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Shu Xu 
 
Abstract 
 
Graphene, the novel two-dimensional system that is composed of one-atom-thick carbon 

honeycombs, has emerged in the past few years as a promising material for both 

fundamental research and applications. In this dissertation, we develop reliably working 

fabrication techniques for high-electronic-quality single- and dual-gated graphene devices. 

We investigate various electronic transport phenomena in graphene field-effect-

transistors and bipolar junctions by means of multi-terminal measurements, and explore 

graphene’s potential applications in the fields of quantum resistance metrology and 

Landau emitters. 

Through careful substrate-cleaning/lift-off, a high Drude mobility (e.g. >10000 

cm2/Vs at a carrier density of 4×1012 cm-2 at room temperature) can be achieved in our 

field effect devices, where graphene sheets are supported by oxidized Si wafers. The 

charge neutrality point can be shifted close to 0 V by an in situ vacuum annealing. A self-

consistent Boltzmann formalism within the random phase approximation is found to give 

an adequate description to the zero-field diffusive transport in our devices.  

A quantum Hall state at filling factor ν = 0 is observed in high-quality samples under 

very low excitation currents. Owing to the large energy spacing (~149 meV in a magnetic 

field B = 14 T) between the zeroth and first Landau levels, a large critical current (~11 

A/m) associated with the breakdown of the ν = 2 quantum Hall state is measured in our 

graphene sample at a temperature of 10 K and B = 14 T. We also report our preliminary 



 
 

attempts in designing and optimizing a compact system for the detection of the inter-

Landau-level radiative transitions (i.e. Landau emission) in graphene devices. 

We carry out a systematic evaluation for various techniques used to prepare the top-

gate dielectric for a dual-gated graphene device. We introduce a thin-film transfer 

technique, with which we are able to place ultra-thin insulating sheets precisely on top of 

graphene. A hybrid top-gate dielectric comprised of naturally oxidized Al and thermally 

evaporated SiO2 offers high-quality p-n junctions with high yield. In such a bipolar 

graphene device, electric fields applied by a global back-gate and a local top-gate enable 

independent control over the carrier type and density in two adjacent regions of the 

graphene sheet. It is possible to form p-n (or n-p), p-p and n-n junctions at the interface. 

Under quantum Hall conditions, the Hall and longitudinal resistances measured by 

multiple voltage contacts on the two sides of the junction show plateaux that agree 

quantitatively with the Landauer-Büttiker formula and the edge-mode mixing model. 

Local potentials probed before and after mode mixing provide direct evidence for a 

complete equilibration of edge states at the p-n interface.  
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Chapter 1  
 
Introduction 
 
1.1 Massless Dirac fermions in a monolayer of carbon honeycomb 
lattice 
 

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

tightly packed into a two-dimensional (2D) honeycomb crystal lattice [1, 2]. It is a 2D 

allotrope of carbon, and can be regarded as the building block for graphitic materials of 

other dimensionalities, as long as they have the hexagonal arrangement of carbon atoms 

in common. For example, the graphene sheets can be stacked into 3D graphite or rolled 

into 1D single-wall nanotubes.  

There are two types of C-C bonds (σ and π) in graphene. For each carbon atom in 

graphene, the sp2 hybridization of 2s, 2px and 2py valence orbitals leads to three inplane σ 

bonds and one π (2pz) bond perpendicular to the graphene plane. Both the σ and the π 

bonds are accountable for the large binding energy as well as the elastic properties of the 

graphene sheet. Since the bonding and anti-bonding σ bands are separated by a large 

energy gap of  >10 eV [3], they are often neglected in the calculations of the graphene 

band diagram in the low-energy regime. 

Fig. 1.1(a) schematically illustrates the crystal lattice of graphene that contains two 

inequivalent (from a crystallographic point of view) sublattices labeled as A and B. This 

honeycomb structure can be viewed as a triangular Bravais lattice with a basis of two 

atoms (A and B) per unit cell. The unit vectors a1 and a2 are given by 

 1 (3, 3)
2
a

=a ,          2 (3, 3)
2
a

= −a , (1.1) 
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where a ~ 1.42 Å [2] is the spacing between the nearest-neighbor carbon atoms. The 

basis vectors b1 and b2 in the reciprocal lattice can be readily obtained according to the 

relation ai· bj = 2πδij, with δij = 0 when i ≠ j and δij = 1 when i = j. Thus we have 

 1
2 (1, 3)
3a
π

=b ,          2
2 (1, 3)
3a
π

= −b , (1.2) 

as indicated in Fig. 1.1(b). The first Brillouin zone (FBZ) and its center Γ, together with 

the two inequivalent corners K and K΄ as well as the other crystallographic point M, are 

also shown in the same figure. The positions for K and K΄ in momentum space are given 

by  

 2 1(1, )
3 3a
π

=K ,          2 1(1, )
3 3a
π

= −'K . (1.3) 

      

 

Figure 1.1: Honeycomb crystal lattice (a) and reciprocal lattice (b) of graphene. In (a), a1 and a2 
are the lattice unit vectors and the shaded diamond indicates a unit cell that is comprised of two 
carbon atoms (blue and red). The base vectors b1 and b2 in (b) define the reciprocal lattice, and 
the shaded hexagon represents the first Brillouin zone (FBZ) with its center Γ and the two 
inequivalent corners K (green dots) and K΄ (olive green dots). The high-symmetry point M is also 
shown in (b). 
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The electronic spectrum near the K/K΄ points can be derived from a tight-binding 

Hamiltonian by considering only the nearest-neighbor interactions [4, 5]. The energy 

eigenstates of the Hamiltonian give the energy-momentum dispersion relation in the form 

[4]:  

 23 33( ) 1 4cos cos 4cos
2 2 2

y yx k a k ak aE t± = ± + +k , (1.4) 

where k = (kx, ky) are the vectors that constitute the ensemble of the available electronic 

momenta (see Fig. 1.1(b)), and t is the transfer integral corresponding to the nearest-

neighbor hopping energy with a magnitude of 2.9-3.1 eV [6].  

 

Figure 1.2: Energy band structure of graphene on the basis of Eq. 1.4. The π* band (upper band) 
and the π band (lower band) touch at the six points located at the FBZ corners, where the Fermi 
level in neutral graphene is situated. In the vicinity of the zone corners, the dispersion relation is 
linear at low energies.  
 
 

The band structure of graphene on the basis of Eq. 1.4 is plotted in Fig. 1.2. There are 

two bands in the diagram: the π* band (i.e. the lowest conduction band) with energy E > 0 

and the π band (i.e. the highest valence band) with E < 0. The two bands touch each other 
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(only) at the six K/K΄ points at the corners of the FBZ. Consequently, graphene can be 

considered as either a zero-gap semiconductor or a zero-overlap semimetal [1]. With one 

pz electron per atom for the π-π* bonding, in neutral (without any chemical or electrostatic 

doping) graphene at zero temperature (T = 0) the negative energy branch in Eq. 1.4 is 

fully occupied, while the positive energy branch is totally empty [3]. Hence, the zero 

energy here corresponds to the Fermi level EF (or the charge neutrality point) in neutral 

graphene.   

In the absence of disorder there are no free carriers in neutral graphene at zero 

temperature. At elevated temperatures, thermal excitations can promote electrons into the 

conduction band while leaving holes in the valence band. Alternatively, charge carriers 

can be put into the conduction or valence band by chemical doping or electrostatic doping 

(i.e. gating) [7, 8]. In this case, the Fermi level EF (more precisely, chemical potential if 

T > 0) is shifted during the process. Graphene becomes n-doped (p-doped) if EF 

eventually resides in the conduction band (valence band). 

By expanding Eq. 1.4 near K/K΄ points in the low-energy regime (with |E| < 1 eV [1]), 

we obtain a linear dispersion relation [4]   

 ( ) FE v± = ±q q , (1.5) 

where q = k – K (or q = k – K΄) is the wave vector relative to the K (or K΄) points, and vF 

is the Fermi velocity given by vF = 3ta/2ħ ≈ 1×106 m/s. The conical low-energy spectrum 

E(q) near the K/K΄ points is shown in the right inset of Fig. 1.2. Note that vF in Eq. 1.5 is 

a constant independent of electron energy or momentum. The behavior of electrons (or 

holes) near the six corners of the graphene FBZ mimics that of relativistic particles with 

zero rest mass such as neutrinos [1]. In this regard, charge carriers in graphene can be 



CHAPTER 1: Introduction 

5 
 

referred to as massless relativistic particles, with the Fermi velocity vF substituting the 

speed of light. A linear electronic spectrum with zero bandgap as indicated by Eq. 1.5 

renders a linear relation between the density of states (DOS) and energy near the zone 

corners. This is because |q| in Eq. 1.5 is proportional to the square root of the carrier 

density n (a positive and a negative n stand for electrons and holes, respectively) in two-

dimensional graphene [9], and a linear dispersion yields  

 E n∝ ∝q . (1.6) 

The density of states D is then 

 ( )
d n

D E E
dE

= ∝ , (1.7) 

where the proportionality factor is the same in magnitude and opposite in sign for 

electrons and holes. The linear relationship implies a vanishing DOS at the charge 

neutrality point (E = 0). This is in striking contrast to the DOS in conventional two-

dimensional electron systems, where DOS is typically independent of the energy owing 

to the parabolic dispersion of the semiconductor hosting the 2D system [9]. 

In fact, the linear dispersion given by Eq. 1.5 depicts the energy eigenstates of the 

following 2D Dirac-like Hamiltonian for massless fermions near the K or K΄ point [2, 3, 

10-12]:  

 ˆFv= ⋅H qσ , (1.8) 

where q̂  represents the operation i− ∇ at q, σ’s are the pseudospin Pauli matrices, and vF 

plays the role of the speed of light. For this reason, K and K΄ are given the name “Dirac 

points” and the conical band structures near the Dirac points are consequently called 

“Dirac Valleys”. The low-energy charge carriers in graphene are regarded as “massless” 
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Dirac fermions when they are not subject to an external magnetic field. Note that the 

pseudospin matrices at K΄ are the complex conjugate of those at K [2, 11]. 

When the Dirac-like Hamiltonian as shown in Eq. 1.8 is used to describe the 

quasiparticles in graphene, the pseudospin σ is essentially an index that defines the 

relative contributions of the A and B sublattices in the make-up of the quasiparticles [13]. 

The corresponding two-component description is very similar to the spinor wave 

functions in quantum electrodynamics (QED) and, therefore, is referred to as pseudospin 

[1, 13]. Simply put, the pseudo spin index in graphene indicates on which of the two 

sublattices a quasiparticle is located rather than the real spin of the electrons. 

 

 

Figure 1.3: Relation between the pointing direction of pseudospin and the motion direction of 
Dirac quasiparticles in graphene. Pseudospin σ always aligns with the direction of momentum: 
near K point, σ is parallel to the motion direction of electrons and antiparallel to that of holes; 
whereas close to K΄ point, the relationship is reversed for both electrons and holes. The orange 
and green curves highlight the energy bands associated with the sublattices A and B, and the 
intersection of the curves indicates the origin of the linear spectrum near the Dirac points. 
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The conical spectrum of graphene near the zone corners can be considered as the 

result of crossing between the energy bands that are associated with sublattices A and B 

[13]. Electrons and holes belonging to the same branch of the linear spectrum (i.e. having 

the same sublattice origin) have pseudospin σ pointing in the same direction, as 

illustrated in Fig. 1.3. Near K, σ is parallel to the direction of motion (as indicated by the 

direction of the corresponding wave vector q) for electrons and antiparallel for holes [2, 

13, 14]. A reverse relationship between the σ pointing and the motion direction of 

respective quasiparticles applies near K΄. 

With the introduction of pseudospin, one may proceed to borrow from QED another 

important concept, “chirality” [12]. Chirality is defined as the projection of pseudospin σ 

on the direction of quasiparticle motion, and is positive (negative) for electrons (holes) 

close to K [1, 2, 13]. This quantity is often used to describe the symmetry between the 

electron and hole parts of the low-energy spectrum of graphene [13].  

Without an external magnetic field, conservation of pseudospin during intra-valley 

scattering in graphene leads to a suppression of backscattering in general [2, 13] (inter-

valley scattering requires atomic-range external potentials in the graphene lattice and/or 

high temperatures [7] and is thus neglected here). The reason is as following. A 

backscattering process corresponds to a flip of the wave vector q (i.e. q → -q) and hence 

a reverse in the direction of pseudospin σ. This scenario violates the required 

conservation of pseudospin and is therefore forbidden.  

Furthermore, pseudospin conservation can make a potential barrier in a relativistic 

electron’s propagation path appear transparent. In a graphene p-n junction with a 

sufficiently high [13] and infinitely steep potential step at the interface as shown in Fig. 
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1.4, a normally incident electron-like state from the left hand side can tunnel with 100% 

                   
 
Figure 1.4: Tunneling through a potential step in a graphene p-n junction. The height of the 
potential step across the p-n interface illustrated in (a) is U0. It is larger than the electron energy 
E in the n region. The diagrams in (b) schematically show the band structure of a single K valley 
at the two sides of the potential step with the equilibrium Fermi level (dotted line in (b)) being 
the same at both sides. The Fermi level lies in the conduction band outside the potential barrier 
(left panel in (b)) and in the valence band inside the barrier (right panel in (b)). The gray filled 
areas in (b) indicate occupied states. Due to the conservation of pseudospin (indicated by the 
orange arrows in (b) that always point to the right), the motion of an electron propagating 
normally toward the barrier (left hand side in (c)) is continued by a hole moving in the opposite 
direction inside the barrier (right hand side in (c)). Thus, a transmission with 100% efficiency 
through the barrier is achieved. 
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probability into a hole-like state on the right hand side across the p-n interface [2, 13]. 

During the process, pseudospin is conserved within the Dirac valley and a back reflection 

of the electron is prevented. The propagation of the electron is continued by a hole that 

travels in the opposite direction on the other side of the junction, as illustrated in Fig. 1.4. 

The current flow through the graphene p-n junction should therefore be continuous 

without showing any common-diode-like behavior (some experimental evidence will be 

discussed in Chapter 5).                        

In a sufficiently strong magnetic field perpendicular to the graphene plane, the linear 

density of states (DOS) in graphene (Eq. 1.7) is quantized into a series of discrete energy 

levels, i.e. Landau levels (LLs). The unevenly spaced LLs in graphene have a square-root 

dependence on the magnetic field B with a peculiar LL at zero energy resulting from the 

particle-hole symmetry [15-17]. The existence of this unique zero-energy LL leads to an 

unconventional (integer) quantum Hall effect (QHE) with a half-integer shift in the 

quantization conditions (compared to the QHE in the conventional two-dimensional 

electron systems) [16, 18, 19].  

