dV measurement. 

 

Our local spectroscopy measurements indicate that there is no band gap induced 

in graphene on hBN, not even locally. These results disagree with earlier theoretical 

calculations which predicted the opening of a band gap of order 50 meV when graphene 

is placed on hBN, because of the breaking of sublattice symmetry [60, 61]. This can be 

understood with the Hamiltonian matrix in Chapter 2, Eq. 2.6. In that matrix, the 

sublattice symmetry is represented by the diagonal elements which are the same. When 

graphene is placed on hBN, theories in references [60] and [61] showed that the lowest 

energy configuration would look like that in Figure 5-12. So any two carbon atoms in a 

unit cell sit in a different environment from each other. Then in the Hamiltonian matrix 

for this combined system, the diagonal matrix elements will be different. It is easy to see 

that as long as the diagonal matrix elements are different, its two branches of eigenvalues 
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(corresponding to the valence band and conduction band) don’t touch at the six Dirac 

points any more, instead a gap is formed between them. However, these theories ignored 

the fact that hBN and graphene don’t have exactly the same bond length. So the proposed 

configuration can never be realized in a real system. Instead, when graphene is placed on 

hBN, it can have many different relative orientations (as seen by the different moiré 

patterns). Taking these two factors into account, one expects that, while one of the carbon 

atoms may sit over a boron (nitrogen) atom at one location, this alignment gets lost a few 

lattice constants away. In large enough systems, the carbon atoms should therefore have 

the same probability to have a boron or nitrogen atom as the nearest neighbor in the hBN 

layer, regardless of their sublattice index.  

 

Figure 5-12. Configuration of graphene on hBN calculated by theories [60]. 

 

We numerically checked the validity of this hypothesis by calculating the 

interlayer hopping potential ∼               
     from a carbon atom at    in the 

graphene layer to a boron or nitrogen atom at     in a rotated hBN layer (where    is the 
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tunneling energy and   is some length normalization factor, both of which are determined 

by fitting theory to experimental data). We restricted ourselves to nearest- and next-

nearest-neighbor interlayer hopping and chose the parameters   = 0.39 eV and   = 0.032 

nm to fit known values for these hoppings in graphene bilayers [62]. We found that the 

1.8% lattice mismatch alone is sufficient to make the hopping strength from a carbon 

atom to a boron or a nitrogen atom independent of the graphene sublattice index for 

systems of a few hundred unit cells, going down to a few tens of unit cells when the 

lattices are misaligned by about one degree. We incorporated the Fourier transform of 

this hopping potential into the low-energy Hamiltonian for graphene on hBN to find the 

energy-momentum dispersion relation. The inter-layer coupling is nonzero only for     = 0 

as well as for six additional vectors     associated with the moiré pattern. Most importantly, 

we found that the coupling between the A and B atoms in the graphene lattice with the 

boron and nitrogen atoms in the hBN are almost identical. Thus sublattice symmetry is 

restored and a gapless Dirac spectrum is recovered, albeit at slightly shifted values of     . 

This is illustrated in Figure 5-10d. While    depends in principle on whether hopping 

occurs between a carbon and a boron or nitrogen atom, we note that this does not break 

sublattice symmetry, and we checked that the spectrum remains gapless, even when this 

discrepancy is taken into account. 

By determining the energy of the Dirac point as a function of gate voltage, we can 

measure the Fermi velocity of electrons and holes in graphene. The energy of the 

minimum in the dI/dV curve is a good measurement of the energy of the Dirac point. 
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Figure 5-10c shows the energy of the Dirac point as a function of gate voltage. The 

graphene density of states is expressed in Eq. (2.16) as: 

                                              
   

          
                                                    (2.16). 

When a voltage Vg is applied to the gate, it induces a charge on the graphene of n = αVg 

with α = 7.2 × 10
10

 e/cm
2
V based on a parallel plate capacitor model. According to       

Eq. (2.16), the energy of Dirac point can be solved from:                                                         

                                                    
 

 
    

 

 
  

   

          
                   (5.1),                 

where    and    are the spin and valley degeneracy which are both 2 for graphene (valley 

degeneracy comes from the two non-equivalent Dirac cones in the first Brillioun zone). 

Eq. (5.1) can be solved to get: 

                                                                                                                        (5.2). 

We can use this equation to fit the data of Dirac point energy as a function of gate voltage. 

The red curve is a fit to the data from which we can extract the Fermi velocity. We find 

that vF = 1.16 ± 0.01 × 10
6
 m/s for the electrons and vF = 0.94 ± 0.02 × 10

6
 m/s for the 

holes. Moreover, we observe an asymmetry between the Fermi velocity for electrons and 

holes of about 25% depending on the moiré pattern observed. The shorter moiré pattern 

has a higher Fermi velocity for holes while the longer one has a higher Fermi velocity for 

electrons. The origin of this asymmetry is unclear but may arise due to next-nearest 

neighbor coupling which is not taken into account in our model. 

One of the main advantages to using hBN as a substrate for graphene as compared 

to SiO2 is the improvement in the electronic properties of the graphene which is believed 
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to be due to the lack of charge traps on the hBN surface. To probe this, we have 

performed dI/dV measurements at 1 nm intervals over a 100 by 100 nm
2
 area of graphene 

on hBN (topography of this area is shown in Figure 5-13a). Since we have seen that the 

energy of the minimum in the dI/dV curve (corresponding to the Dirac point) is very  

 

Figure 5-13. Spatial maps of the density of states of graphene on hBN and SiO2 (a) 

Topography of graphene on hBN. (b) Tip voltage at the Dirac point as a function of 

position for graphene on hBN. (c) Tip voltage at the Dirac point as a function of position 

for graphene on SiO2. The color scale is the same for (b) and (c). (d) Histogram of the 

energies of the Dirac point from (b) as well as a Gaussian fit. The inset shows the same 

data but also includes the histogram for SiO2 shown in red. The scale bar in all images is 

10 nm. 



84 
 

  

sensitive to the electrostatic potential of the graphene, we can use that to map out the 

potential landscape of the sample and get a measurement of the number and strength of 

trapped charge impurities. For each of the dI/dV curves acquired over the area of Figure 

5-13a, we have found the tip voltage of the minimum, which corresponds to the Dirac 

point. The results are plotted in Figure 5-13b. We have done a similar analysis for a 100 

nm area of graphene on SiO2 and the results are plotted in Figure 5-13c. The red and blue 

regions correspond to positive and negatively doped areas respectively. They are called 

electron and hole puddles in graphene literature, which very vividly convey the image of 

trapped charge impurities attracting extra electrons or holes around them and forming 

“puddles”. It is clear from these two images that the variation in the energy of the Dirac 

point is much smaller on hBN. The spatial extent of each puddle is also much smaller in 

the graphene on SiO2 consistent with an increased density of impurities [63] and closer 

distance from graphene to the impurities.  

We can further quantify the disorder in the graphene by looking at a histogram of 

the energy of the Dirac point, Figure 5-13d. The main part of the histogram for the Dirac 

point energy on hBN is well fit by a Gaussian distribution (red line) with a standard 

deviation of 5.4 ± 0.1 meV. In addition, there is a small extra bump in the distribution 

from the hole doped region near the bottom right of Figure 5-13b. In comparison, the 

distribution on SiO2 is much broader with a standard deviation of 55.6 ± 0.7 meV. These 

distributions in energy can be converted to charge fluctuations using Eq. (5.1): 
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We find that the charge fluctuations in graphene on hBN are σn = 2.50± 0.13× 10
9
 cm

−2
 

while they are more than 100 times larger for graphene on SiO2,                                      

σn = 2.64 ± 0.07 × 10
11

 cm
−2

. Our measurements for the charge fluctuations on SiO2 are 

consistent with previous single electron transistor [16] and STM [17, 18] measurements 

which established the presence of electron and hole puddles in graphene on SiO2. 

Furthermore, our measurements for the charge fluctuations in graphene on hBN show a 

very similar value to values extracted from electrical transport measurements in 

suspended graphene samples [54] implying that using hBN as a substrate provides a 

similar benefit to suspending graphene without the associated fabrication challenges and 

limitations. A recent transport measurement [64] of graphene on hBN devices showing 

fractional quantum Hall effect is a very good indication of the quality of this type of 

graphene samples. 

We have demonstrated that graphene on hBN provides an extremely flat surface 

that has significantly reduced electron-hole puddles as compared to SiO2. By reducing the 

charge fluctuations, the low density regime and the Dirac point can be more readily 

accessed. Moreover, hBN allows this low-density regime to be reached in a substrate-

supported system which will allow atomic resolution local probe studies of the Dirac 

point physics. 

5.3 Some experimental details 

Thin and flat few layer hBN flakes were prepared by mechanical exfoliation of 

hBN single crystals on SiO2/Si substrates. The hBN growth method has been previously 

described [65]. Basically the method is to apply high pressure (4.5 GPa) and temperature 
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(1500 degree C) to a solvent containing barium boron nitride. High quality hBN crystals 

will be grown from the solvent. Exfoliated graphene flakes were then transferred to the 

hBN using Poly(methyl methacrylate) (PMMA) as a carrier [19]. Then Cr/Au electrodes 

were deposited using standard electron beam lithography. The lithography process leaves 

some PMMA resist on the surface of graphene which is cleaned by annealing in argon 

and hydrogen at 350
◦
C for 3 hours. 

The device was then immediately transferred to the STM (Omicron low 

temperature STM operating at T = 4.5 K in ultrahigh vacuum (p ≤  10
−11

 mbar)). 

Electrochemically etched tungsten tips were used for imaging and spectroscopy. All of 

the tips used were first checked on an Au surface to ensure that their density of states was 

constant. 

The dI/dV spectroscopy was acquired by turning off the feedback loop and 

holding the tip a fixed distance above the surface. A small ac modulation of 5 mV at 563 

Hz was applied to the tip voltage and the corresponding change in current was measured 

using lock-in detection. We also measured dI/dV curves with 0.5 mV excitation and 

observed the same results. 
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CHAPTER 6: LONG WAVELENGTH LOCAL DENSITY OF STATES 

OSCILLATIONS NEAR GRAPHENE STEP EDGES 

In this chapter, another experiment performed using graphene on hBN devices 

will be discussed. Oscillations in the local density of states (LDOS) near a step edge on 

graphene were observed, which are a direct result of the wave nature of electrons and 

furthermore the peculiar properties of electrons in graphene. 

6.1 Some history of LDOS oscillations observed in other 2D systems 

Oscillations of the LDOS due to a step edge on a metal surface were observed by 

an IBM group in 1993 [66]. Figure 6-1 shows a STM topography image of a copper (111) 

surface with several atomic steps. Oscillations near the steps are clearly visible (tunnel 

voltage = 0.1 V, current = 1 nA). Some point defects are also present with rings of 

oscillations around them. Note that the oscillations have a typical wavelength of about 

1.5 nm. 

 

Figure 6-1. 50 nm x 50 nm topography image of the Cu(111) surface showing spatial 

oscillations with a periodicity of approximately 1.5 nm [66] Reprinted by permission 

from Macmillan Publishers Ltd: [Nature] M. F. Crommie, C. P. Lutz, D. M. Eigler,  

Nature 363, 524, copyright 1993. 
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These oscillations have been explained based on interference of surface state electron 

waves on the Cu(111) surface scattered by defects and edges. 

The more famous LDOS oscillation experiment is the so-called “quantum corral” 

realized in 1993 [67]. Combining the power of moving single atoms on a metal  

 

Figure 6-2. LDOS measurement of a “Quantum Corral” [67] From M. F. Crommie, C. P. 

Lutz & D. M. Eigler, Science 262, 218. Reprinted with permission from AAAS. 

 

 
surface to desired positions and the capability of measuring the LDOS, M. F. Crommie, C. 

P. Lutz and D. M. Eigler at IBM used a low temperature STM to assemble a ring of 48 Fe 

atoms on a Cu surface and measured the LDOS of this artificial structure. The main result 

is a beautiful “Quantum Corral” as seen in Figure 6-2. Due to the confinement of the 

electron wave function by the ring, there are standing waves in the LDOS formed inside 

the ring. This experimental result nicely demonstrates the textbook problem of a particle 

in a box.  
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6.2 Long wavelength LDOS oscillations near graphene step edges 

Since graphene is a natural 2D electron gas, we should be able to see similar 

LDOS oscillations due to scattering of electron waves in graphene. Looking closely at the 

band structure of graphene, we find that there are two kinds of scattering allowed.  