The shift of ½ in the QHE sequence can also be explained in terms of a Berry’s phase 

of π in graphene [14, 18-20]. In a perpendicular magnetic field, orbital motion of the 

massless Dirac fermions in q space leads to the rotation of pseudospin. A 2π pseudospin 

rotation in q gives rise to a phase change of π (“Berry’s phase”) in the wave function that 

describes the electronic states near a Dirac point [14]. A Berry’s phase of π leads to a π-

shift (again, compared to the conventional two-dimensional electron systems) in the 

phase of magneto-oscillations in graphene and, in the extreme quantum limit, to an 

unconventional ½-shifted QHE [1]. 
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Although graphene’s neutrino-like linear dispersion at low energies implies “massless” 

particles, Dirac fermions moving in a magnetic field take on a finite cyclotron mass mc. 

Experimentally, mc is related to the carrier density n by /c Fm n vπ=  [18, 19]. This 

immediately yields 

 2 2
FF F F

c
F F F

Eq v qm
v v v

= = =
  , (1.9) 

where qF is the Fermi wave vector given by the identity Fq nπ= [9]. Eq. 1.9 provides 

evidence for the existence of massless Dirac quasiparticles in graphene and, accordingly, 

mc can be taken as the “relativistic” mass of the Dirac fermions with vF playing the role of 

speed of light. 

 

1.2 Motivation 
 

In principle, graphene has been in “production” ever since the invention of the pencil 

in the year 1564 [21]. Whenever one writes with a graphite pencil, due to the weak van 

der Waals coupling between graphite layers graphite traces are left on the surface of the 

material for writing upon (e.g. paper, wood, metal, glass, etc.). Among the produced 

graphene stacks, there may be monolayer graphene sheets somewhere (see Fig. 1.5). 

However, in history 2D crystals like graphene used to be presumed not to exist in the free 

state (i.e. it was assumed impossible to produce 2D crystals in a non-epitaxial way). It 

was argued that thermal fluctuations in a low-dimensional crystal lattice would destroy 

the long-range order of the crystal at any finite temperature [1, 22-25]. Then in 2004 

Geim and his colleagues at the University of Manchester demonstrated that it IS possible 

to obtain 2D crystals [8]. For the first time they successfully isolated (micron-sized 
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monolayer) graphene flakes on top of oxidized silicon wafers with a carefully chosen 

thickness of SiO2 (the optical effect that makes graphene visible on certain substrates in 

an optical microscope will be discussed in Chapter 2), and unambiguously showed that 

various atomically thin 2D crystals besides graphene remain stable even under ambient 

conditions [8, 26]. Later on, researchers discovered that graphene sheets up to tens of 

microns in size do not have to rest on supporting substrates but can be freely suspended 

from a scaffold structure (e.g. the support grid for a transmission electron microscope) 

[27, 28]. The mechanical stabilization of a graphene membrane on a substrate or scaffold 

is achieved by the formation of ripples with out-of-plane deformations up to 1 nm [27]. 

This gentle crumpling leads to a gain in elastic energy but suppresses thermal vibrations 

[29].    

 

Figure 1.5: (a) Optical micrograph for the pencil traces on the surface of an oxidized silicon 
wafer. In the area of the dashed box in (a), (monolayer) graphene is spotted among the graphite 
debris and the corresponding zoomed-in image is shown in (b). The light-gray arrow in (b) 
indicates the location of the graphene sheet.  

 
In their seminal experiments reported in 2004 [8], Geim and his colleagues 

introduced the so-called “micromechanical cleavage” method (a.k.a. “mechanical 
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exfoliation” or simply “Scotch® tape method”) to prepare the graphene flakes. With this 

technique, very thin graphitic sheets are essentially peeled off a graphite substrate (e.g. 

highly oriented pyrolytic graphite or natural graphite) by a moderately adhesive polymer 

tape and then pressed onto the surface of an oxidized silicon wafer. The isolated potential 

monolayers on top of SiO2 are subsequently identified either by their optical contrast [30], 

their Raman fingerprints [31, 32], their thickness in AFM topography [8, 26], or their 

magneto-transport characteristics [18, 19]. To date, via mechanical exfoliation we are 

able to obtain high-electronic-quality single-crystalline (monolayer) graphene flakes from 

a few to tens of microns in size (see Fig. 1.6). In fact, we have used this technique to 

prepare all the (monolayer) graphene materials studied in this dissertation. 

                              

Figure 1.6: Optical image of a relatively large graphene flake obtained by mechanical exfoliation. 

 
Although manually exfoliated graphene has met most of the requirements from 

research purposes, the low throughput resulting from the time-consuming cleavage-scan-
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selection procedure is inadequate for mass production. Hence, finding alternative routes 

for an industrially scalable production has been the focus of a large amount of research 

activities shortly after the first isolation of graphene. A direct upgrade to manual 

exfoliation is the introduction of automated cleavage using ultrasonication [33]. This 

leads to submicron graphene crystallites in liquid suspension, which can subsequently be 

utilized to make polycrystalline films or composite materials. Another solution-based 

approach for the production of graphene is the exfoliation and reduction of graphite oxide 

(layered stacks of oxidized graphite with AB stacking) dispersed in various solvents [34-

40]. The chemically derived graphene is then deposited onto appropriate substrates for 

device fabrication. Generally, graphene produced in solutions suffers from relatively 

small crystallites and a high density of defects [41]. To obtain high-quality graphene 

wafers, epitaxial growth on some specifically chosen platforms seems more desirable. 

Large-area graphene growth has been achieved on SiC wafer surfaces as a result of the 

thermal decomposition of SiC at high temperatures (>1300 °C) either in ultrahigh 

vacuum [42-44] or at atmospheric pressure [45]. Successful wafer-scale graphene growth 

on epitaxially matched surfaces of transition metals such as Ni has been reported [46, 47]. 

In this case, chemical vapor deposition (CVD) of graphene on Ni (111) surface is realized 

in a self-terminating manner with little lattice mismatch [48]. Graphene growth on Cu 

films is another exciting application of the CVD approach [49-51]. With this technique, 

graphene in principle can be deposited on flexible roll-type Cu foils with infinite length 

and/or width. The role-to-role production of 30-inch graphene films with an excellent 

electronic quality has already been demonstrated [52]. 
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Graphene is considered as one of the candidate materials for post-silicon electronics 

[53], owing to its rich and fascinating electronic and optical properties. High-speed 

graphene field-effect-transistors (GFETs) operated at room temperature with a cut-off 

frequency of 155 GHz and a gate length of 40 nm has been fabricated [54], thanks to the 

extraordinarily high intrinsic mobility [55-57] and saturation velocity [58, 59] of the 

charge carriers in graphene. Combined with the fact that graphene has a fast 

photoresponse [60] and a high optical transparency [61] with a broadband 

photoabsorption [6] that can be controlled by electrical gating [62, 63], graphene is very 

promising for such integrated opto-electronic applications as transparent while flexible 

electrodes [47, 52], ultrafast photodetectors [60, 64] and broadband optical modulators 

[65]. In general, GFETs with channels made of large-area (monolayer) graphene have a 

low on/off ratio due to the lack of a bandgap in graphene. However, by constraining 

graphene in one dimension a bandgap that is approximately inversely proportional to the 

width of the graphene channel can be introduced in graphene nanoribbons (GNRs) [66, 

67]. A bandgap above 200 meV has been observed in sub-20-nm GNRs [67, 68] and an 

on/off ratio in excess of 106 has been reported [68, 69]. To date, making very narrow 

GNRs with well-defined edges [70, 71] remains technically challenging and has 

motivated a lot of research efforts. Due to its large surface-area-to-weight ratio (a.k.a. 

specific surface area, ~2630 m2/g [72]) and high electrical conductivity, graphene as well 

as its chemical modifications has tremendous potential for clean energy devices such as 

supercapacitors. Electrochemical double layer capacitor cells with large gravimetric 

capacitance and energy density have been successfully constructed [72-74]. A large 

specific surface area and a metal-like electrical conductivity that is extremely sensitive to 
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the adsorbed molecules [75] also make graphene a candidate for chemical sensors. The 

low Johnson noise level in graphene, which results from the high conductivity and a very 

low density of lattice defects, enables graphene to detect the adsorption and desorption of 

individual gas molecules [75]. 

To summarize, graphene is a marvelous material that has attracted tremendous 

interest. The remarkable electronic properties of graphene ensure its enormous potential 

in novel electron devices with exceptional performances. The present dissertation aims to 

contribute to the development of reliably working fabrication techniques for high-

electronic-quality gated graphene devices, to the better understanding of the electronic 

properties of some graphene-based electron devices by means of multi-terminal transport 

measurements, as well as to the preliminary exploration of graphene’s possible 

applications in quantum resistance metrology and Landau emitters. 

The organization of this dissertation is as following: 

In Chapter 2, we introduce our recipe for a quick estimation of the thickness of thin 

films exfoliated on top of SiO2 substrates. This approach is based on the relationship 

between the optical contrast and thickness of the supported films. A description about our 

fabrication procedure for multi-terminal graphene devices follows. We then carry out a 

systematic evaluation on various techniques for the preparation of the top-gate dielectric 

for a bipolar graphene device. We find that a hybrid top-gate dielectric comprised of 

naturally oxidized Al and thermally evaporated SiO2 provides us high-quality p-n 

junctions with a high yield. This chapter concludes with the introduction of a thin-film 

transfer technique, with which we are able to place ultra-thin insulating sheets precisely 

on top of graphene. 
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In Chapter 3, we demonstrate that careful substrate-cleaning and lift-off render a high 

Drude mobility in our graphene samples prior to any thermal treatment, and that an in situ 

vacuum annealing is capable of shifting the charge neutrality point of a graphene device 

to nearly 0 V with however limited improvement on carrier mobility. We show that a 

self-consistent Boltzmann formalism within the random phase approximation not only 

adequately describes the zero-field diffusive transport of our high-quality devices at 

reasonably large carrier densities, but also justifies the estimation for charged-impurity 

concentration based on the width of the resistance peak in the electric field effect. Our 

surface morphology investigations and the surface study reported by other research 

groups show that organic residues, ripples and wrinkles on the graphene sheet, dangling 

bonds on SiO2 surface and trapped charges on (or near) the surface of SiO2 may be the 

major sources of charged impurities in our graphene devices. 

In Chapter 4, we probe the quantum Hall effect (QHE) in graphene using a four-

terminal configuration in a magnetic field perpendicular to the graphene plane. Besides 

the unconventional ½-shifted integer QHE, we observe a quantum Hall state at filling 

factor ν = 0 in high-quality samples under very low excitation currents. We demonstrate 

the extraction of the back-gate capacitance from the Shubnikov-de Haas (SdH) 

oscillations in graphene. The result justifies the simple parallel-plate capacitor model as 

introduced in Chapter 3. We proceed to measure a large critical current associated with 

the breakdown of the ν = 2 quantum Hall state. The observed extraordinarily robust QHE 

at ν = 2 shows that graphene is an excellent candidate material for the quantum resistance 

standard. 
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In Chapter 5, we report on four-terminal transport measurements in high-quality 

bipolar graphene devices featuring a hybrid top-gate dielectric. Electric fields applied by 

a global back-gate and a local top-gate enable independent control over the carrier type 

and density in two adjacent regions of the graphene sheet, allowing p-n (or n-p), p-p and 

n-n junctions to be formed at the interface. Under quantum Hall conditions, the Hall and 

longitudinal resistances probed by multiple voltage contacts on the two sides of the 

junction show plateaux which agree quantitatively with the Landauer-Büttiker formula 

[76] and the mode mixing model [77]. In this chapter, we also discuss the electrical 

characterizations on graphene p-n-p devices featuring an extremely thin (< 5 nm) h-BN 

(hexagonal boron nitride) top-gate dielectric that is prepared by a precise transfer of 

exfoliated h-BN films as introduced in Chapter 2. The top gate is found to possess a very 

high coupling efficiency and a rather low leakage current. 

In Chapter 6, we report on our preliminary attempts in designing and optimizing a 

compact system for the detection of the inter-Landau-level radiative transitions (i.e. 

Landau emission) in graphene devices. The emission power is estimated to be extremely 

low (<10-11 W), and the photodetector has to be operated in a highly resistive state due to 

the lack of background radiation. Various efforts in improving the sensibility of the 

detection system and reducing the noise level in the circuit are discussed. We introduce a 

non-destructive deposition of radiation-blocking structures on top of the two “hot spots” 

(i.e. energy dissipation corners in the quantum Hall regime) along one diagonal of the 

graphene Hall-bar, such that the Landau radiation can be selectively blocked out 

depending on the direction of the magnetic field. Then even for the same amount of 

dissipated power in the graphene emitter, the Landau radiation that reaches the 
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photodetector differs. By this means, the graphene emitter itself provides a reference for 

the extraction of the radiation signal. 
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Chapter 2  
 
Graphene-Based Device Fabrication 
 
2.1 Mechanical exfoliation and optical identification of atomically 
thin films 
 

All graphene pieces and thin hexagonal boron nitride (h-BN) flakes in this work were 

obtained via the “Scotch® tape method”, also known as “micromechanical cleavage” [1]. 

This technique is based on the fact that graphite layers are bonded to each other by weak 

Van der Waals forces, and hence such layers can be physically separated in a relatively 

easy way. The detailed steps of graphene exfoliation are illustrated in Fig. 2.1(a-d). 

 

 

Figure 2.1: Procedure of graphene preparation via mechanical exfoliation. (a) Starting materials: 
highly oriented pyrolytic graphite (HOPG) (or natural graphite) and Nitto® tape. (b) Cleave the 
graphite crystal by pressing the tape on the graphite surface and then peeling the tape off, leaving 
relatively big and thick graphite pieces on the tape. (c) Fold and press the tape to make a tape-
graphite-tape sandwich, and then peel apart the two ends of the tape; repeat this folding-pressing-
peeling until thin shiny pieces of graphite nearly cover the tape. (d) An oxidized Si wafer with the 
oxide side down is placed on these graphite clusters. Press the Si chip with a finger or a soft 
rubber rod, and then peel the tape off with the help of tweezers. 
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The starting material for graphene deposition can be either highly oriented pyrolytic 

graphite (HOPG) or natural graphite. To ensure a high yield of graphene flakes with 

reasonable sizes (tens to hundreds of µm2, typically), the grain size of the source graphite 

has to be large enough (e.g. hundreds by hundreds of microns). Among many candidates, 

we found that grade “ZYA” HOPG from Advanced Ceramics and grade “extremely-

large-flakes” natural graphite from NGS Naturgraphit GmbH consistently render the 

biggest as well as the cleanest graphene flakes.  

The substrates for graphene deposition are oxidized silicon wafers. A 285-300 nm 

thick SiO2 layer was grown on top of highly doped silicon by dry oxidation, which 

features a breakdown field of around 1 V/nm. The low-resistivity degenerate silicon 

substrate allows for global back-gating operation afterwards. We found it extremely 

important to make the substrates as clean as possible before graphene deposition. Our 

recipe involves soaking and rinsing (in organic solvents), sonication, as well as oxygen 

plasma treatment. We observed that warm NMP (N-Methyl-2-pyrrolidone, supplier: 

ALLRESIST GmbH) at a temperature between 55 and 60°C are very effective in 

removing photoresist/electron-beam resist or organic adhesive residues from the surface 

of silicon substrates.  Compared with acetone, which is also widely used as a generic 

organic stripper, NMP bears such desirable properties as low volatility, low flammability, 

and relatively low toxicity.  By ultrasonicating the solvent, one may much more 

efficiently get rid of the hard-baked photoresist/electron-beam resist. However, 

sonication at excessively high power may result in the destruction of some fine metal 

structures defined on the substrate surface. Immediately prior to graphene deposition, 

already cleaned substrate chips are treated in an O2 plasma chamber for a few minutes in 
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order to burn off the organic residue. To check the cleanliness of the substrates, we found 

the “dark-field” mode of an optical microscope useful. 