 

 

Figure 6-3. Full band structure of graphene (top); First Brillioun zone with two equal 

energy circles in K space (bottom).  
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Figure 6-3 (top) shows the band structure of graphene. Note that near the Dirac 

points, the band is nearly a perfect cone, so the constant energy contour will be six circles. 

Within the first Brillioun zone, the constant energy contour consists of six segments near 

the Dirac points. The segments can be shifted to form two full circles by adding the 

proper reciprocal lattice vectors and the circles are shown in Figure 6-3 (bottom). Assume 

that an incident electron wave has wave vector ki, and then it is scattered by some 

potential barrier. Two different types of scattering can happen. The first type has small 

crystal momentum transfer, so after scattering the electron stays in the same constant 

energy circle with wave vector kf1. This type of scattering corresponds to spatially 

smooth potential barriers (the potential barrier doesn’t change much within the length 

scale of several graphene lattice constants), and therefore its Fourier components at very 

large k values are small. The other type has large crystal momentum transfer, so after 

scattering the electron sits in a different constant energy circle. This type of scattering 

corresponds to atomic scale defects which have large Fourier components at large k. The 

first type is usually referred to as intra-valley scattering and the second inter-valley 

scattering.  

From Chapter 2 we know that the low energy Hamiltonian of graphene, which 

describes the band structure near the Dirac point, can be written as: 

                                        
   

 
                                                    (2.9), 

where a is the lattice constant (~ 0.246 nm), t is the hopping energy (~ -2.4 eV) and the 

 ’s are the Pauli matrices. This expression can be rewritten using momentum operators as: 

                                    
   

 
              

   

    
                                  (6.1). 
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So the low energy eigenfunctions can be solved from Eq. (6.1): 

                                    
 

  
  

   

 
             

 

  
   

   

 
                                     (6.2), 

with   defined in Chapter 2 as tan       . This means the effective low energy wave 

functions of electrons near the Dirac points are plane waves with “pseudo spin” 

components. A plane wave has uniform LDOS everywhere since the LDOS is defined in 

Chapter 3 as 

                                                    
 

   
           
        
     

, 

where  

                                                         
 

  
   

   

 
             

 

 

This does not depend on the spatial coordinates. However, the incident electron plane 

wave can interfere with the scattered wave and form standing waves. Unlike a plane 

wave, a standing wave has a modulated LDOS which can be picked up by the STM 

measurements. For intra-valley scattering, the incident wave and scattered wave have a 

small difference in their wave vectors, which results in a long wavelength interference 

pattern; for inter-valley scattering, the incident wave and scattered wave have a large 

difference in their wavevectors, which results in a short wavelength interference pattern.  

Short wavelength interference patterns (inter-valley scattering) have been 

observed on different graphene samples, e.g. graphene on SiC [68, 69] and SiO2 [17, 18]. 

There has also been a topographic study of the effect of an armchair edge on the density 

of states in graphene on SiC which shows an oscillation along the C-C bonds that does 

not depend on energy [70]. However, none of these studies has observed a long 
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wavelength oscillation (intra-valley scattering) in the density of states controlled by the 

energy of the electron waves along with its spatial decay. We performed a STM study of 

graphene on hBN, which provides better quality graphene, and observed the long 

wavelength LDOS oscillations. The scattering center for the electron waves in our study 

is a step edge in the graphene/hBN system. 

The measurements were done in an ultrahigh vacuum, low-temperature STM 

(Omicron LT-STM) that was cooled to 4.5 K. In order to observe the long wavelength 

standing waves in the density of states, a very flat surface with few scattering centers 

other than the step edges is needed. As shown in the last chapter, hBN is an ideal 

substrate for this purpose. The sample was fabricated in a similar manner to previous 

graphene on hBN work [19, 24, 71]. Step edges in hBN occur naturally during the sample 

preparation procedure. The graphene lies flat on the hBN causing steps in the hBN to be 

transferred to the graphene. Figure 6-4(a) shows a schematic of the experimental setup. 

The graphene flake is held at ground and the voltage on the tip is changed with respect to 

it. The tunnel current is measured from the tip to the sample. Figure 6-4(b) shows a 100 × 

100 nm
2
 topography image with a step edge running almost horizontally. The step height 

is about 0.5 nm. On the higher portion (upper portion of Figure 6-4(b)) of the step edge, a 

10 nm moiré pattern can be seen. This is due to the lattice mismatch and rotation between 

the graphene and the underlying hBN as was discussed in the previous chapter [24, 71]. 

Figure 6-4(c) shows a zoom-in on the lower portion (bottom of Figure 6-4(b)) also 

showing a moiré pattern, but with a shorter ~ 2 nm period. The different moiré patterns 

are a clear signature of a relative rotation between the graphene and hBN lattices. An 
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atomically resolved image (Figure 6-4(d)) across the step edge shows that the graphene is 

continuous and therefore the step edge is formed in the hBN layer. The 0.5 nm step is 

probably caused by an extra piece of hBN with a different lattice orientation. This 

different orientation leads to the two different moiré patterns on either side of the step 

edge. 

 

Figure 6-4. Topography images of graphene measured by the STM. (a) Schematic 

illustration of the measurement setup showing the Au electrodes and graphene flake on 

top of a stepped hBN flake. (b) 100 nm × 100 nm topographic image of a step edge in the 

boron nitride beneath the graphene. (c) Atomic resolution image of the graphene lattice 

on the bottom of (b) showing a 2 nm moiré pattern due to the underlying hBN. (d) 

Atomic resolution image of the graphene going over the step edge showing that it is 

continuous. All of the topography images were acquired with a tip voltage of -0.3 V and a 

tunnel current of 100 pA. 
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To study the influence of the step edge on the electronic properties of graphene, we have 

performed scanning tunneling spectroscopy (STS) measurements over the area near the 

step edge. In these measurements, we recorded dI/dV, which is proportional to the LDOS, 

as a function of position and energy. The tip height was first stabilized with a tip voltage 

of -0.3 V and tunnel current of 100 pA. Then the feedback circuit was turned off and a    

5 mV ac voltage at 563 Hz was added to the tip voltage. dI/dV as a function of tip voltage 

was recorded using lock-in detection in order to create images of the LDOS (for more 

details about this technique, please refer to Chapter 5). Figures 6-5(a)-(f) are maps of 

dI/dV for different tip voltages acquired in the region shown in figure 6-4(b). Two 

interesting features are noticed. First, LDOS oscillations in the lower portion are present 

and they decay moving away from the step edge (their brightness decreases away from 

the step edge). There are also LDOS oscillations in the upper portion but the signal is 

significantly weaker. Second, the wavelength of the oscillations increases as the tip 

voltage decreases and approaches the Fermi energy and Dirac point. As explained in 

Chapter 3 section 3.2.1, by setting the tip voltage to X volts relative to the sample, we are 

probing electrons with energy X eV above the Fermi energy of the sample. So Figure 6-5 

tells us that the LDOS wavelength becomes longer as the electron energy relative to the 

Dirac point (near zero tip voltage) becomes smaller. 
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Figure 6-5. LDOS waves coming from the step edge. (a)-(f) Images of the local density 

of states in graphene across a step edge running horizontally as a function of tip voltage. 

The tip voltages are (a) 138 mV (b) 118 mV (c) 98 mV (d) 78 mV (e) 58 mV and (f) 38 

mV. The scale bar in all of the images is 10 nm. For all of the images, the tip height was 

stabilized at a tip voltage of -0.3 V and a current of 100 pA. 

 

At the beginning of this chapter (Figure 6-2), similar LDOS oscillations near step 

edges of a copper surface were discussed. However, there is an obvious difference from 

our case. The wavelength of standing waves on noble metals is an order of magnitude 

shorter compared with that of graphene (1 nm compared to 10 nm). This indicates that in 

normal metals, only large k value scattering is possible. Long wavelength LDOS 

oscillations have been observed in other systems where the Fermi surface (in 2D, it is a 

constant energy circle) is not near the   point [72, 73]. However, the pseudo spin of 

graphene electron wavefunctions (see Chapter 2 for more details) leads to a different 

decay behavior of the oscillations as compared to these other materials. Recently, similar 

effects were also reported on topological insulators [74, 75] and explained by theoretical 

calculations [76]. Both graphene and topological insulators are Dirac systems, and they 

share a similar linear dispersion relation and chirality of electrons -- in graphene the 
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pseudo spin rotates with the k value of the electron wave function. This can be seen in 

Equation 6.2 that writes the graphene electron wave function as           

            
 

  
   

   

 
             

 

  
       

       

      
                              (6.3), 

and tan        , which means that the pseudo spin rotates with different 

   and   values. In topological insulators, it is the real spin which rotates with the K 

value of the electron wavefunction. Because of these similarities between graphene and 

topological insulators, we can adapt the theory for topological insulators [76] to our case 

of graphene. 

A step edge in graphene due to curvature can produce scalar and vector potentials 

which act as scattering centers for electron waves [21]. We define the direction along the 

step edge as the x axis (See Figure 6-5(a)). Consider an incident electron with wavevector 

                   

where           is the crystal momentum at the Dirac point and |   | = k is the radius of the 

constant energy circle in the Dirac cone. This electron will be partially reflected to a 

wavevector 

                   
   

The electron will remain in the same Dirac cone as long as the step edge is not atomically 

sharp (the height of the graphene in Figure 6-4(d) changes over a distance of about 2 nm) 

and large k value scattering (inter-valley scattering) is not possible. A scattering barrier 

running in the x direction conserves the x component of the wavevector in the scattering 

process. So if  
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then 

               

in order to conserve energy and momentum (see Figure 6-6 (a) for illustration). The 

incident and scattered wave interfere with each other, and give rise to a spatially 

modulated electron density (it may be confusing as to why an incident wave can interfere 

with the scattered wave since they arrive at a certain point at different time. This can be 

understood with a concept in optics, the so called temporal coherence, which says that if 

the electron wave is close to a true plane wave with almost a single K value (hence 

almost single energy or monochromatic), we should be able to have interference even if 

the two paths arrive at the same point – one without scattering and the other with 

scattering – at different times). So far we have only considered a specific pair of 

wavevectors,     and     . In the actual scattering process, there are a range of wavevectors 

which are possible. All of the possible incoming and scattering wavevectors lie on a 

constant energy circle (CEC) determined by the tip voltage. In order to find the total 

change in the electron density, we must integrate the contributions from all of them 

giving the local density of states: 

                                                               
 

                                            (6.4), 

where                                        
 . Note that it doesn’t depend 

on x because in the x direction the electron wave is still a plane wave so the LDOS is 

uniform everywhere in that direction. In this expression, r is the reflection  
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Figure 6-6. Fitting the LDOS waves with theoretical curves. (a) Schematic diagram of 

the scattering process. Electrons near the Dirac point are scattered from     to     . In this 

process the x component of the wavevector must be conserved because the step edge is 

along the x direction. (b) Density of states as a function of tip voltage and position. The 

data is averaged over the images in Figure 6-5. Blue areas are high density of states while 

red represents low density of states. The colored lines represent the expected minima in 

the density of states from the theory calculations. (c) Density of states as a function of tip 

voltage and position for a different location showing similar behavior as in (b). (d) dI/dV 

as a function of position for several different tip voltages showing the decay with distance. 

The black curves are the experimental data and the blue curves are from the theoretical 

calculations. 
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coefficient,          is the wave function of the incident electron,           is the 

wave function of the scattered electron, and         is the normalization factor.  As 

derived earlier, the graphene electron wave function can be written as: 

         
 

  
 
       

      
             

(a global phase factor has been omitted). 

After scattering off the step edge, the pseudo spin changes to        because 

the y component of the momentum changes. Plugging the wavefunction expressions into 

Equation (6.4) and separating the part that varies with position, we find: 

                                             
  

      
                 

     

     
             (6.5), 

where           ensures that the integral is over the CEC and 
 

     
 is the DOS in K 

space and the factor of         comes from the pseudo spins. 