The tape we have been employing to cleave the graphite crystal is type “SWT-10” 

from the company Nitto Denko (http://www.nitto.com). Compared with standard Scotch 

tape which is in use in some other research groups, the “Nitto tape” is found to leave 

minimal residue contamination on the surface of graphene or the silicon substrate, thanks 

to its adequate stiffness and adhesiveness.  

After graphene deposition, the chips are cleaned in acetone and isopropanol at room 

temperature for 1-2 minute each, and then baked at 160°C on a hot plate for 4 minutes to 

drive off any solvent residue. At this point, these silicon substrates are ready for optical 

inspection. 

With a commercial optical microscope (e.g. Nikon’s Eclipse®), single-layer graphene 

can be distinguished from bi- and multi-layer sheets based on thin film interference (see 

Fig. 2.2(a)). It is essential that these atomically thin graphite films are prepared on top of 

silicon wafers with a certain thickness of SiO2. Thin graphene flakes are transparent 

enough (with an opacity 2.3 ± 0.1% when illuminated with visible light [2]) to add to an 

optical path, which alters their interference color with respect to an empty wafer. For a 

silicon wafer with 300 nm thick SiO2 on top, single-layer graphene can already render 

sufficient optical contrast, making it possible for the human eye and brain to identify 

micron-sized graphene films among thicker graphite flakes scattered over the substrate 

surface (typically with an area of tens of mm2). It was found that the visibility of 

graphene depends strongly on both the thickness of the SiO2 layer and the wavelength of 

the light source [3]. This observation can be explained by comparing the total reflectance 
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of the incident visible light in the presence and absence of a graphene film on the SiO2/Si 

surface. This is illustrated in Fig. 2.3. For simplicity, we only consider the situation of 

normal incidence from air (with refractive index 0 1n = ) onto the trilayer structure. In 

most applications, this assumption is reasonable given the fact that the sum of the 

thickness of graphene film and SiO2 layer (~300 nm in most cases) is far smaller than the 

depth of focus of the objective lenses (on the order of micrometer) of an optical 

microscope.  

 

Figure 2.2: Full color optical image (a) of single-layer graphene (SLG), bi-layer “graphene” 
(BLG) and multi-layer graphite (MLG) flakes on ~300 nm thick SiO2 illuminated with white light. 
Image (b) and (c) are obtained by extracting the "blue" and "red" components from the RGB 
indices array of pixels in (a), respectively. 

 
 
 

                         

Figure 2.3: Geometry of the trilayer system composed of graphene, SiO2 and Si. 
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We consider the limit of an infinitely thick silicon layer and assume that all media are 

homogeneous in the z-direction. As it has been reported in the literature [4], the complex 

index of refraction of silicon ( 3 3 3n n k i= − ) is a strong function of the wavelength λ in the 

visible range. The wavelength dependence of both the real part (refractive index, n3) and 

the imaginary part (extinction coefficient, k3) of 3n  are shown in Fig. 2.4(a). The 

imaginary part of the complex index of refraction of SiO2 glass on top of Si vanishes 

within the visible spectrum, which implies that absorption is negligible when light travels 

perpendicularly through this layer. The real part of 2n  is precisely described by a multi-

term Sellmeier equation [5], which is plotted as a function of wavelength λ in Fig. 2.4(b). 

It was already demonstrated that these 2( )n λ  and 3( )n λ  can accurately describe the 

interference colors seen on oxidized silicon wafers [6]. In our calculation, (single-layer) 

graphene with a thickness 0.34 nm [7] is assumed to have the same complex index of 

refraction as bulk graphite. This has proved to be a reasonable approximation [2] because 

the interlayer hopping energy in graphite is so low (~0.3 eV) that in a system of stacked 

graphene layers, the in-plane electromagnetic response dominates the optical transition 

process in the visible range, i.e. the optical response out of a graphene plane is negligible 

in this case. The complex index of refraction of bulk graphite (also graphene) was taken 

to be independent of λ ( 1 2.6 1.3n i≈ − ) [3] within the visible spectrum. This yields good 

agreement with our experimental observations, even although M. Bruna et al. [8] argued 

that the extinction coefficient of graphite should be treated as proportional to λ in the 

visible range for more precise predictions.  
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Figure 2.4: Real (refractive index, n) and imaginary (extinction coefficient, k) part of the 
complex index of refraction of Si (a) and SiO2 (b) in the visible range. Here, 2 0k ≡ (interpolated 
from literature [4] and [5]). 

 
On the basis of the Fresnel equations, we can define the relative indices of refraction 

for the three interfaces (air-graphene, graphene-SiO2, and SiO2-Si) in the system of Fig. 

2.3:  
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Transmission through graphene and SiO2 layers causes changes in the optical path. 

The corresponding phase shifts are: 
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At this stage, the total reflectance (R) from this trilayer structure can be readily 

calculated [9]: 
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The optical contrast C is defined as the difference in the total reflectance in the 

presence ( 1 1n ≠ ) and absence ( 1 0 1n n= =  ) of graphene, 

 ( _ ) ( _ )
( _ )

R no graphene R with grapheneC
R no graphene

−
= . (2.4) 

According to this definition, a positive contrast value means that the graphene film 

would appear darker than the surrounding substrate surface.  

A color plot generated by Matlab® for the expected contrast as a function of SiO2 

layer thickness and incident visible light wavelength is shown in Fig. 2.5. By studying 

this plot, one may notice: (1) within the given range, the contrast values are nearly always 

positive, meaning (single-layer) graphene appears almost always darker than the exposed 

substrate surface; (2) if illuminated with light of appropriate wavelengths, graphene films 

can be made visible to the human eye, except for a SiO2 thickness of around 150 nm or 

below 25 nm. In graphene research, silicon substrates with a ~300 nm thick SiO2 layer on 

top are most commonly used. When illuminated with yellow light ( λ ≈ 600 nm), 

graphene on this type of substrate has a fairly high contrast (C > 0.1) that makes the 

search of this atomically thin material possible. 

 

Figure 2.5: Color plot of (single-layer) graphene's expected contrast as a function of wavelength 
λ and SiO2 thickness according to Eq. 2.4. 
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In practice, however, we do not always need the involvement of expensive narrow-

band optical filters to improve the visibility of graphene. One may simply take a full-

color photograph (without contrast enhancement or image manipulation at this stage) for 

the graphene candidate on ~300 nm thick SiO2 with white light illumination, and then 

extract the red component from the RGB indices array of the pixels to form a new 

“contrast-enhanced” image for the same graphene flake. This task can be accomplished 

with commercially available image analysis software. An example is demonstrated in Fig. 

2.2(b-c). On the basis of the experimental observations that the opacity of few-layer 

graphene linearly increases with the number of layers [2], we are able to utilize the “RGB 

extraction” method mentioned above to precisely identify single-, bi- and even triple-

layer graphene on oxidized silicon wafers. The identification results have been verified 

by subsequent AFM topography and/or magneto-transport measurements. Note, however, 

that this method is no longer applicable on thicker graphite pieces, since they tend to 

become totally opaque in the visible range due to the existence of free electrons in the 

layered structure. 

Of course, equations 2.1-2.4 can be extended to the contrast calculation for other thin 

film systems, e.g. nanometer thick hexagonal boron nitride (h-BN) on oxidized Si 

substrates. 

Fig. 2.6(a) shows the schematic of h-BN crystal structure, which features an AA' 

stacking along the c-axis with 0.33-0.34 nm interlayer spacing. The lattice mismatch 

between graphene and layered h-BN is less than 2% [10]; however, the two atoms in the 

unit cell of the h-BN crystal are chemically inequivalent. The significant difference in the 

electronegativities between onsite atoms results in an energy gap as large as ~6 eV [11]. 
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This makes layered h-BN crystal electrically insulating and essentially transparent in the 

visible regime. Within one atomic layer of h-BN, boron and nitrogen atoms are bonded 

with strong, partially ionic, sp2-hybridized bonds. In the vertical direction it is mainly van 

der Waals force that binds these layers to form a highly anisotropic three-dimensional 

crystal. This in principle makes it possible to isolate atomically thin h-BN sheets from 

bulk crystal with the same mechanical exfoliation method as described above. A few-

nanometer thick h-BN flake deposited on an oxidized Si wafer is shown in Fig. 2.6(b). 

Note, however, that due to the existence of the slightly ionic bonding out of the plane, h-

BN crystals are harder and more brittle than HOPG or natural graphite, and it is also 

more difficult to obtain extremely thin h-BN sheets (comprising of one or only a few 

atomic layers) with homogeneous thickness via micromechanical cleavage. 

 

Figure 2.6: Schematic of an AA'-stacked hexagonal boron nitride (h-BN) crystal (a), and optical 
image of a thin h-BN crystallite (with local thicknesses indicated) on an oxided Si wafer (b). 

 
In this work, few-nanometer thick h-BN films were isolated based on their optical 

contrast on SiO2 in order to use them as a top-gate dielectric in graphene electronic 

devices. As was already mentioned, we can readily utilize equations 2.1-2.5 to predict the 
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contrast of a thin h-BN sheet lying on an oxidized Si wafer, simply by replacing 

1 2.6 1.3n i≈ −  with 1 2.2n ≈ [12], which is the measured complex index of refraction of h-

BN crystal in the visible range (note that here 1n  is independent of wavelength λ , and 

the extinction coefficient vanishes in h-BN films). During sample preparation, we found 

that when illuminated with white light, an h-BN sheet with a thickness of around 2.5 nm 

shows a contrast rather similar to that of (single-layer) graphene in the optical microscope 

(e.g. Nikon Eclipse®). However, the color plot of the expected h-BN contrast for that 

particular thickness (i.e. 2.5 nm) reveals some very different features, as is illustrated in 

Fig. 2.7. For the purpose of comparison, the same scale bar as that in Fig. 2.5 is employed 

here. One may immediately notice that on 300 nm thick SiO2, h-BN’s contrast will alter 

sign when the illumination goes from blue light to red, denoting that the thin h-BN sheet 

on top of SiO2 may appear either brighter or darker than the surrounding substrate surface 

depending on illumination wavelength. Since within this work, the thickness of SiO2 

layer on Si substrates is always close to 300 nm, it is worthwhile to generate another 

color plot for h-BN’s expected contrast as a function of h-BN thickness and incident 

(visible) light wavelength, as is shown in Fig. 2.8. Generally, at a given wavelength λ, the 

contrast of h-BN sheets changes monotonically with its thickness (except for 600λ ≈ nm, 

where the contrast changes sign). Based on this result, we are able to estimate the local 

thickness of an h-BN flake by extracting the RGB information from the specimen’s full-

color image, and for a piece within 10 nm thick, the error is generally less than 1 nm. Fig. 

2.9 demonstrates the “contrast-enhanced” pictures for a few h-BN flakes on oxidized Si 

wafers. The sheets’ actual thicknesses obtained from AFM topography measurements are 
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also shown for reference. Note, however, that organic residue on the surface of the 

atomically thin films or SiO2 substrate may significantly affect the contrast reading. 

 

Figure 2.7: Calculated contrast of 2.5 nm thick h-BN as a function of wavelength and SiO2 
thickness. Here, an approximate value for 1 2.2n ≈ (complex index of refraction of h-BN in 
visible range according to literature [12]) is inserted in equations 2.1-2.5. For comparison, the 
color scale on the right is made identical to that in Figure 2.5.  

 
 
 

 
 

Figure 2.8: Expected contrast of h-BN on 300 nm thick SiO2 as a function of wavelength and h-
BN thickness. 

 

SiO2 thickness: 300 nm 
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Figure 2.9: (a) Full color image of a few h-BN crystallites on ~300 nm SiO2 illuminated with 
white light. Contrast-enhanced pictures in (b) and (c) are obtained by extracting the "blue" and 
"red" components from the RGB array of (a), respectively. Scale bar in (a) = 5 µm. 
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2.2 Definition and deposition of metal contacts 

After a graphene sheet with appropriate shape (i.e. close to a rectangular) and size 

(typically a few microns by a few microns) is isolated and identified, we need to make 

electrodes on it. Electron beam lithography (EBL) is a very powerful tool in the 

definition of micrometer-sized electrical contacts. The fabrication procedure is 

schematically illustrated in Fig. 2.10. It comprises the following steps: (1) electron-beam 

(e-beam) resist spin-coating and e-beam exposure, (2) development, (3) metallization, 

and (4) lift-off. 

 

Figure 2.10: Schematic illustration of the fabrication procedure for electrical contacts. In the first 
step, a double-layer PMMA e-beam resist is spin-coated on the Si substrate, and an electron beam 
pattern generator writes the contacts into the resist with a highly energetic focused electron beam. 
During development, the exposed portions of PMMA are dissolved in a MIBK/IPA developer. 
Then metal films are deposited on top of the sample with thermal evaporation. Finally, the 
remaining resist is lifted off in warm NMP. 
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First of all, the substrate surface with graphene on top is coated with a double-layer 

of poly(methyl methacrylate) (PMMA) e-beam resist. The coated chip is baked on a 

convection surface to remove the chlorobenzene solvent from the resist. The bottom layer 

of PMMA (200k mw.) is more sensitive to the electron bombardment than the top layer 

(950k mw.). This results in an “undercut” in the resist profile after development. It 

greatly improves the lift-off procedure since resist strippers can laterally attack the resist. 

During electron beam exposure, an electron beam pattern generator writes the CAD 

device design into the e-beam resist by breaking the bonds in the polymer with 

accelerated electrons (usually with tens of keV kinetic energy). The “exposed” parts of 

the resist become soluble in a developer (PMMA is a positive resist). Note, that the 

electron dose has to be optimized prior to writing, as overexposure may downgrade the 

contact profile or even damage the graphene film, while too low a dose (underexposure) 

will leave resist residue on the contact area after development (this tends to degrade the 

contact performance). The developer we have been using is methyl isobutyl ketone 

(MIBK) 1:3 mixed with isopropanol (IPA), and IPA is the stopper. It is necessary to 

constantly stir the chip in the developer for a few minutes to ensure a thorough 

development. After this, the exposed polymer is dissolved while the unexposed parts 

remain essentially unaffected. They act as a mask during the subsequent metal 

evaporation. Throughout this work, metal contacts are deposited with thermal 

evaporation in a high-vacuum chamber (Leybold Univex®) with a deposition rate of 0.1-

2 Å/sec and at a background pressure on the order of 10-7 mbar. We found that a clean 

background environment is critical to the formation of ohmic low-resistance contacts. 

After the deposition of a relatively thin adhesion layer (e.g. 1-5 nm Ti, or 3-6 nm Cr), 
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tens of nanometers of Au or AuPd are evaporated in the same chamber to avoid oxidation 

of the adhesion-promoting layer of Ti or Cr. In the lift-off step, deposited metals lying on 

top of the unexposed PMMA (mask) are removed from the chip by dissolving the 

polymer in warm NMP (at 55-60°C) for around 2 hours (followed by acetone and IPA 

rinsing and N2 gas blow-drying). Although in graphene research gold is more commonly 

used as the conducting material for electrical contacts, the author prefers the alloy of gold 

and palladium (with 60% Au). Compared with Au, deposited AuPd films generally 

feature a much smaller grain size (at the same deposition rate), as is clearly demonstrated 

by the SEM micrograph in Fig. 2.11(a). These contacts work better at high current 

densities or high temperatures. Fig. 2.11(b) shows the optical image of a meander-shaped 

metallic resistor made of deposited AuPd with a cross-section of 200 nm × 16 nm. At 

~1.7 K, this device is capable of continuously and stably working for hours with a 

permanent DC current as large as ~2.2 mA. Fine-grained AuPd contacts are also less 

subject to material migration when being treated at relatively high temperatures. Fig. 

2.11(c) displays the SEM image of broken Au contacts of a graphene device after being 

annealed (the working principle and effects induced by annealing will be discussed in 

Chapter 3) at 350°C for 3 hours in flowing “forming gas” (5% H2 + 95% N2). The AuPd 

electrodes on the reference sample with identical contact design remained intact after the 

same thermal treatment, as is illustrated in Fig. 2.11(d). 

After lift-off and annealing, the sample is glued to a 24-pin chip carrier with highly 

conductive silver paste. It is now ready for ultrasonic wire bonding. The sonication power 

as well as bonding force has to be adequate in order not to break the thin SiO2 layer 
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between graphene and the highly doped Si substrate; otherwise, the device may suffer 

from a (back) gate leakage later on. 

 

Figure 2.11: (a) SEM image of deposited Au and AuPd films on an oxidized Si wafer. (b) 
Optical micrograph of a meander-shaped AuPd resistor featuring a cross-section of ~200×16 nm2 
and ~20kΩ total resistance at room temperature. (c-d) Broken Au electrodes (c) and intact AuPd 
leads (d) after being treated in flowing forming gas at 350°C for 3 hours.  
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2.3 Preparation of top-gate dielectric 

Degenerately doped, highly conductive Si substrates have been commonly employed 

as the global back-gate ever since the very first field effect measurement on graphene by 

Novoselov et al. in 2004 [1]. In the simplest graphene field effect transistors (GFET), 

global control of carrier type and density relies solely on the electrical field perpendicular 

to the graphene sheet applied by the single Si (back-) gate. However, from both scientific 

and technological point of view, fabrication of more complex graphene devices, such as 

graphene p-n junctions, is of great necessity and significance. The introduction of local 

top-gates enables the realization of in-plane bipolar graphene devices [13]. Electric fields 

applied by a global back-gate and a local top-gate render independent control over the 

carrier type and density in two adjacent regions of the graphene sheet. We notice that 

appropriate preparation of the top-gate dielectric is crucial to the quality and functionality 

of a dual-dated graphene device. We have systematically evaluated several methods for 

the creation of a suitable top-gate dielectric. These approaches will be discussed in the 

following sections.  

 

2.3.1  Thermal Evaporation of SiOx 

Amorphous SiOx (x = 1-2) can be thermally evaporated (through sublimation) as the 

top-gate dielectric with a dielectric constant slightly below 4 (3.6-3.9 in our case). The 

deposited insulating layer can either be patterned or not. The corresponding final device 

structures are schematically illustrated in Fig. 2.12.  
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Figure 2.12: Cross-section of a dual-gated graphene device with patterned (left) or unpatterned 
(right) top-gate dielectric (thermally evaporated SiOx in this case). 

 
In the patterned case (Fig. 2.12(a)), the area on graphene to be covered by the top-

gate dielectric is defined by electron-beam lithography after the formation of electrical 

contacts. SiOx and top-gate metals are then deposited subsequently, if possible during the 

same evacuation sequence of the vacuum chamber in order to avoid contamination due to 

exposure to air. After lift-off, the chip can be annealed in flowing forming gas at elevated 

temperatures (typically 200-350°C) to remove resist residues from the exposed parts of 

graphene.  

By using the shadow mask technique, one can also cover the whole top surface of 

graphene with SiOx without patterning an opening in the resist (Fig. 2.12(b)). Before 

evaporation of the dielectric, a metallic foil with a small hole at the center is carefully 

placed over the active area of the graphene device, such that graphene gets exposed to the 

evaporation source while all the metallic bond-pads are masked. Electron beam 
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lithography is then employed after deposition of SiOx to define the metallic gate area 

itself. Hydrogen annealing is in this case not necessary. 

We observe that graphene devices with top-gate dielectric prepared as described 

above consistently show a rather low carrier mobility, i.e. always below 3000 cm2/Vs at a 

charge density n ≈ 2×1012 cm-2 at room temperature, regardless of the charge carrier type. 

At low temperatures (e.g. 4.2 K) and in a high external magnetic field (e.g. 14 Tesla), 

graphene’s characteristic quantum Hall plateaus [14, 15] could hardly be seen except 

those at filling factors ±2. We attribute the degradation of graphene’s electronic quality in 

these devices mainly to the increase in carrier scattering caused by the deposited SiOx.  

 

2.3.2  Metallic Air Bridge 

To avoid the “physical” contact between the top-gate stacks and the graphene sheet, 

metallic air bridges can be introduced in which air or vacuum serves as the dielectric 

medium.   

Our fabrication procedure for a suspended air bridge is schematically illustrated in 

Fig. 2.13. The e-beam resist for this purpose consists of three layers. The resist most 

sensitive to electron exposure (e.g. MMA, supplier: ALLRESIST GmbH) is located in 

the middle. At the bottom the least sensitive resist (e.g. 950k mw. PMMA) is deposited. 

We use 200k mw. PMMA for the top-most layer to define the shape of the suspended 

part of the bridge. The success of the fabrication largely relies on the precise electron 

dose control for both the suspended and the substrate-supported portions of the bridge 

structure. We need high electron dose to create windows through all three resist layers for 

the posts. They serve as electrical leads contacting the suspended structure. A lower 
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electron dose is applied to the suspended part, such that only the polymer bonds in the top 

two layers of the resist are broken. Those in the bottom layer remain nearly intact. After 

development in MIBK:IPA mixture (1:3), the remaining bottom layer of PMMA on top 

of graphene acts as a temporary support on which the metal bridge is deposited. During 

lift-off, all resists are removed by warm NMP, leaving a suspended metallic bridge 

connected to the top-gate electrodes. Note that metal evaporations at ±45° may be 

necessary to fully cover the steps induced by the supporting bottom-layer resist and to 

ensure a good contact between the bridge and the posts, especially when the spacing 

between the graphene sheet and the suspended structure is fairly large, i.e. above 100 nm. 

 

Figure 2.13: Schematic illustration of the air-bridge fabrication process. It consists of four steps: 
electron beam lithography with two different exposure doses, development, metallization, and 
lift-off.  
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The SEM images of a few finished air bridges on an oxidized Si wafer are shown in 

Fig. 2.14(a). The overall yield for such suspended structures is around 50%. Bridges with 

a span longer than a few micrometers can easily collapse during lift-off. An example is 

displayed in Fig. 2.14(b). AFM topography shows that the thickness of the suspended 

top-gate is spatially inhomogeneous in general. This reflects the difficulty in the local 

electron dose control during exposure. The problem may be alleviated by introducing a 

flat spacer layer on top of graphene prior to bridge structuring. The spacer is removed 

after the metal bridge is deposited [16, 17]. This, however, requires one more e-beam 

lithography step. 

 

Figure 2.14: SEM micrographs of suspended (a) and collapsed (b) air bridges after lift-off. Note 
that they were fabricated on the same Si wafer. Scale bar in both pictures = 1 µm. 

 

2.3.3  Atomic Layer Deposition 

The main merits of atomic layer deposition (ALD) technique are the precise control 

over the thickness of the deposited materials, the possibility of growing densely packed 

high-κ dielectrics and the uniform coating of complex 3D geometries. In graphene 

research, ALD growth of Al2O3 [13, 18-20] and HfO2 [21, 22] dielectrics has been 

frequently used and reported.  
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Figure 2.15: Four steps forming one reaction cycle in ALD (adapted from literature [23]): self-
terminating precursor (e.g. trimethyl aluminum, TMA) exposure, purge of excessive precursor 
and reaction byproduct (e.g. CH4), self-terminating reactant (e.g. H2O) exposure, and purge of 
excessive reactant as well as reaction byproduct (again CH4).  

 
The working principle for growing an Al2O3 film on Si substrate with ALD is 

illustrated schematically in Fig. 2.15. Essentially, atomic layer deposition consists of four 

steps: (1) precursor exposure, in which a precursor (e.g. trimethyl aluminum, TMA) gas 

is pulsed into the ALD chamber and reacts with the chemically active groups (e.g. –OH) 

on the substrate surface in a self-terminating way until the surface is passivated with a 

single layer of chemisorbed precursor species; (2) purging of precursor and reaction 

byproduct, in which the excessive precursor is pumped away from the chamber together 

with the reaction byproduct (e.g. methane); (3) reactant exposure again in self-limiting 

way, in which an oxidant or reagent (e.g. H2O vapor) is pulsed into the chamber and 

chemically adsorbed only on the sites where precursor is present, activating the surface 
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again by providing chemically active surface groups for the subsequent reaction with 

precursor; (4) purging of excessive reactant as well as reaction byproducts. Steps (1)-(4) 

make up a reaction cycle, in which step (1) and (3) are often referred to as half reactions 

of an ALD reaction cycle [24]. By repeating these cycles, dielectric oxide films can be 

grown atomic layer by atomic layer with a precise thickness control and a high degree of 

uniformity. The Al2O3 growth rate based on TMA and H2O is usually about 0.1 nm/cycle 

in our machine (model “Savannah” from Cambridge NanoTech Inc.).  

Due to the lack of chemically active dangling groups on “defect-free” clean graphene, 

the ALD precursor is not able to nucleate on top of pristine graphite sheets (except at the 

grain boundaries) [18]. Therefore, the graphene surface has to be functionalized prior to 

dielectric growth with ALD. Various surface treatment methods have been proposed, 

including carboxylate-terminated perylene coating [18], hydrogen silsesquioxane (HSQ) 

coating [21, 22], NO2 functionalization [13, 19], ozone functionalization [20], etc. The 

author of the thesis, however, prefers to fulfill this goal by introducing a very thin layer 

of oxidized aluminum between graphene and the dielectric (to be grown with ALD). This 

is based on the observation that compared to other materials deposited Al apparently 

brings minimal negative effects to the electronic quality of graphene. The process begins 

with thermal evaporation of around 1 nm thick Al. The deposited material tends to form 

clusters on graphene (or graphite) surface (Fig. 2.16), which immediately oxidizes when 

exposed to air. To ensure a full coverage of the graphene surface with oxidized Al, this 

evaporation and oxidation procedure is repeated once. The resulted thin alumina layer 

acts as nucleation media for subsequent ALD. The ALD starts with pulsing of H2O vapor.  
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Figure 2.16: AFM image of alumina on graphite and SiO2. A very thin (~1 nm) layer of Al was 
thermally evaporated onto graphite as well as SiO2 surface and then oxidized by exposure to air, 
followed by ALD growth of 20 nm thick Al2O3. Alumina on graphite shows a mean roughness of 
~0.52 nm, in contrast to ~0.33 nm on SiO2. 

 
As has been briefly described in section 2.3.1, a patterned top-gate dielectric may 

allow hydrogen annealing of the sample after lift-off. This proves to be very effective in 

removing the resist residues and hence enhancing device quality. The same practice has 

been carried out with the ALD technique, in which Al evaporation/oxidation, ALD 

growth of Al2O3, and metal top gate deposition are done in a consecutive way after a 

window in the PMMA resist is defined via electron beam lithography. The subsequent 

lift-off becomes fairly challenging, though, as the side walls of the e-beam resist are 

nearly fully covered by the ALD-grown alumina. To achieve a thorough stripping of the 

resist, a few tricks have been implemented: (1) the ALD has to be done at low 

temperatures (and with much longer precursor and reactant pulses), i.e. slightly above 

100°C, such that no resist hard-baking may take place; (2) before immersing the chip in 

warm remover, a few scratches are intentionally made on the chip surface with a needle. 
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The needle scratches through the deposited materials and resist layers down to the 

substrate surface, resulting in a much higher efficiency in resist removal; (3) pulsed 

sonication is applied during lift-off to more effectively dislodge the resist. Fig. 2.17 

shows the optical and SEM images of some test structures prepared with this recipe. 

Although the yield for successful lift-off appears acceptable, wire bonding has to be very 

carefully performed on real devices to avoid possible “peel-off” of the bond-pads from 

ALD-grown Al2O3.  

 

Figure 2.17: Optical (a) and SEM images (b-c) of test structures with patterned ALD-grown 
dielectric as well as metal top gates. An example of a clean and an unsuccessful lift-off is 
displayed in (b) and (c), respectively. 

 
2.3.4  Hybrid top-gate dielectric 

In trying to combine the merits of naturally oxidized Al and the simplicity of 

thermally evaporating SiOx (x = 1-2), a top-gate dielectric composed of both a very thin 

layer of oxidized Al and thermally deposited SiOx is proposed and investigated. A dual-

gated graphene bipolar junction with a patterned hybrid top-gate dielectric is shown in 
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Fig. 2.18. The sample’s electronic transport characteristics will be discussed in detail in 

Chapter 5. 

 

Figure 2.18: Cross-section (left) and optical image (right) of a bipolar graphene device featuring 
a patterned and hybrid top-gate (TG) dielectric. The gray dashed line in the right panel highlights 
the edge of the graphene sheet. 

 
The first step in fabricating such a device is to define electrical contacts to graphene 

followed by hydrogen annealing. After the opening of a window in the PMMA resist for 

the top-gate with the help of electron beam lithography, deposition of Al, oxidization of 

Al by exposure to air, thermal evaporation of SiOx and deposition of the metal top gate 

are carried out consecutively. Then another hydrogen annealing is performed after lift-off. 

Both thermal treatments in hydrogen atmosphere work well since the top-gate dielectric 

only partially covers the graphene sheet. This recipe results in high-quality bipolar 

graphene devices with a yield of nearly 100%. 

 

2.3.5  Precise transfer of ultra-thin boron nitride films 

The investigation of some topics in graphene physics, e.g. quantum capacitance 

measurement [25] and Coulomb drag between closely spaced single layers [26], requires 
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a very thin dielectric film. In these occasions, a hybrid dielectric prepared as described in 

previous section may not be the best option, as the negative effect due to the relatively 

high roughness of the oxidized Al is no longer negligible when the dielectric thickness is 

scaled down to a few nanometers. We need to develop a film “deposition” technique with 

which an ultra-thin yet highly insulating and homogeneous dielectric layer can be 

prepared on top of graphene without a significant degradation of the device quality. 