The integration over k can be done with the help of the   function and we get: 

                                             
  

      
                         

 

 
                   (6.6). 

Note that the integration is over half of the constant energy circle because only electrons 

with positive    can be the incident ones. For positions far away from the step edge 

(which means y is big), the factor ‘               ’ of the integrand varies rapidly as we 

vary  . Assuming at a certain   we have                 , then just by changing   

slightly, we could have                  . Thus they cancel each other when we do 

the integration. The only part that doesn’t cancel is when          is at its extreme value. 



100 
 

This is the so called stationary phase approximation and is illustrated below. In Figure 6-

7, a function of f(x) = - cos[91cos(x)] is plotted over the –    to     range.  

 

Figure 6-7. Illustration of the stationary phase approximation. The integrand oscillates 

rapidly except for near the extreme point at the origin.  

 

It is easy to see that in the range of     to      the function varies between positive and 

negative rapidly except for near the extreme point of cos(x), which is x = 0. So if we want 

to evaluate                       
   

–   
, the major contribution would come from x ~ 0 

area. For our integration in Equation (6.6), the maximum of            comes when 

     , i.e. when the incident electron is perpendicular to the step edge. Since we only 

need to consider   near    , the reflection coefficient r can be approximated by   

      
 

 
     [58]. Ignore the      term in Eq. 6.6 since perpendicular incident electrons 

have a very small reflection coefficient. We get  

                                                               
 

 
  

 

 
  

                      (6.7). 
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where   is small. If we use   
 

 
  , the integration can be written in a more compact 

form: 

                                    
 

  

  

Do integration by part once: 

         
                       

 
  

 

  

  

Then we can approximate our integration as: 

                                                      
              

 
  

 

  
                         (6.8). 

From this equation we can see the reason of integration by parts first. Without integration 

once, if we directly plug     to         , then we get the integration to be zero, which 

is obviously not a very accurate approximation. The integration in Equation (6.8) can be 

further approximated by extending the integration limits from minus infinity to plus 

infinity, since we only get significant contribution to the integral near the     range. 

Then we have: 

                         
 

 
              

    
  

  
  

 

 
                

    
  

  
     (6.9). 

Now the integration is turned into a standard Gaussian integration which can be evaluated 

exactly to give us: 

                                                   
 

        
                                             (6.10). 

From the band structure of graphene, we have       . Plugging this into Eq. (6.10), 

we get: 
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                                           (6.11). 

This expression describes the LDOS as a decaying oscillation with minima spaced by 

      . Since we only probed energies near the Dirac point, which means the radius of 

the CEC and hence E is small, we get long wavelength LDOS oscillations compared with 

that from noble metals, where E is usually much larger. Another interesting feature of this 

expression is the decay rate. In noble metals, the LDOS oscillations decay with distance 

from the step edge as     . However, due to the pseudo-spin degree of freedom in 

graphene, backscattering is forbidden, which gives the extra factor of cos( ) in Eq. (6.5). 

This gives a faster,        decay rate to the LDOS oscillation.          

Now we can compare our experimental data with the theoretical prediction. 

Figure 6-6 (b) plots dI/dV as a function of tip voltage and distance away from a step edge. 

The data is acquired by averaging, in the x direction, all of the data in the two-

dimensional images in Figure 6-5, leaving a one dimensional plot of the LDOS versus 

distance. There has been an overall linear slope removed in the dI/dV curves as a function 

of energy. The data then shows oscillations in the density of states with blues areas 

having higher density of states and red areas being low. The green and yellow lines show 

the minima in the density of states oscillations as predicated by Equation (6.11). The only 

free parameter is the value of the Fermi velocity. We find slightly different values on the 

bottom (negative distances) and top (positive distances) of the step. For the yellow lines 

we found           
     and for the green lines we found           

    . 

Figure 6-6 (c) shows similar results from a different location which gives         
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       for the yellow lines and          
     for the green lines. These values 

are lower than other measurements of the Fermi velocity in graphene by about a factor of 

two (e.g. [8]). The low values are confirmed by gate dependent spectroscopy 

measurements near the step edge which also give a reduced value of the Fermi velocity. 

The reduced value of the Fermi velocity may be due to the moiré pattern, as theoretical 

predictions have indicated that the Fermi velocity can be strongly renormalized for 2D 

periodic potentials which cause the moiré pattern [77]. As we observed two different 

moiré patterns on top of the step and below it, this may explain the differences in Fermi 

velocities observed.  

In addition to the oscillatory nature of the LDOS, we also expect it to decay with 

distance from the step edge as       . Figure 6-6 (d) plots dI/dV as a function of distance 

for a series of 5 tip voltages ranging from -30 mV to -90 mV in steps of -15 mV. These 

curves also show fits (in blue) of Equation (6.11). The curves show the        decay 

expected for graphene in contrast to the      seen in conventional metals. From these 

fits we can extract the wavevector of the oscillations and hence construct the band 

structure of graphene. 

Figure 6-8 plots the measured wavevector as a function of tip voltage for the data 

in Figure 6-6(c). The dI/dV curves for every energy were fit using equation (6.11) to 

obtain the wavevector at the given energy. We see that the wavevector is linear in tip 

voltage as expected from the dispersion relation of graphene giving a value of    

               . This linear relationship justifies the fits in Figure 6.6(b) and (c) 
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that assumed a linear relationship between E and k and used the Fermi velocity as the 

only fitting parameter. 

 

Figure 6-8. Wavevector versus tip voltage extracted from fitting the dI/dV curves in 

Figure 6-6 (c). The solid line is a linear fit as expected for the graphene dispersion 

relation. 

 

In conclusion, we have demonstrated LDOS oscillations near step edges in 

graphene on hBN. These oscillations are long wavelength and are controlled by the 

energy of the electrons. The decay of the oscillations is much faster than in Fermi liquids 

and is a direct consequence of the chiral nature of the electrons in graphene. 
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CHAPTER 7: SCANNING GATE MICROSCOPY OF CARBON NANOTUBES 

In this chapter, we will discuss a very different system with a very different 

experimental technique i.e. carbon nanotubes studied with scanning gate microscopy. The 

motivation of this study is that quantum dots have been proposed as one of the building 

blocks in future quantum information processing schemes [78]. Carbon nanotube 

quantum dots are especially attractive because they are expected to have a long spin 

relaxation time due to the zero nuclear spin for the most abundant isotope of carbon [79]. 

This makes them preferable to other systems such as quantum dots fabricated in GaAs 

two dimensional electron gas for quantum bits using the electron spin. Understanding and 

controlling quantum dot behavior is crucial for potential applications. To this end, 

electrical transport measurements have been widely used to probe the energy levels of 

single and coupled quantum dots (e.g. [80-84]). But this type of measurement lacks 

information on the real space structure of the quantum dot system. Scanning tunneling 

spectroscopy was also used to provide atomic resolution images of the wavefunctions in 

quantum dots [85] but special techniques are needed to simultaneously perform electrical 

transport measurements [86] making images of wavefunctions not possible at the same 

time as transport measurements. Scanning gate microscopy (SGM) is a more versatile 

technique for probing quantum dots in carbon nanotubes because it does not require a 

conducting substrate [87]. Before introducing the SGM measurements, let’s first review 

the basic transport measurements of nanotube quantum dots. 
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7.1 Transport measurement of carbon nanotube quantum dots 

The basic properties of quantum dots have been discussed in Chapter 2. The main 

feature of a quantum dot is that adding one extra electron requires a large amount of 

energy. This is due to the quantum confinement and more importantly the strong 

Coulomb interaction between extra electrons (or holes), since there are close to each 

other. Usually the addition energy is in the 10 meV range, which can be probed easily by 

electrical transport measurements at 4 K (4 K is about 0.3 meV in energy scale).  

 

 

Figure 7-1. Device schematic. Top: An optical microscopy image of the sample showing 

many pairs of source and drain electrodes. The scale bar is 100 µm. Bottom: Schematic 

showing a nanotube growing across the trench. 
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Figure 7-1 top shows an optical image of the sample, and Figure 7-1 bottom is a 

schematic diagram of the experimental setup. A trench of ~600 nm deep and 0.5 to 1.5 

µm wide is predefined in a Si/SiO2/Si3N4 wafer. Source, drain, and gate electrodes are 

written with photo-lithography followed by deposition of Pt metal as electrodes. Small 

windows, 1.5µm by 1.5µm, are patterned in the photoresist near the edges of the trench 

and ferric nitrate is dispersed as the catalyst for nanotube growth.  Carbon nanotubes are 

grown by chemical vapor deposition using a mixture of argon gas bubbled through 

ethanol and hydrogen at 825°C.  This is performed as the final step of sample preparation 

to avoid surface contamination by electron beam resists, which provides ultra clean 

nanotubes as reported before [88]. Some of the nanotubes will grow across the trench 

forming a working device (the possibility is about 10% in our samples).  

The reason for using suspended nanotube samples is to avoid the influence from 

charged impurities in the substrate, which is usually SiO2. Just like the case of graphene 

discussed in Chapter 5, charged impurities in the SiO2 substrate randomly dope the 

nanotubes on top of it and complicate the experimental result. While for the suspended 

samples, we can get the intrinsic properties of the nanotube with the influence of the 

substrate. After the nanotube growth is done, we use transport measurements at room 

temperature to identify conductive devices, which means that at least one nanotube has 

grown to bridge the trench. Then we use Raman spectroscopy to identify the number of 

nanotubes and chose devices with only one tube. Figure 7-2 shows the transport 

measurement of one such device at room temperature with a trench size of 500 nm. The 



108 
 

large suppression of conductance near zero gate voltage is a sign of a band gap whose 

size is small compared with the energy scale of room temperature. So we still get finite 

conductance due to thermal excitation even when the Fermi energy is in the gap. 

 

Figure 7-2. Room temperature transport measurement of the differential conductance as 

a function of gate voltage.  

 

When cooling the device down to 4 K, some rather dramatic changes happen to 

the transport curve as seen in Figure 7-3. First we notice that a zero conductance gap is 

developed which means that the thermal energy at 4 K is small compared with the band 

gap so we have no thermal excitation to give finite conductance when the Fermi energy is 

deep inside the band gap. Second, on the negative gate voltage side, we observe 

oscillations on top of an overall well conducting curve, while on the positive gate voltage 

side, the oscillations are between zero and finite conductance.  
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Figure 7-3. Electrical transport measurement acquired at 4 K. 

To see the oscillations more clearly, we zoom in to the left and right hand sides of 

Figure 7-3, which are shown in Figure 7-4. Both sides show very regular oscillations, but 

they result from very different physics. 

To understand the high conductance oscillation in Figure 7-4(A), we need to look 

at the band structure of the system, as shown in Figure 7-5. The tunnel barriers of the 

electrodes and the nanotube contacts are very thin and the nanotube is doped by the Pt 

contacts in such a way that its valence band edge lines up with the Fermi energy of the 

electrodes. So even at zero gate voltage, electrons from the source can tunnel through the 

thin barriers very easily and reach the drain. When a negative gate voltage is applied, the  
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Figure 7-4. A (B): Zoom in to the left (right) hand side of the low temperature transport 

curve. 

 

center of the nanotube will have its bands pushed up while near the electrodes, due to 

screening by the large metal area, the bands are pinned at their original positions. In 

general we get high conductance for negative gate voltage. On the other hand, the 

oscillations on top of the high conductance are a direct result of the wave nature of the 

electrons [89]. Just like electromagnetic waves in a Fabry-Perot cavity have strong 

resonance peaks when the wavelength is such that all the reflected waves interfere 

constructively, the same physics happens in our transport measurement. As we change 

the gate voltage, we are changing the wavelength of the electrons/holes that participate in 

conduction. The electron/hole waves will be bounced back and forth many times between 

the two thin tunnel barriers before they eventually tunnel out of the nanotube creating a 

Fabry-Perot cavity for electron waves. When their wavelength satisfies the constructive 

interference criteria for this particular nanotube cavity, we see a stronger conductance. 



111 
 

When the wavelength changes and the waves destructively interfere, there is a 

suppression in conductance.  In this way, we get an oscillation in the conductance as a 

function of gate voltage. To get a quantitative estimation of the length of the Fabry-Perot 

cavity, we can use the condition for constructive interference:      , where L is the 

cavity length,   is the electron wavelength and n is an integer. So the adjacent 

conductance peaks should have a difference of 1/(2L) for the inversion of their 

wavelengths, which means         . From Figure 7-4 A we can see that the gate 

voltage difference between two adjacent peaks is about 0.03 V. From other non-zero bias 

measurement of the Coulomb blockade peaks (the so called Coulomb diamond) we can 

get a rough estimation of the gate efficiency to be 1/10, which means 0.03 V in gate 

voltage corresponds to about 0.003 eV change of electron energy. From the dispersion 

relation of a metallic carbon nanotube,       , and taking          , we get that    

3 meV corresponds to 

   
  

   
          

 

 
 . 

This means the quantum dot length is 

  
 

  
           . 

This is in agreement with the designed trench width of          . Especially we 

should take into account that the tube is really a small band gap semiconducting nanotube 

instead of a metallic nanotube, which means the Fermi velocity is smaller than the value 

of that of graphene, which will result in a smaller calculated quantum dot length and even 

closer to the designed trench width of          . 
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Figure 7-5. Band diagram of the Pt and nanotube system to understand the high 

conductance oscillations on the valence band side. 

 

 

While the oscillations in Figure 7-4(A) are a manifestation of the wave nature of 

electrons, the peaks in Figure 7-4(B) are due to its particle nature. As seen in Figure 7-6, 

when a large positive gate voltage is applied, the center of the nanotube has its band 

structure pulled down. Eventually the bottom of the conduction band will be lower than 

the Fermi energy of the electrodes and electrons can tunnel through the nanotube and 

give finite conductance. However, unlike the negative gate voltage case, the electrons in 

the nanotube are now confined by the much thicker tunnel barrier formed by its own band 

gap (the regions near the electrodes). So we have a quantum dot formed in the center of 

the nanotube. As described in the quantum dot section of Chapter 2, the small size of the 

quantum dot causes a large Coulomb interaction between the extra electrons in the dot 

(Coulomb blockade), so there is large energy gap between each added electron, which is 

represented by well separated energy levels in Figure 7-6. Each level accepts one electron. 

As we change the gate voltage, subsequent energy levels are lined up with the Fermi 

energy of the electrodes. Once aligned, an electron can tunnel through the thick barrier 
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and cause a peak in the conductance. But due to the large suppression of current by the 

barriers, the conductance through the conduction band is in general much weaker than the 

conductance through the valence band as seen in Figure 7-3.  

 

Figure 7-6. Band diagram of the Pt and nanotube system to understand the conductance 

oscillation on the conduction band side. 

 
While the device discussed above shows a clean single quantum dot behavior, we 

are not always so lucky (or unlucky) to have just one quantum dot. We also studied 

multiple quantum dot systems formed in other devices. Usually wider trench devices are 

more likely to have some defects in the nanotube to divide it into multiple quantum dots. 

We studied devices with trench widths of 1.5 µm. A typical transport measurement of a 

multi-dot system looks like Figure 7-7 (left). Since for both negative and positive gate 

voltages we have Coulomb blockade peaks instead of Febry-Perot type of oscillations, we 

know that the contact tunnel barriers are very thick and the electrons are always confined 

in the nanotube. The peaks in the transport measurement are not as regularly spaced as 

those in Figure 7-3. This indicates that there is more than one quantum dot in series, 

which can be formed if there are some extra tunnel barriers inside the nanotube as shown 
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in Figure 7-7 (right), which shows a double dot system as an example. Note that the two 

quantum dots may have different sizes so they have different energy level spacing. We  

           
Figure 7-7. Transport of a double dot system. Left: Transport measurement of a double 

dot system. Right: Inferred energy level diagram for the double quantum dot. 

 

get a conductance peak only when the energy levels in the left dot and right dot both 

align with the electrode Fermi energy. This explains the origin of the irregularity of the 

peak spacing in the transport measurements. 

7.2 Scanning Gate Microscopy of nanotube quantum dots 

Transport measurements have been done on nanotube quantum dots by many 

groups [80-84] and similar results to ours have been reported before. To get spatial 

information of the quantum dots, we combined scanning probe techniques with transport 

measurements, so called scanning gate microscopy (SGM).  SGM has been briefly 

introduced in the end of Chapter 3. For the current measurements, the experimental setup 

is shown in Figure 7-8. A charged SPM tip is held at a constant height (~ 200 nm) above 

the nanotube. As the tip is scanned over the nanotube the conductance through the 

nanotube is recorded and plotted as a function of the tip position.   
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Figure 7-8. SGM configuration. 

An SGM image of the single quantum dot device studied in section 7.1 is shown 

in Figure 7-9. In this picture, the dotted lines are the edges of the trench and the solid line 

is the position of the nanotube. The nanotube is held at ground with a small AC voltage 

(0.4 mV) applied across it. A lock-in amplifier is used to measure the conductance 

through the nanotube. The tip is set at -1.5V relative to the nanotube and the gate voltage 

is +8V. In Figure 7-9 a set of concentric high conductance rings is clearly visible. Since 

the back gate voltage is at +8 V, as seen from Figure 7-3, we are in the Coulomb 

blockade regime. Each ring is extended from a single peak in Figure 7-4 (B). To 

understand this phenomenon, we imagine scanning the tip along the nanotube from left to 

right. When the tip is getting closer to the center of the nanotube, where the quantum dot 

lies, the quantum dot feels a stronger influence from the charged tip (the quantum dot is 

coupled to the tip through mutual capacitance). This is similar to making the back gate 

voltage lower (since the tip voltage is -1.5 V). As the tip crosses one ring and gets closer 
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to the center of the quantum dot, one electron is pushed out of the quantum dot. Since the 

tip is scanned in a two dimensional fashion, the points where the tip has the same 

influence on the quantum dot will have similar conductance. So a peak extends to a ring 

and many peaks extend to a set of concentric rings.  

 

Figure 7-9. A typical SGM image showing a set of concentric rings. The dotted lines are 

the edges of the trench; the solid line is the position of the nanotube. The scale bar is 500 

nm. 

 

When the tip voltage is increased from -1.5 V to +0.8 V (back gate voltage still at 

+8 V), the SGM image changes completely.  The circularly symmetric rings seen in 

Figure 7-9 shrink and become elliptical at the center of the image while two new side 

rings emerge (Figure 7-10 (A)). When the tip voltage is further increased to +1.2 V in 

Figure 7-10 (B) and +2 V in Figure 7-10 (C), the side rings grow and the center rings 
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eventually disappear. To understand the evolution of behavior from Figure 7-10 A-C, we 

need to find the induced charge on the nanotube as a function of tip voltage and position. 

 

Figure 7-10. Different tip voltages give very different SGM images. (A)-(C): different tip 

voltages give very different SGM images. The tip voltages are +0.8 V for (A), +1.2 V for 

(B) and +2 V for (C). (D)-(F): Maps of induced charge on the nanotube corresponding to 

(A) to (C). Numbers on the color bar only have a relative meaning (i.e. areas in the map 

with green color have one more electron than areas with yellow color). All scale bars are 

500 nm. 

 

The tip has two effects; (1) it induces charge on the nanotube due to its capacitive 

coupling. (2) It screens the effect of the underlying gate electrode. Due to screening of 

the gate by the tip, even with zero tip voltage, the nanotube behaves as if a voltage that is 

opposite to the gate voltage is applied to the tip. In the case of Figure 7-10 (+8 V gate 

voltage), zero voltage on the tip is effectively a negative tip voltage for the nanotube. The 

presence of the large source and drain electrodes reduces the screening effect of the tip 

when it is over the electrodes. So the tip is effectively more negative in the center of the 

trench than above the electrodes (see Figure 7-11, blue curve). In Figure 7-9, the tip 
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voltage is -1.5 V, so the tip always removes electrons from the nanotube. However, when 

the tip voltage is positive (Figure 7-10 A-C), the applied positive voltage competes with 

the effective negative voltage due to the screening of the gate (see Figure 7-11, red curve).  

This makes the tip positive above the electrodes and negative above the trench. So as the 

tip moves closer to the center of the side rings, more electrons are added onto the 

nanotube; on the other hand, as the tip moves closer to the center of the middle ring, more 

electrons are removed from the nanotube.  Maps of induced charge numbers on the 

nanotube shown in Figure 7-10 D-F, corresponding to Figures 7-10 A-C, clearly show the 

opposite behavior of the side and middle rings.  There are always fewer electrons in the 

center ring compared to the side rings. 

 

Figure 7-11. Qualitative evolution of the screening effect of the gate by the tip (blue 

curve) and tip by the electrodes (red curve), as the positively charged tip scans along the 

nanotube. 

 

Now that the effect of the tip is understood for a single quantum dot system, we 

examine how it can be used to control the coupling in a double quantum dot device. 

Figure 7-12 shows an SGM image (gate voltage is -2 V and tip voltage is 1 V) of a 
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double quantum dot system as discussed in section 7.1. It can be viewed as two sets of 

rings superimposed on each other, where each set originates from a single quantum dot. 

The dotted lines represent the edges of the trench (1.5 µm wide) and the solid line 

represents the approximate position of the nanotube. The SGM results unambiguously 

determined the number of quantum dots in the system to be two. Each ring corresponds to 

when one of the two dots is conducting (i.e. one of the dots has its available energy level 

aligned with the Fermi energy of the electrodes). But since the two dots are in series, we 

only get significant conductance when both of the dots are conducting (i.e. when both of 

the dots have their available energy levels aligned with the Fermi energy of the 

electrodes). This results in the isolated dots of high conductance as seen in Figure 7-12.  

 

Figure 7-12. SGM image of a double quantum dot system with gate voltage at -2 V and 

tip voltage at 1 V. Scale bar is 500 nm. 

 

 

As in the case for a single quantum dot system, we can change the tip voltage and 

see how the SGM pattern evolves. When the tip voltage decreases to -2.4 V (Figure 7-13), 
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the SGM pattern evolves from isolated points to a series of avoided crossings. This 

change contains more interesting physics than the single quantum dot case. There the 

change of SGM pattern just comes from different electrostatic screening effects; here the 

change can be understood from a modification of the tunnel barrier height or equivalently 

the coupling strength between the two quantum dots.   

 

Figure 7-13. SGM image of the multiple quantum dot system with gate voltage at -2 V 

and tip voltage at -2.4 V. Scale bar is 500 nm. 

 

 Previous work has studied transport in double quantum dot systems with tunable 

inter dot coupling strength. One of the pioneering works [90] fabricated a double 

quantum dot in a 2 dimensional electron gas as shown in Figure 7-14. The coupling 

strength is controlled by the center pair of electrodes. In the transport measurement, they 

applied gate voltages to the left and right quantum dot separately, and recorded the 

conductance through the double dot system as a function of left and right gate voltages 

which controls the number of electrons on each dot (as shown in Figure 7-15).  
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Figure 7-14. Double quantum dots formed in a 2DEG [90] From Livermore, C.; Crouch, 

C. H.; Westervelt, R. M.; Campman, K. L.; Gossard, A. C., Science 274, 1332. Reprinted 

with permission from AAAS. 

 

 

Figure 7-15. Conductance of a double quantum dot system in a two-dimensional electron 

gas as a function of the two gate voltages [90] From Livermore, C.; Crouch, C. H.; 

Westervelt, R. M.; Campman, K. L.; Gossard, A. C., Science 274, 1332. Reprinted with 

permission from AAAS. 
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In Figure 7-15 (A), the double dots are very weakly coupled and there are isolated 

conductance peaks just as we see in Figure 7-12. These peaks occur when both the dots 

are conducting. As the inter dot coupling strength is increased, each conductance spot 

evolves into two anti-crossing lines (Figure 7-15 B to D). Eventually when there was no 

tunnel barrier between the two dots, they merged to become a single big dot (Figure 7-15 

E, F).  