Precise transfer of atomically thin h-BN films onto target graphene sheets may hopefully 

fulfill these requirements. The detailed process is illustrated in Fig. 2.19. 

             

Figure 2.19: (a-d) Schematic representation outlining the transfer process used to fabricate BN-
on-graphene devices. (a) The SiO2/Si substrate that supports the source BN film is spin-coated 
with a PMMA layer (and then glued to a supporting glass frame). (b) The PMMA membrane 
along with the BN film and the imprints of alignment markers is detached from the source 
substrate by applying a NaOH etch. (c) With the help of a micro-manipulator, the source BN is 
aligned to the target graphene and the two sheets are brought into contact. (d) PMMA is dissolved 
in warm acetone or NMP. (e) Optical image of a finished BN-on-graphene device. The top-gate 
(TG) and the other electrodes are defined by standard electron beam lithography.   
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The procedure starts with the mechanical exfoliation of both source h-BN and target 

graphene sheets, which are identified on oxidized Si wafers with the aid of an optical 

microscope (and AFM topography measurements if necessary). The source substrate 

containing the h-BN flake is spin-coated with 300-500 nm thick PMMA. The PMMA is 

baked and glued to a supporting glass frame using a double-sided tape. This supporting 

frame with a hole (already coved by the attached source substrate from one side of the 

frame) in the center is then immersed in hot NaOH solution (5%, ~90°C) for about 10 

minutes. This etches away the SiO2 layer on the Si substrate, and results in the 

detachment of the source chip from the PMMA membrane (note that the PMMA 

membrane is still adhered to the glass frame). Now, the polymer membrane carries the 

source h-BN flake as well as the imprints of the source substrate’s alignment markers. 

The h-BN film (together with the PMMA carrier) is then carefully aligned with the 

graphene sheet on the target substrate, with the help of a homemade 3D micro-

manipulator and a large-working-distance optical microscope (VHX-1000 Digital 

Microscope of Keyence Corp.). After touchdown, the PMMA membrane is released from 

the supporting glass frame by dissolving the PMMA with chloroform. The remaining e-

beam resist on the target substrate is removed in warm acetone or NMP, leaving only the 

h-BN film on top of the graphene sheet. The electrical contacts and metal top gate are 

subsequently defined with electron beam lithography, metallization and lift-off, followed 

by hydrogen annealing. Alternatively, one may anchor the target graphene sheet with 

electrodes first and anneal the target before h-BN transfer. Then a second e-beam 

lithography step is utilized to define the metal gate on top of transferred h-BN. This 

option may render a cleaner device at the expense of one more lithography step.  
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 Chapter 3  
 
Electronic Transport in Graphene 
 

In this chapter, we describe the “capacitor geometry” for the experimental 

investigation of electronic transport in monolayer graphene samples at zero magnetic 

fields. Through careful substrate-cleaning and lift-off, we find that without any thermal 

treatment room-temperature Drude mobility of our devices can reach 10000 cm2V-1s-1 

under ambient conditions at a carrier density n ≈ 124 10× cm-2. We show that a relatively 

high initial-doping-level does not necessarily reflect a poor sample quality, and an in situ 

vacuum annealing is capable of shifting the charge neutrality point of a graphene device 

to nearly 0 V with however limited improvement on carrier mobility. On the basis of an 

excellent quantitative agreement with our measured data, we find it adequate to adopt a 

self-consistent Boltzmann theory within the random phase approximation to study the 

zero-field diffusive transport at reasonably large carrier densities. Within this formalism, 

both the strongly sublinear conductivity curve and the (estimated) low charged-impurity 

concentration (~1011 cm-2) of our sample suggest that point defects in the graphene lattice 

most probably become the dominant source of scattering when the carrier density is 

reasonably high. Our surface morphology investigations and the surface study reported 

by other research groups indicate that organic residues, ripples and wrinkles on the 

graphene sheet, dangling bonds on SiO2 surface and trapped charges on (or near) the 

surface of SiO2 may be the major sources of charged impurities in our graphene devices. 
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3.1 Sample preparation and measurement methods 
 

The monolayer graphene flakes are obtained using the mechanical exfoliation method 

described in Chapter 2. We use electron beam lithography to define electrodes on top of 

graphene, which are typically arranged into a Hall-bar geometry. After thermal 

evaporation of contact metals (Ti/AuPd = 3/20 nm), lift-off is carried out in warm NMP 

at 55-60°C for about 2 hours followed by rinsing in fresh acetone at ~55°C several times. 

In order to test the effectiveness of in situ vacuum annealing, the samples in this study are 

immediately loaded into the sample holder after lift-off without being thermally treated in 

flowing forming gas in-between.  

Room-temperature measurements are performed in a home-made sample holder. It 

can be evacuated down to a pressure of about 10-6 mbar. Low-temperature transport 

experiments are done in a variable temperature insert (Oxford Instruments) with 

temperatures achievable from 1.4 to 300 K. In the insert, samples are cooled by a 

continuous flow of 4He vapor. The resistances of the graphene samples are measured by 

the standard lock-in technique (Stanford Research Systems SR830 lock-in amplifier) with 

an excitation current of 100 nArms (Stanford Research Systems DS345 function generator 

in series connection with a 10 MΩ standard resistor) at a frequency of 23.87 Hz. The gate 

voltages were supplied by Yokogawa DC sources. 

Fig. 3.1(a) illustrates the “capacitor geometry” commonly involved in our 

measurements. The graphene sheet and the degenerately doped Si are separated by a layer 

of thermally grown SiO2 with a thickness between 285 and 315 nm. By varying the 

voltages applied to the highly doped Si, which serves as a back-gate, we are able to tune 
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the density and even the polarity of the charge carriers in the graphene sheet [1]. The 

gate-induced carrier density ng is given by  

 g bg bgn C V e= , (3.1) 

where Vbg is the applied back-gate voltage and Cbg is the gate capacitance. From 

geometrical considerations, Cbg is estimated to be about 11.5 nF/cm2 (assuming a 

dielectric thickness of 300 nm and a dielectric constant of 3.9 for the SiO2 layer). In fact, 

we find that this estimation agrees well with our Hall measurements, as well as with an 

analysis of the Shubnikov-de Haas (SdH) oscillation period. This will be addressed in 

Chapter 4.  

 

 

Figure 3.1: (a) Schematic illustration of the “capacitor geometry”, in which graphene and the 
degenerately doped silicon (wafer) act as the two electrodes of a capacitor. The sandwiched dry-
oxidized SiO2 dielectric has a thickness of 285-315 nm. Charges are induced in the graphene 
layer through the electric field effect by applying a back-gate voltage Vbg to the highly doped Si. 
(b) Schematic diagram of a typical four-terminal measurement setup. While a certain excitation 
current I is driven through the source and drain electrodes, the voltage difference V between the 
potential probes is measured. In this configuration, measurement results are not affected by the 
contact resistances.  

 
The schematic of a standard four-terminal configuration is shown in Fig. 3.1(b). 

During the measurement, an excitation current sdI  is driven through the source and drain 



CHAPTER 3: Electronic Transport in Graphene 

62 
 

contacts (contacts 3-6 in the figure), and the induced voltage drop 2 1V −  between potential 

probes 2 and 1 (or equivalently, 4 5V − ) is measured. The four-terminal resistance 2 1R − is 

given by 2 1V − divided by sdI , and graphene’s resistivity ρ can then be obtained according 

to  

 1( )LR
W

ρ −= , (3.2) 

where W is the width of the graphene stripe, L the longitudinal separation between the 

voltage probes, and hence L W the aspect ratio of the graphene device. 

The semi-classical Drude model is employed to calculate the carrier mobility µ [2-4],  

 1
e n e n
σµ

ρ
= = , (3.3) 

where σ  is the electrical conductivity of graphene and n the carrier density. A 

description of how n can be determined is deferred to the following section.   

 
3.2 “Charge-neutrality-point engineering” via in situ annealing 
 

Fig. 3.2(a) shows the electric field effect of resistivity ρ at zero magnetic field in a 

representative graphene device (left inset) before (red curve) and after (green curve) in 

situ vacuum annealing. The sharp peaks in the plot correspond to the Dirac point of 

graphene, where by definition the Fermi energy (strictly speaking, chemical potential 

when above zero Kelvin) approaches “zero” and the density of states vanishes [5] as 

schematically illustrated in the right inset. The reduced carrier density in the vicinity of 

the charge neutral Dirac point results in a resistivity maximum. When crossing the charge 

neutrality point, the carriers in the 2D graphene layer change polarity, as can be easily 

verified in Hall measurements. Note, however, that charge neutrality only holds on 
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average [4, 6-12]. At charge neutrality, a spatially inhomogeneous distribution of small 

Figure 3.2: (a) Resistivity of a representative graphene sample as a function of the applied back-
gate voltage measured before (red line) and after (green line) an in situ vacuum annealing. The 
optical micrograph of the device is shown in the left inset. The right inset schematically illustrates 
the linear relation between the density of states (DOS) and energy at low energies. (b) Drude 
mobility (obtained by applying Eq. 3.3 to the data in (a)) as a function of carrier density before 
(red line) and after (green line) annealing. The back-gate-induced charge density is estimated 
from the capacitor geometry illustrated in Fig. 3.1(a). 
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electron-rich and hole-rich conducting puddles has been observed in graphene [7, 10] 

with the characteristic dimension about 20 nm [10]. Depending on the amplitude of the 

charge density fluctuations induced by the charged impurities, a few volts (or even more) 

back gate voltage may be needed to neutralize these electron or hole droplets [6, 7, 10].  

Right after processing, the charge neutrality point ( 0
gV ) of the graphene device in Fig. 

3.2(a) is found to be ~30 V, which indicates a relatively high p-doping (hole-doping) with 

a charge-doping concentration of about 122 10× cm-2. A back-gate voltage of about 30 V 

is required to neutralize this hole-doping with electrons. Therefore, the actual carrier 

density n in the graphene sheet induced by the back-gate voltage in the presence of 

impurity doping is given by 

 0( )bg bg gn C V V e= − , (3.4) 

where 0
gV  is 30 V in this case. The charge-providing impurities may be adsorbed gas 

molecules [13], e-beam resist residue, trapped charges on the surface or in the bulk of 

SiO2 dielectric, etc. In our experiments, annealing in vacuum or forming gas has been 

found quite effective to shift the charge neutrality point close to 0 V, presumably by 

thermal desorption or decomposition of the adsorbates. We pump the sample holder to a 

pressure of ~10-6 mbar prior to applying heating. The annealing temperature is 

maintained at about 130°C, while the four-terminal resistance of the graphene device at 

zero back-gate voltage is monitored throughout the heating. The charge neutrality point 

0
gV  is observed to move monotonically toward 0 V, until it remains between 0 3± V in 

most cases. For the majority of our samples, 0
gV  stabilizes within 3 hours of heating. The 

field effect recorded after annealing is plotted in Fig. 3.2(a) as the green curve. It is 
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measured at 1.6 K. The charge neutrality point is very close to zero back-gate voltage. 

The narrow resistance peak with an FWHM (full width at half maximum) of about 3 V 

serves as an indicator for a high cleanliness of the graphene sample [14]. The resistivity 

of graphene becomes as low as ~100 Ω at the relatively high carrier density of ~4×1012 

cm-2. 

Fig. 3.2(b) shows the Drude mobility as a function of the charge density of the same 

device. The room-temperature hole mobility reaches 10000 cm2V-1s-1 at a density of 

4×1012 cm-2. For the sake of comparison, the electron or hole mobility in Si typically 

remains below 300 cm2V-1s-1 for an ionized impurity concentration of 1018 cm-3 at room 

temperature [15]. We notice that the mobility of our device before vacuum annealing is 

already roughly twice that of the sample in Ref. [16] with 0
gV  ~ 0 V. In ref. [4] and ref. 

[8], the authors found that a large 0
gV  was generally accompanied by a low carrier 

mobility. While it may hold for some types of disorder, this may not be a general rule. 

We have observed that graphene samples on dirty (e.g. with an organic residue network 

on top of SiO2 visible in an optical microscope at virtually any magnification) or very 

rough (i.e. with the surface root-mean-square roughness of the SiO2 layer much higher 

than the usual value that is between 0.3 and 0.4 nm) oxidized-Si substrates consistently 

show poor mobility (as low as µ < 2000 cm2V-1s-1 at n ~ 4×1012 cm-2) regardless of the 

heat treatment, although the charge neutrality point of most of these devices could still be 

shifted to ~0 V by ex situ hydrogen annealing or/and in situ vacuum annealing. For a 

“most-likely-high-quality” device shown in Fig. 3.2, the improvement on the sample’s 

mobility by annealing also appears limited, if not marginal, considering the enhanced 

phonon scattering at elevated temperatures. Note, however, that at relatively large carrier 
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densities graphene resistivity arising from charged impurity scattering should be 

essentially independent of temperature within a wide temperature range [6]. This is 

because based on the linear energy-momentum dispersion relation the Fermi temperature 

TF in graphene is defined as [5, 16, 17] 

 / / /F F F F FT E k k v k v n kπ= = =  , (3.5) 

where Fk nπ=  is the Fermi wave vector and 6~ 10Fv m/s [2, 3] is the Fermi velocity 

of the relativistic particles in graphene. At a carrier density n = 4×1012
 cm-2, the 

corresponding Fermi temperature is as high as 2700 K.  

It is worthwhile to point out that at either room temperature or low temperature µ in 

Fig. 3.2(b) diverges when n approaches zero, indicating the break-down of the Drude-

Boltzmann transport model at low carrier densities (i.e. imn n≤ ) in graphene [6].  

                          

Figure 3.3: Conductivity (of the representative device shown in Fig. 3.2(a)) after annealing 
versus applied back-gate voltage at a temperature of 1.6 K (green line). Gray lines are fits to the 
linear parts of the curve at relatively low charge densities based on Eq. 3.6. The crossing defines 
the charge neutrality point [8]. Charged-impurity concentration nim can be estimated from the 
slope and yields nim ~ 1.1 × 1011 cm-2 as explained in the text. 
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To estimate the density of charged impurities nim in the sample after vacuum 

annealing, we employ the self-consistent Boltzmann theory within the random phase 

approximation introduced by ref. [9] and [6]. When the graphene conductivity is limited 

by charged-impurity scattering, the conductivity can be expressed as [18-20]  

 0( ) res
im

nn C e
n

σ σ= + , (3.6) 

where 0 155 10C = × V-1s-1 is a constant [6] and σres is the residual conductivity at the 

charge neutrality point (Note: σres is determined by a linear fit to the measured σ(Vbg)). 

This residual conductivity will be discussed later. It very often differs from the measured 

minimum conductivity σmin [8, 19, 20]. According to Eq. 3.6, the graphene conductivity 

scales linearly with the carrier density n, when charged impurities being the dominating 

scattering mechanism. Now let us examine our experimental data. The green line in Fig. 