The process described above is indeed what we have seen from Figure 7-12 to 

Figure 7-13. But why is the tunneling strength between the two dots changed when just 

changing the tip voltage? This could be understood with the band diagrams shown in 

Figure 7-16 A and C, corresponding to the weakly and strongly coupled case respectively. 

In Figure 7-16 A, gray dashed lines represent the edges of the valence and conduction 

bands with zero gate voltage applied and no tip present.  At the contacts the Fermi level is 

pinned to the valence band. Since the nanotube over the trench is long (1.5 µm instead of 

500 nm for the single quantum dot device), the center of the nanotube doesn’t feel the 

presence of the contacts and it is undoped. The green dashed lines represent the effect on 

the bands when -2 V is applied to the gate. Its effect is strongest for the center portion of 

the nanotube, and gradually decreases to zero near the contacts due to pinning and 

screening by them. When the tip with +1 V applied to it is brought above the nanotube, 

the applied voltage on the tip and screening of the gate by the tip work together since 

they are both positive in the case of Figure 7-16 A, so the tip is positive as seen by the 

nanotube. A positive tip will push down the bands as shown by the red dashed lines, 

which represent the effect of the tip. Combining the two effects (green dashed lines and 
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red dashed lines) together, the final band edges are shown as the blue solid lines.  Near 

the valence band edge, there are two quantum dots which are weakly coupled because of 

the large barrier in the middle. It is important to note that this barrier is formed by the 

bended band structure and not because of defects. That’s the reason it can be tuned by 

changing the tip voltage. We can simulate (details and code of the simulation are attached 

at the end of this chapter) the SGM image of a weakly coupled double dot system (shown 

in Figure 7-16 B). In the simulation, two quantum dots are capacitively coupled, with a 

small interdot capacitance representing weak coupling [90]. Conductance through the 

double dot depends exponentially on the energy difference between the source-drain 

Fermi energy and the energy of the next available electron level of each dot. So the 

conductance is exponentially suppressed except when both dots have their next available 

electron level lined up with the source-drain Fermi energy. This implies that the double 

quantum dot only conducts when the tip induces a changing number of electrons on each 

dot, i.e. when the conductance rings intersect.  The simulated SGM image in Figure 7-16 

B agrees well with the experimental SGM image in Figure 7-12.  

On the other hand, when the tip voltage is -2.4 V, the behavior changes.  In this 

case, the applied negative tip voltage exceeds the effective positive voltage resulting from 

screening of the gate, so the net tip voltage is negative as seen by the nanotube. This 

works together with the negative gate voltage to push up the bands resulting in a strongly 

coupled double dot system. In Figure 7-16 C, the red dashed line represents the effect of 

the tip and the green dashed line represents the effect of the gate. They work together to 

push the band edge up, which results in the final band edge shown as the solid blue line. 
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In the simulation, the interdot capacitance is set high to represent strong coupling, giving 

rise to a series of avoided crossings as shown in Figure 7-16 D, which agrees well with 

the experimental image in Figure 7-13. 

 

Figure 7-16. Explanation of double quantum dot control and simulated SGM images. (A) 

Band diagram for tip-induced weakly coupled double quantum dot. Gray dashed lines 

represent the band edges with zero gate voltage and no tip present; green dashed lines 

represent the effect on the bands when -2 V is applied to the gate; red dashed lines 

represent the effect of a +1 V tip; blue solid lines are final band edges with these two 

effects taken into account. (B) Simulated SGM map for a weakly coupled double 

quantum dot. (C) Band diagram for tip induced strongly coupled double quantum dot. 

The different lines have similar meaning as in (A). Notice the red dashed lines are now 

upward due to a negative tip voltage (-2.4 V). (D) Simulated SGM map for a strongly 

coupled double quantum dot. Scale bars in all images are 500 nm. 

 

So far, we have only discussed the behavior when negative gate voltage is applied 

to the device. When positive gate voltage is applied and the bands of the nanotube are 
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pulled down enough, the left and right quantum dots start to couple through the 

conduction band as seen in Figure 7-17 A (in literature [91, 92] this tunneling process is 

called Klein tunneling, since strictly speaking, by going from the valence band through 

the conduction band, holes are propagating as electrons, which are “antiparticles” of each 

other). This can be seen from the SGM image in Figure 7-17 B with +3 V gate voltage, 

which shows an almost single dot behavior. The remaining “wiggles” in the Coulomb 

blockade rings indicate that there are still some small tunnel barriers inside the nanotube. 

 

Figure 7-17. A large positive gate voltage is applied to induce Klein tunneling. A: Band 

diagram showing that when a large positive gate voltage is applied, the conduction band 

can be pull down enough to couple the left and right quantum dots. B: SGM map of the 

device with gate voltage at + 3 V and tip voltage at -1 V. Scale bar is 500 nm. 

 

In conclusion, we have presented scanning gate microscopy images of ultra clean 

nanotube quantum dots. We demonstrated the ability to observe quantum dot structures in 

real space and also the ability to control the coupling strength between multiple quantum 

dots in series. Future work should be done to bring the effect of the tip to the weak 

perturbation regime where electron interaction effects can be probed with the techniques 

presented in this paper.  By reducing the spatial extant of the tip perturbation, the nature 
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of the wavefunctions inside the quantum dots should be able to be probed in these ultra 

clean nanotubes. 

7.3 Details and code of simulation 

The simulation is done with Igor Pro and the code is listed below. The tunnel 

barrier between the two dots is modeled as a capacitor [90]. When the inter dot 

capacitance is infinite, the two dots merge into a single dot. To get the “avoid crossing” 

pattern as shown in Figure 7-16 D, the key is to realize that an electron can tunnel 

between the two dots as the tip moves near the cross points of the two rings. So we can’t 

assume which side the electron will sit. Instead we should let the program try different 

configurations to minimize the double dot energy. This idea is realized in the red part of 

the code below. 

The energy of a single capacitor with capacitance C and charge Q is       . 

The left quantum dot and right quantum dot are assumed to have the same capacitance (as 

seen from the equal size of the two sets of rings), which is taken to be 1. The capacitance 

of the tunnel barrier is assumed to be 1/alpha and the charge on it to be qprime. So the 

energy of the total system is 

             
             

               . 

In the code, we only plot the image of this energy as the tip scan over the nanotube, 

which should resemble the conductance map since the conductance is determined by the 

difference between the Fermi energy of the electrodes and the energy of the double 

quantum dot system. Better simulation can be done when real conductance is calculated 

and plotted. 
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#pragma rtGlobals=1  // Use modern global access method. 

#include <All IP Procedures> 

#include <Image Saver> 

 

function SGM(Image)  // generate tip scanning pattern 

wave Image 

variable alpha=1 //coupling strength; bigger alpha means weaker coupling. 

 

variable q1, q2, qprime //q1 is the charge in left dot; q2 is the charge in the right dot 

                                      //qprime is the charge in the interdot capacitor 

variable n1, n2 

variable u  

variable u1 

 

variable i1, i2, j1, j2 

variable z=100 

variable distance1, distance2, middle 

 

 

variable rows 

variable i, j 

variable l, m 

 

rows=DimSize(Image,0) 

 

Image=0; 

 

middle=rows/2 

 

i1=middle-50 

i2=middle+50 // offset of the two quantum dots from the center 

 

j1=middle 

j2=middle 

 

for(i=0; i<rows; i +=1) 

    for(j=0; j<rows; j +=1) 

         

           

          distance1=((i-i1)^2+(j-j1)^2+z^2)^0.5*0.5 

          distance2=((i-i2)^2+(j-j2)^2+z^2)^0.5*0.5 // *0.5 is to adjust tip strength 
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          n1=1000/distance1-mod(1000/distance1,1) // tip is assumed to induce 1000/r  

                                                                                // charges in the dots. 

          n2=1000/distance2-mod(1000/distance2,1) 

           

           

                  q1=1000/distance1-n1 // number of electrons in the left dot; 

                  q2=1000/distance2-n2 // number of electrons in the right dot; 

                  qprime=(q1-q2)/(alpha+2) // number of electrons in the interdot capacitor 

                   

                  u=(q1-qprime)^2+(q2+qprime)^2+alpha*qprime^2 // energy of the system. 

   

   

          for(l=n1; l<n1+2; l +=1) // minimize system energy. 

              for(m=n2; m<n2+2; m +=1) 

 

                  q1=1000/distance1-l 

                  q2=1000/distance2-m 

                  qprime=(q1-q2)/(alpha+2) 

 

                   u1=(q1-qprime)^2+(q2+qprime)^2+alpha*qprime^2 

                   

                  if (u1<u) 

                     u=u1 

                  endif 

                   

              endfor 

           endfor 

     

      Image[i][j]=exp(1*u); 

     

  

    endfor 

endfor 

 

end 
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 

The preceding chapters described several experiments studying the electronic 

properties of two low dimensional nanomaterials: graphene and carbon nanotubes. In 

Chapter 5, we used the STM to demonstrate that by choosing hBN as a substrate, the 

topographic roughness of graphene is reduced by an order of magnitude compared with 

graphene on SiO2 devices. With scanning tunneling spectroscopy, we have shown that the 

electrostatic potential fluctuation can also be reduced by one order of magnitude. These 

improvements demonstrated that hBN is a better choice as a substrate for graphene than 

SiO2. 

With better quality samples, new physics can be explored. In Chapter 6, we 

showed that long wavelength local density of states oscillations can be observed in 

graphene on hBN samples. Due to the peculiar band structure of graphene, i.e. the Fermi 

surface are circles centered at the K points rather than the ᴦ point as usual metals and 

electron wave functions have a pseudo spin associated with them, the LDOS oscillations 

show a longer wavelength and faster decay rate than noble metals. 

In Chapter 7, we combined scanning probe microscopy and transport 

measurements to provide spatial information of the structure of quantum dots formed 

inside carbon nanotubes. With this method, we could see the location and size of 

quantum dots in real space. By changing the tip voltage, we were also able to tune the 

tunnel barrier between multiple quantum dots. This scanning gate microscopy method 

can also be applied to other quantum dot systems to provide information on their inner 

structure which is inaccessible with only transport measurements. 
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The discovery and intense research effort on carbon nanotubes and graphene have 

opened doors for research in similar low dimensional systems. Other 1D nanowire 

materials are under study, e.g. BN nanotube, ZnO nanowire, Ge nanowire, InAs nanowire 

etc. They are attracting a lot of interest because of their unique electronic and optical 

properties. Although STM study of these systems may not be easy because they usually 

have large band gaps, scanning gate microscopy and transport measurement are still 

powerful tools to study their properties and feasible with the equipment in our lab. For 

2D materials, inspired by the “Scotch tape method” of graphene fabrication, people are 

trying to isolate other layered crystals and studying their single layer properties. These 

materials include hBN, MoS2 etc. Unlike graphene which is a zero gap semiconductor, 

these other materials all have a band gap in the range of a couple of electron volts. The 

goal is to find some 2D materials that have the high mobility of graphene which can 

produce low power consumption electronics but also have a sizable band gap which can 

be used for logic devices. Besides their application potential, they are also interesting 

from the fundamental point of view. They are more than just new types of 2-dimensional 

electron gases. New phenomena related to electron spin, edge states, photonic property 

etc. are unique for these materials and worth further investigation. Another type of 

emerging materials which are conceptually different from these two dimensional crystals 

but have similar Dirac fermions to graphene are the so called topological insulators. They 

are also having deep influence on the fundamental condensed matter theories as well as 

real world applications. 
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APPENDIX A: THE PAPER PUBLISHED ON NATURE PHYSICS 

 
In this appendix, a paper published in Nature Physics [26] by our group is 

presented. It is a further investigation of graphene on hBN devices. We found that the 

moiré patterns discussed in Chapter 5 have modified the band structure of graphene and 

new Dirac points are formed at energies corresponding to the wavevector of the moiré 

pattern.  The whole article is reprinted here with permission from Nature Physics. 
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Emergence of superlattice Dirac points in
graphene on hexagonal boron nitride
Matthew Yankowitz1, Jiamin Xue1, Daniel Cormode1, Javier D. Sanchez-Yamagishi2, K. Watanabe3,
T. Taniguchi3, Pablo Jarillo-Herrero2, Philippe Jacquod1,4 and Brian J. LeRoy1*
The Schrödinger equation dictates that the propagation of
nearly free electrons through a weak periodic potential results
in the opening of bandgaps near points of the reciprocal
lattice known as Brillouin zone boundaries1. However, in the
case of massless Dirac fermions, it has been predicted that
the chirality of the charge carriers prevents the opening
of a bandgap and instead new Dirac points appear in the
electronic structure of the material2,3. Graphene on hexagonal
boron nitride exhibits a rotation-dependent moiré pattern4,5.
Here, we show experimentally and theoretically that this
moiré pattern acts as a weak periodic potential and thereby
leads to the emergence of a new set of Dirac points at
an energy determined by its wavelength. The new massless
Dirac fermions generated at these superlattice Dirac points
are characterized by a significantly reduced Fermi velocity.
Furthermore, the local density of states near these Dirac
cones exhibits hexagonal modulation due to the influence of
the periodic potential.