3.3 shows the low-temperature conductivity σ after annealing as a function of the back-

gate voltage Vbg for the same sample as in Fig. 3.2. A linear dependence of σ on Vbg is 

only observed at rather low carrier densities. By adopting a least-square fitting method 

similar to that in ref. [18], we fit the low-density regions on both electron and hole sides 

to eq. 3.6. These fits are indicated as the gray lines in Fig. 3.3. The crossing of the two 

fits yields the charge neutrality point [8]. It is located at a back-gate voltage of ~0.5 V. 

The strong sublinearity in the original σ(Vbg) plot at high carrier densities indicates that in 

this type of sample the (neutral) point defects in the graphene lattice are most probably 

the dominant source of scattering because the concentration of charged impurities is low 

[4, 6, 8]. The slopes of both fits give nim ~ 1.1×1011 cm-2 (since 0 /bg imslope C C n=  

according to Eq. 3.4 and 3.6), which reflects the high cleanliness of the device [4], and is 
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consistent with the measured mobility values. Interestingly, the FWHM of the ρ(Vbg) 

spike in Fig. 3.2(a) is ~3 V, and half of that corresponds to a charge density of ~1.1×1011 

cm-2, which “coincidently” equals the nim value obtained by fitting. We find in general 

that the FWHM of the sample’s low-temperature ρ(Vbg) curve provides a good estimate of 

nim. The residual conductivity σres at charge neutrality (n = 0) can be obtained by 

rewriting Eq. 3.6 in the following form 

 
0

0 0( ) _ _ _ ( )bg g
bg bg res bg g res

im

V V
V C C slope of the fit V V

n
σ σ σ

−
= + = ⋅ − + . (3.7) 

Here, 0
gV ~ 0.5 V is the charge neutrality point from the crossing of the two linear fits. 

Since the slope of either fit is already known, it is straightforward to obtain σres ~ 5.7 e2/h 

on the electron side, and ~6.0 e2/h on the hole side. Notice that both numbers are close to 

the σres obtained from the crossing point of the linear fits (~5.8 e2/h, according to Eq. 3.6 

and 3.7). These quantities are similar to reported values in the literature [19]. 

The relationship between electrical conductivity σ and carrier density n can also 

provide us information about the mean free path lm of the charge carriers in the sample. 

To express lm explicitly as a function of σ and n within the Boltzmann model, we write 

the Einstein relation [17] between the conductivity and Fermi level properties in the 

following equivalent forms: 

 
2 2

2 * 2 2( )F F F m
e ee D D E k v n l
h h

σ τ π= = = ⋅ , (3.8) 

where D* is the diffusion constant at the Fermi Energy EF, D(EF) is the density of states 

at EF and τ is the scattering time. In the above equalities, we have utilized the identities 

* 21 2 FD v τ= [17], 2 2 1( ) 2 ( )F F FD E E vπ −=  [17], F F FE k v=  [5] and Fk nπ= [17], as 
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well as the definition m Fl v τ= . Fig. 3.4 depicts the resulting low-temperature ( )ml n plot 

for the sample in Fig. 3.2(a). In this device, the carrier mean free path between two 

consecutive scattering events ranges from 220 nm to 360 nm over nearly the whole 

density range. The fact that these lm values are much smaller than the typical dimension 

(a few microns) of our graphene samples validates the adequateness of treating the 

transport in the diffusive regime by employing the Boltzmann transport theory. 

          

Figure 3.4: Estimated carrier mean free path (of the sample in Fig. 3.2(a)) as a function of 
density at a temperature of 1.6 K based on Eq. 3.8. The maximum mean free path (~360 nm) is 
about one order of magnitude shorter than the dimension of the graphene sample. Hence, it is 
justified to use the Boltzmann transport model.  

 
We have shown that through careful substrate-cleaning and lift-off we are able to 

fabricate graphene devices featuring room-temperature mobility ≥10000 cm2V-1s-1 
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without any thermal treatment. However, we also observed that it is generally very 

Figure 3.5: SEM image (a) and low-temperature Drude mobility (b) of an ordinary graphene 
sample obtained after in situ vacuum annealing. In the SEM micrograph the exposed SiO2 
substrate appears rather clean, in contrast to a random network of tiny dark spots visible within 
the graphene flake region. AFM topography of the area in the dashed box is shown in (c). The 
wrinkle (indicated by the blue arrow) features a height of 5-6 nm, while the little bumps 
(highlighted by the green arrows) that correspond to the tiny dark spots in (a) are generally lower 
than 3 nm.  
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difficult to obtain sample mobilities above 20000 cm2V-1s-1 even with the help of 

annealing (e.g. a thermal treatment at ~400°C in flowing forming gas for a few hours). 

We suspect that the ultimate hindrance to the gigantic intrinsic mobility [21] of graphene 

comes from the imperfections in the SiO2 back-gate dielectric [6, 21] that directly 

supports the graphene flake, as well as the interactions among the graphene sheet, the 

SiO2 surface and the organic solvents that cause deformations in the carbon film. Fig. 

3.5(a) shows the secondary-electron SEM image of an ordinary graphene sample after in 

situ vacuum annealing (with the charge neutrality point being shifted to ~0 V), while Fig. 

3.5(b) depicts its low-temperature post-annealing mobility. The device was electrically 

contacted and grounded before being loaded into the SEM chamber, essentially excluding 

any charging effect during the scan. Randomly distributed dark spots, a crack with a 

length ~1 µm near the edge and a wrinkle spreading nearly across the flake are clearly 

visible on the SEM micrograph. These dark spots correspond to the small bumps on the 

AFM topography picture shown in Fig. 3.5(c) with heights below 3 nm, while the wrinkle 

was measured to be 5-6 nm in height. These macroscopic imperfections, especially the 

small bumps and wrinkles, are commonly found in SiO2-supported graphene devices. 

Generally, a thermal treatment in either vacuum or flowing forming gas at elevated 

temperatures and/or with prolonged time could not eliminate them completely. We 

suspect that the bumps are essentially ripples in the graphene sheet, underneath which 

organic residues exist. These organic residues, together with the dangling bonds on SiO2 

surface and the trapped charges either on the surface or in the bulk of SiO2 [6, 21], most 

probably form the major sources of charged impurities. Therefore, in order to approach 

the expected giant intrinsic carrier mobilities [22] in graphene, one has to reconsider the 
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choice of the back-gate dielectric. Among many possible alternatives to SiO2, suspended 

graphene in air (or vacuum) [23-27], a dangling-bond-free substrate such as hexagonal 

boron nitride [14, 28-30], and a diamond-like non-polar dielectric [31] appear most 

promising. These are all, however, at the expense of extra fabrication steps. 
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Chapter 4  
 
Magneto-Transport in Graphene 
 

In this chapter, we probe the quantum Hall effect (QHE) in graphene using a four-

terminal configuration in a magnetic field perpendicular to the graphene plane. From the 

measured longitudinal and Hall resistivities we obtain the magneto-conductivities of the 

graphene sample through matrix inversion operations. Due to the existence of a zeroth 

Landau level (LL) at zero energy which is equally shared by the electrons and holes, the 

quantized Hall conductivity σxy in graphene bears an unconventional sequence of 

24( 1 / 2) /xy N e hσ = ± + , where N is the LL index. Besides the unconventional QHE, we 

observe a quantum Hall state at filling factor ν = 0 in high-quality samples under very 

low excitation currents. We then demonstrate the extraction of the back-gate capacitance 

from the Shubnikov-de Haas (SdH) oscillations in graphene. The result justifies the 

simple parallel-plate capacitor model as introduced in Chapter 3. We proceed to measure 

a large critical current associated with the breakdown of the ν = 2 quantum Hall state. 

The observed extraordinarily robust QHE at ν = 2 may probably help to qualify graphene 

as an excellent candidate material for the quantum resistance standard. 
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4.1 Experimental methods and measurement setup 
 

In a sufficiently strong magnetic field perpendicular to the graphene layer, the zero-

field linear low-energy spectrum in graphene quantizes into discrete Landau levels (see 

Chap. 1). The Landau spectrum in graphene is described by [1-3] 

 2N FE v e B N= ±  , (4.1) 

where Fv is the Fermi velocity (~106 m/s [4, 5]), B is the magnetic field, N is the Landau 

level (LL) index, and the positive and negative signs stand for electrons and holes, 

respectively. Due to the inevitable presence of disorder in exfoliated graphene, these LLs 

become broadened and mobility gaps appear [6]. At zero energy there is a unique zeroth 

LL (N = 0 in Eq. 4.1) which is equally shared by electrons and holes. The LL spacing 

between the zeroth and first LLs at B = 14 T is as high as 149 meV, or equivalently, 1730 

K. We note that this energy spacing is more than six times the cyclotron energy of the 

2DES in GaAs/AlGaAs heterostructures [7]. 

In a perpendicular external magnetic field, both the resistivity and the (electric) 

conductivity of a 2DES in a Hall-bar geometry take tensor forms, with the conductivity 

tensor σ̂  being the inverse of the resistivity tensor ρ̂ : 1ˆσ̂ ρ −= . On the basis of Ohm’s 

law and the assumption of isotropy in the two-dimensional (2D) plane, ρ̂  can be written 

as  

 ˆ xx xy

xy xx

ρ ρ
ρ

ρ ρ
 

=  − 
, (4.2) 

where ρxx and ρxy are the longitudinal and transverse components of the 2D resistivity, 

respectively. A simple matrix inversion operation gives 
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 2 2

1ˆ xx xy xx xy

xy xx xy xxxx xy

σ σ ρ ρ
σ

σ σ ρ ρρ ρ
−   

= =   − +   
, (4.3) 

where σxx and σxy are the longitudinal and transverse (or, Hall) components of the 2D 

conductivity, respectively. Hence we have 

 2 2
xx

xx
xx xy

ρσ
ρ ρ

=
+

 (4.4) 

and 

 2 2
xy

xy
xx xy

ρ
σ

ρ ρ
= −

+
. (4.5) 

Using the same matrix conversion method, it is straightforward to obtain 

 2 2
xx

xx
xx xy

σρ
σ σ

=
+

 (4.6) 

and 

 2 2
xy

xy
xx xy

σ
ρ

σ σ
= −

+
. (4.7) 

The QHE in a 2DES (with a Hall-bar geometry) is defined by a vanishing longitudinal 

conductivity xxσ , associated with a Hall conductivity xyσ quantized in multiples of e2/h: 

2 /xy e hσ ν= − , where ν  is an integer filling factor [6, 8]. Here, electrons (holes) are 

assigned with positive (negative) filling factors. According to Eq. 4.7, ρxy equals -1/σxy in 

a quantum Hall state (when σxy ≠ 0, of course). In a 2DES, the Hall resistivity ρxy is 

identical to the Hall resistance Rxy. Therefore, the QHE in the 2DES of a Hall-bar sample 

features a quantized Hall resistance 2/xyR h eν= . When ν = 1, Rxy = RK = h/e2 = 

25812.807557(18) Ω [9] is the von Klitzing constant. To date, the QHE allows the 

international standard for resistance to be defined on the basis of RK, which can be 
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reproduced within a relative uncertainty of one part per billion [7, 9] and is theoretically 

only linked to the electron charge and Planck’s constant. In addition, the QHE provides a 

new method for the determination of the fine structure constant 2
02e chα ε= [10], where 

ε0 is the permittivity of free space and c is the speed of light in vacuum. 

To probe the QHE and SdH oscillations in graphene, we isolated graphene flakes on 

top of oxidized Si wafers via mechanical exfoliation. The electrodes of the graphene 

devices were defined into Hall-bar geometries by electron beam lithography. A vacuum 

or H2 annealing was always carried out after lift-off in order to shift the charge neutrality 

point of the graphene sample toward 0 V.   

Fig. 4.1(a) schematically illustrates the four-terminal setup for the majority of the 

measurements discussed in this chapter. In this configuration, a low-frequency (f < 30 Hz) 

excitation current sdI  is driven through the source and drain contacts (contacts 3-6 in the 

figure), and the potential differences V2-1 (or V4-5) and V2-4 (or V1-5) are measured at the 

voltage probes by the standard lock-in technique. The longitudinal resistance Rxx is 

obtained by 2 1xx sdR V I−= , while the Hall resistance Rxy equals 2 4 sdV I− . Then the 

longitudinal and Hall resistivities are given by xx xxR W Lρ = and xy xyRρ = , respectively. 

Here W is the width of the graphene stripe and L the longitudinal separation between the 

involved voltage probes.  

Fig. 4.1(b) shows the configuration particularly suitable for low-dissipation 

measurements on highly resistive samples. A low-frequency (f < 10 Hz) voltage is 

applied between the source and drain electrodes by a function generator (Stanford 

Research Systems DS345) and a voltage divider (100:1 or 1000:1). The current (typically 

below 5 nA) flowing through source-drain is monitored by a low-noise current 
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preamplifier (Ithaco 1211 powered by batteries), the output of which is read by a lock-in 

amplifier (Stanford Research Systems SR830). Voltage differences between the voltage 

probes are amplified by high-input-impedance voltage preamplifiers (Stanford Research 

Systems SR560 with an input impedance 100MΩ || 25pF), and then recorded by lock-in 

amplifiers. 

        

Figure 4.1: (a) Four-terminal Hall-bar configuration for magneto-transport measurements. In this 
setup, longitudinal voltage Vxx and Hall voltage Vxy are sensed via the voltage probes when a 
certain excitation current I is driven through the source and drain electrodes. (b) Experimental 
setup for low-dissipation measurements. It is particularly suitable for highly resistive samples 
operated at low frequencies. The voltage output of a function generator is divided before being 
applied across the source and drain electrodes. The small current flowing through the sample is 
amplified by a low-noise current-preamplifier and then recorded by a lock-in amplifier. Any tiny 
voltage signal between the voltage probes is amplified by a high-input-impedance voltage-
preamplifier before being sent into by another lock-in amplifier.     
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All of our magneto-transport measurements are performed in a variable temperature 

insert (Oxford Instruments) with temperatures between 1.4 and 300 K. Samples are 

cooled by a continuous flow of 4He vapor. An external magnetic field (up to 15 T) 

perpendicular to the graphene plane is applied using a superconducting magnet. 

 

4.2 Quantum Hall effect and its breakdown in graphene 
 

             

Figure 4.2: Magneto-resistivities as a function of the applied back-gate voltage for the graphene 
device shown in the inset. Well developed quantum Hall plateaus with precisely quantized Hall 
resistivities and vanishing longitudinal resistivities occur at filling factors ±2, ±6 and ±10 
(indicated by the vertical black arrows with the corresponding filling factors on top). 

 
Fig. 4.2 depicts the longitudinal and Hall resistivities (ρxx and ρxy) as a function of the 

back-gate voltage Vbg for the sample shown is the inset. During the magneto-resistance 

measurement, a current bias of 100 nArms is applied in a magnetic field B = 14 T at a 
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temperature T = 1.6 K. The back-gate capacitance (see Chapter 3) is extracted by 

analyzing how the periodicity of the Shubnikov-de Haas oscillations changes with the 

back-gate voltage. The details of the extraction will be addressed later. The filling factor 

ν is calculated according to the formula /hn eBν = , where n is the carrier density in the 

graphene layer. During the back-gate sweep, Vbg is varied from -60 V to 60 V. The Fermi 

energy EF (strictly speaking, chemical potential when T > 0) in the 2DES is shifted 

continuously [11-13] with 

 F F F FE k v v nπ= = ±  , (4.8) 

where Fk nπ=  is the Fermi wave vector, vF is the carrier Fermi velocity and “+” and 

“-” signs stand for electrons and holes, respectively. In the figure, well-developed 

plateaus in ρxy appear with striking precisions in a sequence of ρxy = h/νe2, where ν = -10, 

-6, -2, 2, 6 and 10. Simultaneously, ρxx vanishes due to the suppression of back-scattering 

when EF is located in a gap of the LL spectrum [14]. The sign change in ρxy across the 

charge neutrality point (which is ~0.5 V in Vbg) reflects that the carrier type changes. 

Magneto-conductivities as a function of the back-gate voltage were obtained by using 

Eq. 4.4 and 4.5. They are plotted in Fig. 4.3(a). Fig. 4.3(b) schematically illustrates the 

formation of the quantum Hall plateaus in graphene through localization-delocalization 

transitions. During the back-gate sweep (from Vbg = -60 V to 60 V), electronic states in 

the broadened LLs are gradually filled up. When EF moves in the region of localized 

states (i.e. in the mobility gap), there is no conductivity in the longitudinal direction and 

the occupation of the extended states remains unchanged [15, 16]. Since the electric 

current is only carried by these extended states, the Hall conductivity will remain 

constant and hence give rise to a quantum Hall plateau. On the other hand, when EF 
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reaches the vicinity of the next LL, dissipation occurs in the system and the Hall 

conductivity quickly changes to the next plateau.  

                         

Figure 4.3: (a) Magneto-conductivities as a function of the back-gate voltage Vbg as well as the 
filling factor ν for the device in Fig. 4.2. The longitudinal conductivity σxx and the Hall 
conductivity σxy are calculated according to Eq. 4.4 and Eq. 4.5, respectively. Clearly, quantum 
Hall states in the graphene sample occur at filling factors in accordance with ν = ±4(|N|+1/2), 
where N is the Landau level index. Note the developing-plateau-like structure in σxy at ν ~ 0. (b) 
Schematic diagram for the process of localization-delocalization transitions in graphene during 
the back-gate sweep. Fermi energy EF in graphene is being shifted as carrier density changes. 
When EF moves in the region of localized states, σxx vanishes while σxy keeps constant, hence 
giving rise to a quantum Hall plateau. When EF reaches the delocalized states of the next LL, 
however, σxx becomes finite and σxy quickly changes to the next plateau. 
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In Fig. 4.3(a), the quantization of σxy occurs at integer filling factors with 

unconventional sequence (compared to the QHE sequences in regular 2DES) of 

 
2 214( )

2xy
e eN
h h

σ ν= − = ± + . (4.9) 

Here, N is the LL index (integer). A positive (negative) filling factor ν corresponds to 

electrons (holes). The factor “4” in the expression accounts for double spin degeneracy 

and double sub-lattice degeneracy (i.e. the two inequivalent Dirac valleys in the band 

dispersion of graphene; see Chapter 1), while the additional “1/2” in Eq. 4.9 shows that 

the QHE sequence in graphene is shifted with respect to the standard ones in regular 

2DES by 1/2 [1-3, 17]. This odd factor “1/2” can be understood as arising from the 

existence of the unique zeroth LL at zero energy in graphene, which is equally shared by 

electrons and holes [1-3, 13]. Or otherwise stated, the lowest LL in the conduction band 

and the highest LL in the valence band merge and hence contribute equally to the zero 

energy mode. It reflects the particle-hole symmetry in graphene [17]. 

A closer examination of Fig. 4.3(a) reveals that a plateau in σxy develops at ν = 0. It is 

accompanied also by a dip in σxx, as well as a kink feature in ρxy near the charge neutrality 

point in Fig. 4.2(a). This developing plateau at ν = 0 is only observed in high-quality 

samples, and is found to be better developed at lower excitation current probably because 

the associated energy gap is small and heating has to be avoided [18-20]. Fig. 4.4(a) 

shows σxy vs. Vbg at various current biases for the sample in Fig. 4.2. At Isd = 1 nA, the 

plateau region extends for over 2 V in Vbg. The fluctuations with low amplitude on this ν 

= 0 plateau are believed to originate from the fluctuations in ρxy in the close vicinity of 

the charge neutrality point (Fig. 4.4(b)). We suspect that the random network of electron-

hole puddles [21-23] at very low average carrier densities is responsible for these noise-
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like features. The behavior of σxx at Isd = 1 nA is depicted in Fig. 4.4(c). The dip near zero 

carrier density approaches 0 further when the amplitude of the excitation current is 

reduced. This trend has been verified by sub-nA measurements with the setup shown in 

Fig. 4.1(b). In the literature, data were reported at higher magnetic fields and/or lower 

            
 

Figure 4.4: Evolution of σxy (a), ρxy (b) and σxx (c) at ν ~ 0 with reduced excitation current. The 
plateau-like feature in σxy at ν = 0 at Isd = 1 nA has a width of above 2 V. σxx at ν = 0 shows a trend 
of approaching zero when the current decreases.               
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temperatures [18-20, 24]. This brought σxx at ν = 0 closer to zero. The quantum Hall state 

at ν = 0 originates either from a lifting of the spin or valley degeneracy. This is still 

debated continuously in the literature [18-20, 24-26].   

The QHE can also be observed by sweeping the magnetic field B while keeping the 

carrier density in the graphene layer constant, as depicted in Fig. 4.5(a). ρxy plateaus 

corresponding to filling factors -6, -10, -14, -18, -22, -26, … are resolved for the device 

shown in Fig. 4.5(b). The magneto-oscillations (Shubnikov-de Haas oscillations, SdHOs) 

in ρxx are essentially due to the successive depopulation of LLs with increasing B. ρxx 

goes through one cycle as the Fermi energy EF moves from the center of one LL to the 

center of the next LL (or alternatively, from the center of one mobility gap to the center 

of the next mobility gap) [27]. Hence, one magneto-oscillation in graphene corresponds 

to a change of 4 in the filling factor under the assumption that spin and valley 

degeneracies are not lifted.  

Fig. 4.5(c) highlights the linear part of ρxy vs. B at low magnetic fields in Fig. 4.5(a). 

It resembles the behavior of a classical Hall effect, where one may assume the 

equilibrium between the electric force and Lorenz force on a point charge moving in the 

direction of the current flow. The slope of ρxy yields an estimate for the carrier density in 

the 2DES according to the relation 

 xy
xy xy

sd

V BR
I en

ρ = = = . (4.10) 
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Figure 4.5: (a) Graphene longitudinal and Hall resistivities as a function of the magnetic field at 
a fixed carrier density of ~-2.2×1012 cm-2. Quantum Hall plateaus corresponding to such filling 
factors as -6, -10, -14, -18, -22, -26 … (indicated in the plot) are unambiguously resolved. The 
optical image of the sample is shown in (b). The classical Hall effect in ρxy(B) at low magnetic 
fields is highlighted in (c). (d) Numbering of successive local minima in ρxx(B) oscillations in (a) 
as a function of the inverse magnetic field at which the minima occur. The slope is proportional to 
the carrier density and follows from Eq. 4.12.  

 
Fig. 4.5(d) demonstrates the procedure for the estimation of carrier density in 

graphene based on the periodicity in the SdHOs in Fig. 4.5(a). For the filling factors 

corresponding to two successive local minima (or maxima) in the SdHO curve, we have  
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 1 2
1 2

4hn hn
eB eB

ν ν− = − = , (4.11) 

and this yields 

 
1 2

1 1 1 4( ) e
B B B h n

∆ = − = . (4.12) 

Therefore, we plot the positions of the successive minima in ρxx as a function of the 

inverse magnetic field as shown in Fig. 4.5(c). The period of the SdHOs is extracted from 

the slope. We then obtain a carrier density of ~-2.2×1012
 cm-2 for graphene. This agrees 

well with a thickness of ~280 nm for the SiO2 layer right underneath the graphene sheet 

(by assuming the dielectric constant of SiO2 to be 3.9). The thickness of SiO2 is further 

confirmed by an independent ellipsometry measurement. The agreement justifies the 

simple parallel-plate capacitor model introduced in Chapter 3. Alternatively, one can 

apply a Fourier transform to the original ρxx (when plotted on an inverse B axis) to extract 

the period of the SdHOs. 

 

4.3 The robust υ = 2 quantum Hall state 
 

When the current injected into a Hall-bar-shaped 2DES in the quantum Hall regime 

exceeds a certain critical value, the transport is no longer dissipationless and ρxx takes on 

a finite value instead of being zero. This is referred to as the breakdown of the QHE [15]. 

The magnitude of this breakdown current IC is important for metrology applications, 

where Hall resistance under quantum Hall conditions is used as the resistance standard. 

The precision of this type of quantum resistance standard is, however, subject to the 

observed linear relation  
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 xy xxsρ ρ∆ = , (4.13) 

where xyρ∆ is the deviation of the Hall resistivity from its ideally quantized value, and s 

is a proportionality factor varying between -0.01 and -1.1 [15, 28].   

       

Figure 4.6: Current density dependence of the longitudinal resistivity for the ν = 2 quantum Hall 
state at various temperatures (for the device in Fig. 4.5). When the current density J exceeds ~13 
A/m, ρxx increases rapidly with J. The critical current density JC signaling the breakdown of the 
quantum Hall effect is ~11 A/m if ρxx > 0.1 Ω [29] is used as the breakdown criterion. Between 
1.5 K and 10 K, JC shows a weak temperature dependence. 

  

Fig. 4.6 depicts the current density dependence of ρxx for the ν = 2 plateau of the 

graphene sample in Fig. 4.5 at a magnetic field of 14 T. In order to compare our data to 

the reported ones [29] in conventional 2DES, we adopt 0.1xxρ ≥ Ω as the criterion (which 

is somewhat arbitrary) for the breakdown of the QHE in graphene. The critical current 

density JC is found to be about 11 A/m for the ν = 2 quantum Hall state at B = 14 T, with 
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a rather weak temperature dependence between 1.5 K and 10 K. We notice that for the 

same magnetic field this JC in our graphene sample is several times higher than the 

measured values in conventional 2DES [15].  

                         

Figure 4.7: (a) Quantum Hall effect (in the device in Fig. 4.5) at a DC excitation current as high 
as 50 μA (or equivalently, at a current density of ~14 A/m). (b) QHE in the same device at a 
temperature of 100 K. In both cases, the ν = 2 plateau in σxy is well resolved and the 
corresponding ρxx remains close to zero, indicating a robust QH state at ν = 2 in graphene.  
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To further test the robustness of the ν = 2 quantum Hall state in graphene, we carried 

out magneto-transport measurements at higher temperatures and/or with very large 

excitation currents. Fig. 4.7(a) and (b) show the large-current QHE with Isd(DC) = 50 μA 

(corresponding to a current density of ~14 A/m) and high-temperature QHE at T = 100 K, 

respectively. In either case, the quantum Hall plateau at ν = 2 is well resolved, and the 

corresponding ρxx is vanishingly small. The survival of the ν = 2 QHE in graphene to 

these “extreme” conditions can probably be attributed to the large LL energy spacing 

between the zeroth and the first LLs in a moderate magnetic field. The observed 

extraordinarily robust QHE at ν = 2 suggests that graphene is an excellent candidate 

material for the quantum resistance standard. 
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Chapter 5  
 
Transport in gate-controlled graphene p-n junctions 
 

In this chapter, we report on four-terminal transport measurements in high-quality 

bipolar graphene devices featuring a hybrid top-gate dielectric. Electric fields applied by 

a global back-gate and a local top-gate enable independent control over the carrier type 

and density in two adjacent regions of the graphene sheet. The charge density in either of 

the regions can be varied across the charge neutrality point, allowing p-n (or n-p), p-p and 

n-n junctions to be formed at the interface. The local potentials on the two sides of the 

junction can be probed by multiple voltage contacts. The observed characteristic 

quantization of both the Hall and longitudinal resistances in a perpendicular magnetic 

field provides direct evidence for the equilibration of edge states at the p-n interface 

under quantum Hall conditions. Our experimental results are in excellent quantitative 

agreement with the Landauer-Büttiker formula [1] and the mode mixing model [2]. We 

also discuss the electrical characterizations on graphene p-n-p devices featuring an 

extremely thin (< 5 nm) h-BN (hexagonal boron nitride) top-gate dielectric that is 

prepared by a precise transfer of exfoliated h-BN films. The top gate is found to possess a 

very high coupling efficiency and a rather low leakage current. 
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5.1 Sample preparation and measurement setup 
 

The hybrid top-gate dielectric comprising oxidized Al and evaporated SiO2 is 

prepared according to the description in section 2.3.4. Fig. 5.1(a) shows the optical 

micrograph of a completed bipolar graphene sample with assigned electrical leads. A 

cross-section of the dual-gated device and the electrical biasing of the two gates (i.e. the 

local top-gate and the global Si back-gate) are illustrated in Fig. 5.1(b). The transport 

measurements are carried out in a four-terminal configuration as schematically 

represented in Fig. 5.1(c). 

 

Figure 5.1: (a) Optical image of a double-gated graphene device. The assignment of the electrical 
leads has been included. The purple dashed line highlights the edge of the graphene sheet, while 
the gold dotted line indicates one of the source/drain electrodes. (b) Cross-section view of the 
dually gated device in (a). (c) Schematic of the four-terminal measurement setup for the device in 
(a). VH (V15-17) and VL (V17-19) stand for Hall voltage (in magneto-transport measurements) and 
longitudinal voltage, respectively.  
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The bipolar graphene samples are cooled in a 4He cryostat. They are characterized at 

a temperature T ~ 1.5 K. The resistances are measured by the standard lock-in technique 

with a current bias of 100 nArms at 23.87 Hz. The top- and back-gate voltages are 

supplied by Yokogawa DC sources.  