Owing to its hexagonal lattice structure with a diatomic
unit cell, graphene has low-energy electronic properties that are
governed by the massless Dirac equation6. This has a number of
consequences, among them Klein tunnelling7–10, which prevents
electrostatic confinement of charge carriers and inhibits the
fabrication of standard semiconductor devices. This hasmotivated a
number of recent theoretical investigations of graphene in periodic
potentials2,3,11–15, which explored ways of controlling the propaga-
tion of charge carriers by means of various superlattice potentials.
On the analytical side, one-dimensional potentials render particle
propagation anisotropic2,3,11,14 and generate new Dirac points,
where the electron and hole bands meet, at energies ±h̄vF|G|/2
given by the reciprocal superlattice vectors G (refs 2,3), where vF is
the Fermi velocity. Numerical approaches have extended several of
these results to the case of two-dimensional potentials2,3,14,15. Unlike
for Schrödinger fermions, the periodic potentials generally induce
new Dirac points but do not open bandgaps in graphene, owing to
the chiral nature of the Dirac fermions.

Recent scanning tunnelling microscope (STM) topography
experiments have reported well-developed moiré patterns in
graphene on crystalline substrates, which suggests that the latter
generate effective periodic potentials4,5,16,17. Of particular interest
is hexagonal boron nitride (hBN), because it is an insulator which
only couples weakly to graphene. Furthermore, graphene on hBN
exhibits the highest mobility ever reported for graphene on any
substrate18, and has strongly suppressed charge inhomogeneities4,5.
Hexagonal boron nitride is a layered material whose planes have
the same atomic structure as graphene, with a 1.8% longer lattice

1Physics Department, University of Arizona, 1118 E 4th Street, Tucson, Arizona 85721, USA, 2Department of Physics, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02138, USA, 3Advanced Materials Laboratory, National Institute for Materials Science, 1-1 Namiki, Tsukuba
305-0044, Japan, 4Départment de Physique Théorique, Université de Genève CH-1211 Genève, Switzerland. *e-mail: leroy@physics.arizona.edu.

constant. The influence of the weak graphene–substrate interlayer
coupling on the electronic transport and spectroscopic properties
of graphene is not well understood. In particular, there is to date no
theory for local electronic properties such as those probed in STM
experiments. Below, we show that periodic interlayer couplings
generate new Dirac points at an energy determined by the wave
vector of the periodic potential. The presence of these new Dirac
points is reflected in two dips in the density of states, symmetrically
placed at E =±h̄vF|G|/2 around the E = 0 graphene Dirac point
but generally of asymmetric strength. There is also a periodic
modulation of the local density of states with the same period as
the superlattice topographic moiré pattern.

The fabrication procedure used for creating the graphene on
hBN devices results in a random rotational orientation between
the graphene and hBN lattices. This rotation between the lattices
and the longer lattice constant for hBN leads to topographic moiré
patterns. Given the lattice mismatch δ between hBN and graphene,
the relative rotation angle φ between the two lattices uniquely
determines the moiré wavelength λ as

λ=
(1+δ)a√

2(1+δ)(1−cosφ)+δ2
(1)

where a is the graphene lattice constant. The relative rotation angle θ
of themoiré patternwith respect to the graphene lattice is given by

tanθ =
sinφ

(1+δ)−cosφ
(2)

Figure 1b plots the wavelength of the moiré pattern (black) and
rotation angle (red) as a function of φ. Owing to the lattice
mismatch, there is a moiré pattern for all orientations of graphene
onhBNwith amaximumpossible length of about 14 nm. Figure 1c–
e shows STM topography images of moiré patterns for three
different rotations of the graphene lattice.

We explore how this moiré structure influences the local density
of states (LDOS) ρ(r,E)=

∑
n |ψn(r)|2δ(E − En) in the graphene

layer. This quantity dominates dI/dV STM measurements as long
as the density of states of the STM tip and the tunnelling rate from
the tip to the sample are constant. We take a lattice Hamiltonian
for a graphene monolayer deposited on top of a hBN monolayer,
where the two layers are rotated with respect to one another, and the
spatially dependent interlayer hopping t⊥ is calculated fromnearest-
neighbour and next-nearest-neighbour interlayer coupling4. We
numerically calculate ρ(r,E) for this model using the Lanczos
method19 (see Supplementary Information).
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Figure 1 |Graphene device schematic and STMmoiré images. a, Schematic of the measurement set-up showing the STM tip and an optical microscope
image of one of the measured samples. b, Superlattice wavelength (black) and rotation (red) as a function of the angle between the graphene and hBN
lattices. c–e, STM topography images showing 2.4 nm (c), 6.0 nm (d) and 11.5 nm (e) moiré patterns. Typical imaging parameters were sample voltages
between 0.3 V and 0.5 V and tunnel currents between 100 pA and 150 pA. The scale bars in all images are 5 nm.

Dips in the calculated ρ(r,E) are clearly seen in Fig. 2a. The
energy of these dips changes as a function of the rotation angle φ
and hence the moiré wavelength. We have also observed the dips
in the experimental dI/dV curves as shown in Fig. 2b. The black
curve is for a 9.0 nm moiré pattern and the energy of the dip is
0.28 eV from the Dirac point. The red curve is for a 13.4 nm moiré
pattern and the energy of the dips decreases to 0.22 eV from the
Dirac point. Both experimentally and theoretically, we found that
the relative strength of the dips in the conduction and valence band
are different, with the dip in the valence band being much deeper
than the dip in the conduction band. In our numerical calculations,
we identified that most of this asymmetry arises because of next-
nearest-neighbour interlayer coupling, which effectively induces
modulated hopping between different graphene sublattices and
breaks electron–hole symmetry (see Supplementary Information).
Figure 2c plots |d2I/dV2

| for the 9.0 nmmoiré pattern as a function
of gate voltage and sample voltage. We clearly see the Dirac point in
this measurement crossing the Fermi energy near zero gate voltage.
There is a second dip which moves parallel to it that is offset
by −0.28V in sample voltage. This dip is due to the superlattice
periodic potential induced by the hBN and indicates the emergence
of new superlattice Dirac points.

We have observed these dips in the LDOS for seven different
moiré wavelengths. The energy of the dips from the Dirac
point is plotted (red points) as a function of wavelength in
Fig. 2d. The solid black line plots the expected energy dependence
E = h̄vF|G|/2 = 2π h̄vF/

√
3λ, assuming the linear band structure

of graphene and vF = 1.1× 106 ms−1. For the necessary high-
resolution spectroscopy, our STM is limited to observing dips in
an energy range of ∼±1V, which restricts the moiré wavelengths
to longer than 2 nm. At higher energies, the spectroscopy
tends to be smoothed by interaction effects which modify the

lifetime of the graphene quasiparticles20, making the identification
of dips difficult.

To better understand these dips, we focus on the low-energy
regime and neglect intervalley scattering in graphene. This is
justified by the energy range in our STM experiments and the
long wavelength of the moiré potential. The interlayer hopping
term between the graphene and hBN layers reflects the same
periodic structure as the moiré pattern4. Therefore we model the
influence of the hBNby an effective periodic potential with the same
symmetry as the observed moiré pattern. We accordingly consider
the single-valley Hamiltonian

Ĥ = h̄vFk ·σ+V
∑
α

cos(Gαx) I

where k = (kx ,ky), σ is a vector of Pauli matrices and I is the
identity matrix. The potential strength is estimated as V = 0.06 eV
from numerical second-order perturbation theory, and the Gα

are the reciprocal superlattice vectors corresponding to the
periodic potential generated by the hBN substrate. The reciprocal
superlattice vector G1 = (4π/

√
3λ)(cosθ,sinθ) is determined by

the relative rotation of the graphene and hBN lattices according
to equations (1) and (2). The other superlattice wave vectors are
obtained by two rotations of 60◦. Larger superlattice vectors are not
included in our model, because the corresponding couplings are
smaller bymore than one order of magnitude4.

The dips in ρ(r,E) are due to k→−k processes induced by the
periodic potential for values 2k=Gα corresponding to one of the
reciprocal superlattice vectorsGα . Unlike for Schrödinger particles,
the chirality of the Dirac fermions prevents such processes from
opening a bandgap at the edges of the superlattice Brillouin zone,
as long as the potential does not break sublattice symmetry (see
Supplementary Information).
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Figure 2 |Density of states of graphene on hBN showing new superlattice Dirac points. a, Theoretical LDOS curves for three different rotation angles
between graphene and hBN, red is φ=0.5◦ (12.5 nm), blue is φ= 1◦ (10.0 nm) and green is φ= 2◦ (6.3 nm). The curves have been vertically offset for
clarity. b, Experimental dI/dV curves for two different moiré wavelengths, 9.0 nm (black) and 13.4 nm (red). The dips in the dI/dV curves are marked by
arrows. c, |d2I/dV2

| as a function of gate and sample voltage for the 9.0 nm moiré pattern, showing the shift of the Dirac point and one of the dips.
d, Energy of the dips away from the Dirac point as a function of moiré wavelength. The red points are the experimentally measured values and the black
line is the expected theoretical dependence. The error bars in energy represent the minimum and maximum observed energies. The error bars in
wavelength represent the standard deviation.

The presence of the new superlatticeDirac points can be detected
by examining the gate dependence of the LDOS. As seen in Fig. 2c,
the twoDirac pointsmove in parallel with the gate voltage. Figure 3a
plots dI/dV for a 13.4 nmmoiré pattern over a larger range of gate
voltage than in Fig. 2c. The white dashed lines show the energy of
the two Dirac points as a function of gate voltage. When the Fermi
energy approaches the superlatticeDirac point, the gate dependence
of the Dirac points changes. This is plotted in Fig. 3b, which tracks
the energy of the original Dirac point when the Fermi energy crosses
the superlattice Dirac point at−53V. Both Dirac points movemore
quickly with gate voltage, indicating a reduced density of states at
this energy. The gate dependence for the original Dirac point is
given by the equation

ED= h̄vF
√
2απ(Vg−Vo)/gv (3)

whereVg is the gate voltage,V0 is the offset voltage, α is the coupling
to the gate and gv is the valley degeneracy. When the Fermi energy
is near the original Dirac point, the valley degeneracy is gv= 2 and
from the fit we extract the value of the Fermi velocity at the original
Dirac point to be vF=v0F=0.94±0.02×106 ms−1 for both electrons
and holes. At the new superlattice Dirac points, the valley degener-
acy is gv=6 because the periodic potential creates three superlattice
Dirac points in each of the original Dirac cones corresponding

to the three reciprocal lattice vectors Gα . Furthermore, the Dirac
cones are anisotropic and therefore the constant energy contours
are given by ellipses rather than circles. Therefore, the Fermi velocity
in equation (3) must be modified to vF =

√
v0Fv
∗

F where v0F is the
unmodified Fermi velocity parallel to Gα and v∗F is the reduced
Fermi velocity perpendicular to Gα . From the fit near the energy of
the superlattice Dirac points, we find that v∗F = 0.5±0.1×106 ms−1
for the new electrons and holes. The reduction is in qualitative
agreement with our numerical calculations in the Supplementary
Information. Evidence for the presence of the superlattice Dirac
points can also be seen in the global conductivity as a function of
gate voltage (see Supplementary Information).

Aswell as the formation of superlatticeDirac points, the presence
of the periodic potential also leads to a spatial variation in the
LDOS. Figure 4 shows experimental and numerical images of the
LDOS as a function of energy. Near the Dirac point, (Fig. 4b,e), we
observe a nearly featureless density of states. This is in agreement
with previous STMmeasurements which show a strong suppression
of charge fluctuations in graphene on hBN (refs 4,5). At higher
energies, the presence of the moiré potential manifests itself as a
local variation in the density of states. Figure 4a and d are taken
at a lower energy than the superlattice Dirac points in the valence
band. At this energy the hexagonal pattern of the potential is clearly
visible. On the conduction band side, Figs. 4c and f, the moiré
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Figure 3 |Gate dependence of graphene density of states near the superlattice Dirac points for a 13.4 nmmoiré pattern. a, dI/dV as a function of sample
and gate voltage showing both the Dirac point and the new superlattice Dirac point. The white dashed lines mark the locations of the Dirac point and the
superlattice Dirac point. b, Shift of the Dirac point as a function of gate voltage when the superlattice Dirac point crosses the Fermi energy (black line). The
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Figure 4 | Experimental and theoretical images of LDOS for a long wavelength moiré pattern. a–c, Experimental dI/dV maps for a 13.4 nm moiré pattern.
The sample voltages are−0.16 V (a), 0.17 V (b) and 0.44 V (c). The sample voltage in b is near the Dirac point because the gate voltage was 60 V whereas
the other two maps are near the energy of the superlattice Dirac points. d–f, Theoretical dI/dV maps for a 13.4 nm moiré pattern. The energies are−0.3 eV
(d), 0.03 eV (e) and 0.3 eV (f). The energy in e corresponds to the Dirac point and is shifted from the experimental images because of the gate voltage.
The scale bars in all images are 10 nm.

pattern is once again visible but its contrast is inverted. The centres
of the hexagons now correspond to points of increased density of
states. However, the dips in the LDOS from the superlattice Dirac
points occur at the same energy independent of the location on
the superlattice. We observe that the moiré pattern becomes much
more visible in the local density of states at energies above the
superlattice Dirac points. Previous measurements of the LDOS in
graphene on hBN did not observe any variations due to the short
moiré patterns and low energies probed4.

Graphene-on-hBN devices are becoming widely used owing to
their improved mobility and reduced charged impurities. We have
shown that lattice mismatch and relative rotation between the

graphene and hBN leads to a periodic potential for graphene charge
carriers. This potential creates new Dirac points whose energy is
determined by the wavelength of the potential. These superlattice
Dirac points have the potential to control the transport properties
of electrons in graphene as it induces anisotropic velocities for the
charge carriers. Future work is necessary to exploit this periodic
potential for the creation of novel graphene devices.

Methods
Graphene on hBN devices were fabricated using two different methods. In the
first method, mechanically exfoliated graphene was transferred to high-quality
single crystals of hBN which were mechanically exfoliated on a SiO2 substrate4,18.
In the second method, commercially available hBN (Momentive AC6004) was
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exfoliated on SiO2 substrates and then CVD grown graphene was deposited over
the hBN. Both types of devices gave similar results, so we do not distinguish
between the two types. After depositing the graphene on hBN, Cr/Au electrodes
were written using electron beam lithography. The devices were annealed at
350 ◦C for 2 h in a mixture of argon and hydrogen and then at 300 ◦C for 1 h in
air before being transferred to the ultrahigh vacuum low-temperature STM for
topographic and spectroscopic measurements. We have measured a total of 29
samples of which seven had long enough moiré patterns for the observation of a
superlattice Dirac point.

Figure 1a shows a schematic diagram of the measurement set-up used for
imaging and spectroscopy of the graphene flakes. All the measurements were
performed in ultrahigh vacuum at a temperature of 4.5 K. dI/dV measurements
were acquired by turning off the feedback circuit and adding a small (5–10mV)
a.c. voltage at 563Hz to the sample voltage. The current was measured by
lock-in detection.

Received 22 November 2011; accepted 16 February 2012;
published online 25 March 2012

References
1. Ashcroft, N. W. & Mermin, N.D. Solid State Physics (Brooks Cole, 1976).
2. Park, C-H., Yang, L., Son, Y-W., Cohen, M. L. & Louie, S. G. Anisotropic

behaviours of massless Dirac fermions in graphene under periodic potentials.
Nature Phys. 4, 213–217 (2008).

3. Park, C-H., Yang, L., Son, Y-W., Cohen, M. L. & Louie, S. G. New generation
of massless Dirac fermions in graphene under external periodic potentials.
Phys. Rev. Lett. 101, 126804 (2008).

4. Xue, J. et al. Scanning tunnelling microscopy and spectroscopy of ultra-flat
graphene on hexagonal boron nitride. Nature Mater. 10, 282–285 (2011).

5. Decker, R. et al. Local electronic properties of graphene on a BN substrate via
scanning tunneling microscopy. Nano Lett. 11, 2291–2295 (2011).

6. Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S. & Geim, A. K.
The electronic properties of graphene. Rev. Mod. Phys. 81, 109–162 (2009).

7. Katsnelson, M. I., Novoselov, K. S. & Geim, A. K. Chiral tunnelling and the
Klein paradox in graphene. Nature Phys. 2, 620–625 (2006).

8. Klein, O. Die Reflexion von Elektronen an einem Potentialsprung nach der
relativistischen Dynamik von Dirac. Z. Phys. 53, 157–165 (1929).

9. Stander, N., Huard, B. & Goldhaber-Gordon, D. Evidence for Klein tunneling
in graphene p–n junctions. Phys. Rev. Lett. 102, 026807 (2009).

10. Young, A. F. & Kim, P. Quantum interference and Klein tunnelling in graphene
heterojunctions. Nature Phys. 5, 222–226 (2009).

11. Barbier, M., Peeters, F. M., Vasilopoulos, P. & Pereira, J. M. Dirac and
Klein-Gordon particles in one-dimensional periodic potentials. Phys. Rev. B
77, 115446 (2008).

12. Brey, L. & Fertig, H. A. Emerging zero modes for graphene in a periodic
potential. Phys. Rev. Lett. 103, 046809 (2009).

13. Sun, J., Fertig, H. A. & Brey, L. Effective magnetic fields in graphene
superlattices. Phys. Rev. Lett. 105, 156801 (2010).

14. Burset, P., Levy Yeyati, A., Brey, L. & Fertig, H. A. Transport in superlattices on
single-layer graphene. Phys. Rev. B 83, 195434 (2011).

15. Ortix, C., Yang, L. & van den Brink, J. Graphene on incommensurate substrates:
trigonal warping and emerging Dirac cone replicas with halved group velocity.
Preprint at http://arxiv.org/abs/1111.0399 (2011).

16. Marchini, S., Günther, S. & Wintterlin, J. Scanning tunneling microscopy of
graphene on Ru(0001). Phys. Rev. B 76, 075429 (2007).

17. Vásquez de Parga, A. L. et al. Periodically rippled graphene: Growth and
spatially resolved electronic structure. Phys. Rev. Lett. 100, 056807 (2008).

18. Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics.
Nature Nanotech. 5, 722–726 (2010).

19. Dagotto, E. Correlated electrons in high-temperature superconductors.
Rev. Mod. Phys. 66, 763–840 (1994).

20. Brar, V. W. et al. Observation of carrier-density-dependent many-body effects
in graphene via tunneling spectroscopy. Phys. Rev. Lett. 104, 036805 (2010).

Acknowledgements
The work at Arizona was partially supported by the US Army Research Laboratory and
the US Army Research Office under contract/grant number W911NF-09-1-0333 and
the National Science Foundation CAREER award DMR-0953784, EECS-0925152 and
DMR-0706319. J.D.S-Y. and P.J-H. were primarily supported by the US Department of
Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering
under Award DE-SC0001819 and partly by the 2009 US Office of Naval Research Multi
University Research Initiative (MURI) on Graphene Advanced Terahertz Engineering
(Gate) at MIT, Harvard and Boston University. P.J. acknowledges the support of the
Swiss Center of Excellence MANEP.

Author contributions
M.Y., J.X., D.C. and B.J.L. performed the STM experiments of the graphene on hBN.M.Y.
and D.C. fabricated the CVD graphene devices. J.D.S-Y. fabricated the devices on single
crystal hBN. K.W. and T.T. provided the single crystal hBN. P.J. performed the theoretical
calculations. P.J-H. and B.J.L. conceived and provided advice on the experiments. All
authors participated in the data discussion andwriting of themanuscript.

Additional information
The authors declare no competing financial interests. Supplementary information
accompanies this paper on www.nature.com/naturephysics. Reprints and permissions
information is available online at www.nature.com/reprints. Correspondence and
requests for materials should be addressed to B.J.L.

386 NATURE PHYSICS | VOL 8 | MAY 2012 | www.nature.com/naturephysics

http://www.nature.com/doifinder/10.1038/nphys2272
http://arxiv.org/abs/1111.0399
http://www.nature.com/naturephysics
http://www.nature.com/reprints
http://www.nature.com/naturephysics


SUPPLEMENTARY INFORMATION
DOI: 10.1038/NPHYS2272

NATURE PHYSICS | www.nature.com/naturephysics 1

Emergence of superlattice Dirac points in
graphene on hexagonal boron nitride

Emergence of Superlattice Dirac Points in Graphene on

Hexagonal Boron Nitride: Supplementary Information

Matthew Yankowitz,1 Jiamin Xue,1 Daniel Cormode,1 Javier

D. Sanchez-Yamagishi,2 K. Watanabe,3 T. Taniguchi,3 Pablo

Jarillo-Herrero,2 Philippe Jacquod,1, 4 and Brian J. LeRoy1, ∗

1Physics Department, University of Arizona,

1118 E 4th Street, Tucson, AZ 85721, USA

2Department of Physics, Massachusetts Institute

of Technology, Cambridge, MA 02138, USA

3Advanced Materials Laboratory, National Institute for Materials Science,

1-1 Namiki, Tsukuba 305-0044, Japan
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I. DERIVATION OF MOIRÉ WAVELENGTH AND ANGLE

The expression for the Moiré wavelength as a function of relative rotation angle φ between

the graphene and hBN lattices can be found using the reciprocal lattices. Consider one of

the reciprocal lattice vectors of graphene denoted g. This vector can be chosen to be along

the x axis and written as

g =
2π

a
(1, 0), (1)

where a is the graphene lattice constant. The corresponding reciprocal lattice vector for hBn

is shorter given the lattice mismatch δ between hBN and graphene. The relative rotation

angle φ between the two lattices gives a reciprocal lattice vector for hBN of

b =
2π

(1 + δ)a
(cosφ, sinφ). (2)

Letting k be the vector which connects the hBN reciprocal lattice vector to the graphene

reciprocal lattice vector, we have that

k = g − b =
2π

a
(1− cosφ

1 + δ
,− sinφ

1 + δ
). (3)

Then the wavelength of the Moiré pattern is given by λ = 2π
|k| . Since

|k| = 2π

a

√(
1− cosφ

1 + δ

)2

+

(
sinφ

1 + δ

)2

(4)

a bit of algebra gives

λ =
(1 + δ)a√

2(1 + δ)(1− cos φ) + δ2
(5)

which is the expression given in Eq. (1) in the main text.

The relative rotation angle θ of the Moiré pattern with respect to the graphene lattice

is found by determining the angle of the reciprocal lattice vector k with respect to the

graphene reciprocal lattice vector. Since, we chose the x-axis for the graphene reciprocal

lattice vector, the angle of the Moiré pattern is given by

tan θ =
−ky
kx

=
sinφ
1+δ

1− cosφ
1+δ

. (6)

Simplifying this equation gives the result for Eq. (2) in the main text,

tan θ =
sin φ

(1 + δ)− cosφ
. (7)

2



II. LOW ENERGY PERTURBATION THEORY

Scattering at the Brillouin zone boundaries due to the periodic potential does not open

a gap for chiral massless Dirac fermions as long as sublattice symmetry is preserved. This

can be seen by performing a unitary transformation Ĥ → Ĥ ′ = U †
1ĤU1 on the Hamiltonian

in the main text,

Ĥ = �vFk · �σ + V
∑
α

cos(Gαx) I , (8)

with U1 = exp[i�Λ(r) ·�σ]. When V/�vF|G| < 1 the linear part of the potential can be gauged

out of the Hamiltonian for �vF∇ · �Λ = −V̂ . For V/�vF|G| > 1, the gauge transformation

can no longer remove the linear part of the potential, and the potential creates new Dirac

points at zero energy but still does not open a gap. [1–5].

The magnitude of the dips in the local density of states (LDOS) is determined by the

strength and the wavelength of the Moiré periodic potential. We see this perturbatively by

projecting the Hamiltonian of Eq. (8) onto the pairs of eigenstates

ψs,k = (1, s exp[iθk])
T exp[ikr]/

√
2Ω

of Ĥ0 = �vFk · �σ, with the lattice area Ω, the band index s = 1 for the conduction, s = −1

for the valence band, and the angle θk = arctan(ky/kx). The resulting 2 × 2 Hamiltonian

reads

Ĥred =


 s�vFk Vk,k′

(Vk,k′)
∗ s�vFk

′


 , (9)

with Vk,k′ = (V/4)(1 + exp[i(θk′ − θk)])
∑

α(δk,Gα+k′ + δk,−Gα+k′). We focus on momenta

k = Gα/2+δk, k
′ = −Gα/2+δk. For this choice of pairs of eigenstates, it is straightforward

to see that the eigenvalues of Ĥred are E± = (ε+ + ε−)/2±
√
(ε+ − ε−)2 + (V δk⊥/G)2

/
2 +

O(δk2/G2), with ε± = �vF|Gα/2± δk|, and the component δk⊥ of δk that is perpendicular

to Gα. For |δk| � G, this gives an anisotropic linear dispersion with a new Fermi velocity

v′F(δθ) =
√
(vF cos δθ)2 + (V sin δθ/2�G)2 with the angle δθ between δk and Gα. The Fermi

velocity at the new Dirac point further reduces to the result of Ref. [2] for the simpler case

of a one-dimensional potential (with a single Gα). This perturbative result is consistent

with the numerical and experimental facts reported here that (i) no gap is opened, neither

in the numerically obtained ρ(E, r), nor in the experimentally obtained STM dI/dV , (ii) a

reduction of (dip in) the density of states is observed at an energy corresponding to �vFG/2,
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and (iii) both the spectroscopic Moiré pattern and the dips tend to disappear for periodic

potentials with shorter wavelength (hence larger G), when the relative rotation between the

hBN substrate and the graphene layer is larger. The reduction of the density of states occurs

around three points determined by the three reciprocal lattice vectors. At this level, there

is no s-dependence of the strength of the dip, the latter is the same for s = 1 (E > 0) as for

s = −1 (E < 0). An s-dependence emerges once off-diagonal terms ∼ V ′σx,y are included

in the Hamiltonian of Eq. (8).

III. BILAYER LATTICE HAMILTONIAN FOR GRAPHENE ON HEXAGONAL

BORON NITRIDE

We consider a lattice Hamiltonian for a graphene monolayer on a single layer of hBN.

For each layer, the Hamiltonian reads

Hα =
∑
i

[
εA(α)a

†
i(α)ai(α) + εB(α)b

†
i (α)bi(α)

]
− tα

∑
〈i,j〉

(a†i (α)bj(α) + h.c.) , (10)

where a†i (α) [a(α)] and b
†
i (α) [b(α)] are creation [destruction] operators on sublattice A and

B, respectively, of the graphene (α = 1) or hBN (α = 2) honeycomb lattice, and 〈i, j〉
indicates that the sum runs only over nearest neighbors. On the hBN lattice, we choose the

Boron atoms to be on the A sublattice and the Nitrogen atoms to be on the B sublattice.

The on-site energies are εA(1) = εB(1) = 0, εA(2) = 3.34 eV and εB(2) = −1.4 eV, and the

hopping integrals are t1 = 3.16 eV and t2 = 2.79 eV [6] (the precise value of the latter is of

little importance).

We restrict the interlayer hopping potential to nearest-neighbor and next-nearest-

neighbor hopping. The interlayer hopping is given by

t′ij(m,n) = γ⊥ exp[−|ri(m)− rj(n)|/ξ] fij , (11)

with a characteristic function fij = 1 if site i of sublattice m on the graphene (hBN) sheet

is nearest or next-nearest neighbor to site j of sublattice n on the hBN (graphene) sheet,

and fij = 0 otherwise. The parameters γ⊥ = 0.39 eV and ξ = 0.032 nm are calibrated to

fit the interlayer couplings in bilayer graphene[7]. The two lattices are rotated with respect

to one another by the angle φ, and for each site we determine its nearest and next nearest

neighbor site on the other sheet, numerically evaluate the distance between the sites and
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finally the corresponding interlayer hopping. While γ⊥ should in principle depend on the

sublattice index in the hBN layer, we neglect this dependence here. The interlayer coupling

Hamiltonian is then given by

H⊥ = −
∑
ij

[
t′ij(A,A)[a

†
i (1)aj(2) + h.c.] + t′ij(A,B)[a†i (1)bj(2) + h.c.]

+t′ij(B,A)[b
†
i (1)aj(2) + h.c.] + t′ij(B,B)[b†i (1)bj(2) + h.c.]

]
. (12)

Second-order perturbation theory mapsH⊥ onto a periodic potential of hexagonal symmetry,

similar to the one in Eq. (8), with a modulation amplitude V � 0.06 eV which we determined

numerically via second order perturbation theory in the interlayer hopping. This energy is

smaller than �vF|G|/2 with the Moiré superlattice vector G, regardless of the rotation angle

between graphene and hBN sheets.

The total Hamiltonian reads H1 + H2 + H⊥. We evaluate the LDOS ρ(ri, E) on the

graphene sheet using the Lanczos method, which allows to reach linear system sizes of

L = 1000 or more sites [8]. The obtained ρ(r, E) depends on a smearing parameter ζ which,

as long as the density of states of the STM tip and the tunneling rate from the tip to the

sample do not depend on energy can be related to the strength of the tip-graphene coupling.

Figure S1(a) illustrates how reducing this coupling allows finer and finer structures in the

LDOS to be explored. For this particular rotation of φ = 0.3o, corresponding to a Moiré

pattern with λ = 13.4 nm, and the set of parameters we just discussed, we see that the

LDOS vanishes more or less linearly close to E − ED = −�vF|G|/2. Our numerical data

suggest a complete, linear vanishing of the LDOS there. The linear vanishing of the LDOS,

gives an estimate for the Fermi velocity close to the three new superlattice Dirac points. We

estimate that the new velocity for the holes is (0.73±0.08)vF. The new velocity for electrons

is smaller because of the increased slope and we estimate it to be (0.53± 0.05)vF. The new

reduced Fermi velocities are in reasonable agreement with our experimentally determined

values.

A significant energy asymmetry emerges in that the expected dip in the density of states

is stronger in the valence E < 0 than in the conduction E > 0 band. This asymmetry arises

because of (i) the asymmetry in the on-site energies in the hBN layer, which effectively

induces a second order potential that is stronger for negative than for positive energies

and (ii) next-nearest neighbor interlayer hopping, which effectively induces a local periodic

modulation of t1. This is illustrated in Fig. S1(b).
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Figure S1: Calculated density of states as a function of coupling. (a) LDOS for a 1000×1000

graphene lattice on a hBN sheet, with relative rotation φ = 0.3o. The smearing parameter of the

Lanczos algorithm is ζ = 0.09 (black curve), 0.04 (red), 0.018 (green), 0.008 (blue) and 0.0036

(violet). The dashed lines give linear fits close to the Dirac and superlattice Dirac points. (b)

LDOS for a 1000×1000 graphene lattice on a hBN sheet, with relative rotation φ = 2.0o, for

ζ = 0.0036. The black curve has nearest-neighbor interlayer coupling, the red curve has nearest

and next nearest neighbor interlayer hopping.

IV. BAND STRUCTURE CALCULATION

We perform a band structure calculation to show that a weak interlayer coupling does

not open a gap, but instead creates new Dirac points at energies determined by the relative

rotation between the layers. We project the low-energy Hamiltonian of Eq. (8) on fourteen

states with k and k ± Gα, where the periodic potential’s reciprocal lattice vectors Gα

(α = 1, 2, 3) are determined by the relative rotation of the two lattices as described earlier.

In Fig. S2(a), we show the dispersions of the valence bands with energies closest to the

original Dirac point (E = 0) for a rotation angle φ = 0.285 (corresponding to a Moiré

wavelength of λ = 13.4 nm). This confirms that the weak interlayer coupling opens new

Dirac points with anisotropic dispersion. Fig. S2(b) and (c) show contour plots of the bands

indicating the locations of the new superlattice Dirac points. Similar results can be seen in

the conduction bands. We note that for the new superlattice Dirac point close to Gα/2, the

velocity in the direction perpendicular to Gα is smaller for larger relative lattice rotation

and larger |G|, as predicted by our perturbative treatment in Section II.
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Figure S2: Dispersion relation for graphene with a weak periodic potential. (a) Energy of the

valence bands as a function of wavevector showing the original Dirac point and the emergence

of new superlattice Dirac points. (b) Contour plot of the upper most valence band showing the

original Dirac point at the center and the new superlattice Dirac points near the edges. (c) Contour

plot of the next highest valence band showing the locations of the superlattice Dirac points.

V. FITTING ANISOTROPIC FERMI VELOCITIES

Our low energy perturbation theory results as well as previous theoretical calculations

for graphene subjected to a periodic potential have predicted an anisotropic Dirac cone at

an energy of �vF|G|/2 [2]. This leads to different Fermi velocities as a function of angle with

respect to the periodic potential. Our measurements are only able to obtain a single value

for the Fermi velocity because we are only sensitive to the density of states. The density

of states gives the area of the constant energy contours but not their precise shape. In the

fitting of Fig. 3(b) near the energy of the superlattice Dirac cone, we have assumed an

elliptical constant energy contour. For a symmetric Dirac cone, the constant energy contour

is a circle. Therefore the number of states is given by N = gvgsπk
2/(2π)2, where gs = 2
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is the spin degeneracy and gv = 6 is the valley degeneracy. Since the dispersion relation is

given by E(k) = �vFk, we can write E = �vF
√

4πN/gvgs. Then the number of electrons

induced by the gate electrode is proportional to its voltage giving Eq. (3) of the main text,

ED = �vF

√
2πα(Vg − Vo)/gv

If the Dirac cone is asymmetric, the constant energy contour is an ellipse, with different Fermi

velocities along different momentum directions. Using our perturbation theory results, we

find that the Fermi velocity along the direction of the superlattice potential is unmodified.

Therefore, in this direction E(kx) = �v0Fkx. In the direction perpendicular to the potential,

the Fermi velocity is reduced and E(ky) = �v∗Fky with v∗F = V/2�G. With our perturbation

theory result we obtain that the expected shift of the Dirac point with gate voltage is

ED = �

√
v0Fv

∗
F2πα(Vg − Vo)/gv

where v0F is the unperturbed Fermi velocity and v∗F is the reduced Fermi velocity. This is

the expression that was used to obtain the fits of Fig. 3(b).

VI. TRANSPORT MEASUREMENT

We have also performed electrical transport measurements on the graphene device shown

in Fig. 3. The conductivity as a function of gate voltage is shown in Fig. S3. The gate

voltage is plotted as the offset from the gate voltage at the Dirac point. We observe two

locations of decreased conductivity which are located at approximately ±40 V from the

Dirac point. This is the same separation in gate voltage as observed in the spectroscopy

measurements, where the main Dirac point was separated from the superlattice Dirac point

by 40 V. Therefore, we conclude that the dips in conductivity are due to the presence of the

superlattice Dirac point. This gives further indirect evidence of the superlattice Dirac point.

We also see a second dip in the conductivity near -50 V. Our STM topography measurements

showed a region of the device with a second Moiré pattern of about 10 nm. The superlattice

Dirac point due to this Moiré occurs at a higher energy and hence a larger gate voltage.
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