 

5.2 Four-terminal transport at zero magnetic field 

For the dual-gated device in Fig. 5.1(a), Fig. 5.2(a) shows the two-dimensional (2D) 

color map of the longitudinal resistance ( 17 19 17 19 /− −= =LR R V I ) as a function of the top 

gate (Vtg, horizontal axis) and back gate voltage (Vbg, vertical axis) at zero magnetic field 

(B = 0 T). The horizontal band centered around Vbg ~ 0.8 V marks the charge neutrality 

point in the region without a top gate (region 1), while the diagonal band corresponds to 

the local resistance maxima in the top-gated region (region 2). These two bands divide 

the parameter space into four different quadrants of well-defined carrier types in the top-

gated and non-top-gated regions of the graphene sample. The crossing of the bands at (Vtg, 

Vbg) ≅ (-2.8 V, 0.8 V) indicates the position of the global charge neutrality point, where 

the resistance across the entire graphene sheet reaches the maximum. The small deviation 

of the center of the horizontal band from zero back gate voltage indicates a low chemical-

doping level in graphene after annealing. 
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Figure 5.2: (a) Two-dimensional color plot of the longitudinal resistance R17-19 as a function of 
gate voltages at B = 0 T and T = 1.5 K, manifesting independent control over the carrier type and 
density in region 1 (i.e. the non-top-gated part) and 2 (the top-gated part) of the graphene sheet. 
The carrier types are labeled in each of the four quadrants. The first letter corresponds to the 
carrier type in region 1. (b) RL(Vtg) extracted from (a) at Vbg = -30, -15, 0, 15 and 30 V. (c) RL(Vbg) 
extracted from (a) at Vtg = -4, -2, 0, 2 and 4 V.    

 
Fig. 5.2(b) shows RL as a function of Vtg at several fixed back-gate voltages. These 

horizontal cuts through Fig. 5.2(a) exhibit a single asymmetric peak. This peak 

corresponds to the charge neutrality point in the top-gated region (region 2). Fig. 5.2(c) 
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plots RL versus Vbg at five fixed Vtg. These curves correspond to the vertical cuts through 

the 2D map in Fig. 5.2(a). Slices for Vtg ≥ 0 V clearly manifest a double-peak feature that 

reveals the presence of two charge neutrality points across the graphene sheet. In this 

case, the weaker peak, which remains close to Vbg ~ 0.8 V at all Vtg, corresponds to the 

charge neutrality point of region 1 (non-top-gated region). The stronger peak, which 

moves linearly with Vtg, is the charge neutrality point of region 2 (top-gated region). The 

differences in peak height reflect the different length-to-width ratios of the regions with 

and without top-gating between potential probes 17 and 19.  

Electric fields applied by the back and top gates allow independent control over the 

carrier type and density in region 1 and 2 of the graphene sheet. From simple geometry 

consideration, the average carrier density in region 1 (non-top-gated part) is given by [3] 

(see also chapter 3): 

 
0

1

( )−
= bg bg bgC V V

n
e

, (5.1) 

where Cbg is the back gate capacitance (per unit area) and 0
bgV  is the charge neutrality 

point in region 1 (~0.8 V in this case). In region 2, the average carrier density is 

modulated by both the back gate and top gate according to:  

 
0

2 1

( )tg tg tgC V V
n n

e
−

= +  (5.2) 

where Ctg is the top gate capacitance (per unit area), and 0
tgV  is the (top-gate) charge 

neutrality point in region 2 when Vbg ~ 0.8 V ( 0 2.8tgV ≈ − V for the sample in Fig. 5.1(a)). 

It is assumed in Eq. 5.2 that the top-gated region has the same 0
bgV  as the non-top-gated 

part, and this assumption is justified by the existence of the (single) global neutrality 
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point where both n1 and n2 vanish. Obviously, the horizontal band in Fig. 5.2(a) is 

defined by letting n1 = 0 in Eq. 5.1, while n2 = 0 in Eq. 5.2 renders the diagonal one. The 

slope η of this skewed line yields the ratio of the coupling efficiencies of the two gates to 

the graphene sheet with / 7.0tg bgC Cη = ≈ . Since the gate capacitive coupling C is 

defined by 

 0 rC
d
ε ε

= , (5.3) 

where 0ε is the permittivity of free space, rε is the dielectric constant of the gate dielectric 

and d is the thickness of the dielectric layer, the ratio of the coupling efficiencies equals: 

 7.0tg bg

bg tg

d
d

ε
η

ε
= ⋅ ≈ , (5.4) 

where dbg and εbg are the thickness and dielectric constant of back-gate dielectric (~300 

nm thick dry-oxidized SiO2 with εbg ~ 3.9 in this case), and dtg and εtg are the top-gate 

counterparts of dbg and εbg. We estimate dtg to be around 43 nm (which has been 

calibrated in other samples fabricated with exactly the same procedure); by placing these 

numbers in Eq. 5.4 we obtain εtg ~ 3.9. This value is very reasonable considering the fact 

that the hybrid top-gate dielectric comprises thermally deposited SiOx (x → 2) and a very 

thin (1-2 nm thick) layer of oxidized Al (the dielectric constant of Al2O3 is about 9). 
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Figure 5.3: I-V plots at the gate voltage settings (Vtg, Vbg) = (-7.8V, 10V), (1V, 30V), (3.8V, -20V) 
and (-6V, -30V). These four points are randomly picked out from each of the four quadrants in 
Fig. 5.2(a). The ohmic I-V behavior here represents the linear characteristics throughout the 
whole (Vtg, Vbg) plane. 

  

Fig. 5.3 depicts the current-voltage (I-V) characteristics measured between the source 

and drain contacts at various (Vtg, Vbg) combinations in a two-terminal configuration. The 

I-V traces are linear and show no sign of rectification (which is seen in conventional Si p-

n diodes) in any of the four quadrants in the (Vtg, Vbg)-parameter space or at either of the 

charge-neutral ridges between quadrants. This type of ohmic behavior does not come as a 

surprise. Graphene is a gapless material with a linear energy-momentum dispersion 

relation at low energies. The conservation of the pseudospin degree of freedom allows 

reflectionless (“Klein”) tunneling at the p-n interface independent of the height and width 

of the potential barrier [4-8] (see also chapter 1). By comparing the resistance values to 

those obtained by four-terminal measurements, we estimate the contact resistance at the 
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interface between the source/drain metal contacts and the graphene sheet to be close to 1 

kΩ.  

 

5.3 Four-terminal transport in the quantum Hall regime 

In this sub-chapter, discussions are focused on four-terminal magneto-resistances in 

such a dual-gated graphene device as shown in Fig. 5.1(a) under quantum Hall conditions. 

In a doubly gated graphene sheet, the quantum Hall edge modes can propagate along 

or across the “p-n” interface, depending on whether the device operates in the bipolar or 

unipolar regime [2]. The propagating direction of the edge states is determined by the 

direction of the external magnetic field and the carrier type. In the bipolar regime, edge 

modes in the p and n sides of the graphene layer travel in the opposite directions along 

one edge of the carbon sheet until they meet at the p-n boundary. Then all the modes 

move (in the same direction) along the interface, where mode mixing (i.e. equilibration of 

the electrochemical potential) and energy dissipation occur. The scenario is rather 

different when a double-gated graphene device operates in the unipolar regime. In this 

case, the quantum Hall edge states in the top-gated and non-top-gated regions circulate in 

the same direction, and the conductance between the source and drain electrodes is 

determined by the modes that permeate the whole graphene layer[2]. Reported 

experiments on a two-terminal graphene p-n junction [6] showed that its conductance 

under the quantum Hall conditions can be adequately interpreted within the Landauer-

Büttiker formalism. 

Here we employ a four-terminal setup to examine the picture of mode 

mixing/transmission at the “p-n” interface in the quantum Hall regime. Local voltage 
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probes on the two sides of the junction not only eliminate the measurement uncertainties 

caused by contact resistances, but also allow us to study the nature of mode 

propagation/interaction by monitoring the local potentials along the two edges of the 

graphene layer across the “p-n” boundary. 

For the sample in Fig. 5.1(a) in a perpendicular magnetic field of 14 T, Fig. 5.4 shows 

the calculated Hall resistance RH (for the sake of simplicity, only the corresponding 

filling factor numbers ν in RH = h/νe2 are displayed) as a function of the gate voltages in 

the quantum Hall regime. RH in the non-top-gated and top-gated regions is denoted by the 

first and second filling factor numbers, respectively. The boundaries of various quantum 

Hall parallelograms in the parameter space of gate voltages are defined by a set of 

horizontal and skewed lines. These lines correspond to such filling factor values as 0, ±4, 

±8… on the two sides of the graphene junction. For region 1 (i.e. the part of the graphene 

sheet without top-gating), the filling factor ν1 is given by 

 
0

1
1 2

( )bg bg bghC V Vn h
eB e B

ν
−

= = , (5.5) 

where B is the perpendicular magnetic field and n1 is the carrier density. For the filling 

factor ν2 in region 2 (with top-gating), similarly we have: 

 0 02
2 2 ( ) ( )bg bg bg bg tg tg

n h h C V V C V V
eB e B

ν η = = − + −  . (5.6) 

By letting ν1,2 = 0, ±4, ±8… in Eq. 5.5 and 5.6 (Cbg, η, 0
bgV and 0

tgV  are all already known), 

we specify the boundaries of the quantum Hall regions and thus obtain the pattern shown 

in Fig. 5.4.  
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Figure 5.4: Expected Hall resistances RH (represented by the associated filling factor numbers ν 
with RH = h/υe2) in the non-top-gated (indicated by the first filling factor number) and top-gated 
parts of the graphene layer as a function of gate voltages under quantum Hall conditions (at B = 
14 T). The boundaries of the quantum Hall parallelograms are defined by ν1,2 = 0, ±4, ±8… The 
gate voltage dependence of ν1,2 is given by Eq. 5.5 and 5.6. The thicker blue and red lines indicate 
a zero filling factor (i.e. a vanishing carrier density) in the regions without and with top-gating, 
respectively. 

     

A 2D color map for the Hall resistance in region 1 measured between probe 13 and 

19 at B = 14 T is shown in Fig. 5.5(a). It comprises a few horizontal bands that 

correspond to the characteristic Hall plateaux in graphene under quantum Hall conditions 

(see Chapter 4). Fig. 5.5(b) and (c) display a horizontal and a vertical cut across the 2D 

map, respectively. The perfect flatness of the curve in Fig. 5.5 (b) manifests that the Hall 

resistances in region 1 are indeed independent of the top-gate voltage.   
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Figure 5.5: (a) 2D color map of the Hall resistance R13-19 in the non-top-gated region at B = 14 T. 
A horizontal and a vertical slice are shown in (b) and (c) respectively.  

 

For region 2, the Hall resistance in the (Vtg, Vbg) space at B = 14 T is shown in Fig. 

5.6(a). The slope of those skewed bands corresponds to the ratio of the coupling 

efficiencies of the two gates to the graphene sheet. A horizontal and a vertical slice across 

the color map are depicted in Fig. 5.6(b) and (c), respectively. Characteristic quantum 

Hall plateaus (for graphene) are resolved with striking precisions in both the electron and 
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hole regimes. This clearly demonstrates that our hybrid-gate-dielectric-based top-gating 

technique is capable of rendering high-quality bipolar graphene devices, where both the 

probing of local potentials and the changing of carrier type/density are realized in a very 

convenient way. 

     

Figure 5.6: (a) 2D color plot of the Hall resistance R15-17 in the top-gated region at B = 14 T. The 
slope of the skewed bands gives the ratio of the coupling efficiencies of the two gates (the local 
top-gate and the global back-gate) to the graphene sheet. The curves in (b) and (c), which show 
the characteristic quantum Hall plateaus for graphene on both the electron and hole sides, 
correspond to the horizontal and the vertical cuts in (a), respectively.  
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Figure 5.7: Schematic of quantum Hall edge modes in a double-gated graphene junction for three 
different combinations of carrier type and direction of magnetic field (a-c). Mode mixing at the p-
n interface in the bipolar regime (a and c) leads to the equilibration of electrochemical potentials 
among edge modes. In the unipolar regime (b), however, some modes can transmit through the 
interface without mixing. For each of the three scenarios, the expected longitudinal resistances 
(under the assumption of a complete mode mixing) are given on the right hand side.   

  

On the basis of Fig. 5.4, 5.5, 5.6 and the theory about the propagation and mixing of 

edge modes [1, 2], a prediction of the longitudinal resistances across the “p-n” interface 

can be made for the device in Fig. 5.1(a). Let us start with the quantum Hall states that 

are represented by the parallelogram (-2, 2) in Fig. 5.4. Fig. 5.7(a) sketches the traveling 

of the edge modes in this configuration. According to the theory in Ref. [2], counter-
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circulating edge states in n and p regions of the graphene layer send electrons and holes 

from source/drain reservoirs to the p-n interface, where equilibration of electrochemical 

potentials takes place. Energy dissipation makes this region a “hot-spot”. When the edge 

modes leave the interface area after a full mode mixing, probes 17 and 19 become 

equipotential. Hence, the longitudinal resistance between these two voltage probes is: 

 17 19
17 19 0V VR

I−
−

= = , (5.7) 

where I is the excitation current and V17 and V19 are the local potentials at lead 17 and 19, 

respectively. For the longitudinal resistance along the other edge of the graphene sheet, 

we have: 

 15 13 15 17 13 19
15 13 15 17 13 19 2 2

2 1

1 1V V V V V V h hR R R
I I I e eν ν− − −
− − −

= = − = + = + . (5.8) 

Modeling shows that relationships similar to Eq. 5.7 and 5.8 can be applied to the whole 

bipolar regime.  

Let us proceed to examine the unipolar case. The schematic diagram in Fig. 5.7(b) 

illustrates the modes traveling picture for a point in parallelogram (-2, -6) in Fig. 5.4. 

Here, the edge modes in region 1 and 2 circulate in the same direction. According to the 

theory [2], there is no mode mixing at the interface between the two regions; instead, 

some of the edge modes transmit through the p-p+ boundary and permeate the whole 

graphene layer. The modes that propagate along the lower edge of the graphene sheet 

originate from the same carrier reservoir. Due to the suppression of backscattering in the 

quantum Hall regime, the voltage probes 17 and 19 are equipotential, yielding 

 17 19
17 19 0V VR

I−
−

= = . (5.9) 
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The longitudinal resistance between probes 15 and 13 can be expressed as: 

 15 13 15 17 13 19
15 13 15 17 13 19 2 2

2 1

1 1V V V V V V h hR R R
I I I e eν ν− − −
− − −

= = − = − = − . (5.10) 

Furthermore, expressions similar to Eq. 5.9 and 5.10 are found generally applicable to the 

whole unipolar regime.   

By reversing the magnetic field in Fig. 5.7(a) while keeping the carrier type and 

density unchanged, we obtain the diagram shown in Fig. 5.7(c). The circulation directions 

of the edge modes in both the n and p regions are now inverted compared to their original 

states in Fig. 5.7(a). This gives 

 15 13
15 13 0V VR

I−
−

= =  (5.11) 

and  

 17 19 17 15 19 13
17 19 17 15 19 13 2 2

2 1

1 1V V V V V V h hR R R
I I I e eν ν− − −
− − −

= = − = + = + . (5.12) 

By comparing Eq. 5.11 and 5.12 to Eq. 5.7 and 5.8, we find that reversing of the 

magnetic field interchanges the longitudinal resistances between the two opposite edges 

of the graphene sheet. The same effect is also perceived for the unipolar configuration.  

Now we are ready to examine the measured longitudinal resistances for the device in 

Fig. 5.1(a). A 2D color plot for the resistance between electrodes 15 and 13 (R15-13) in a 

magnetic field B = 14 T is displayed in Fig. 5.8(a). The resistance between leads 17 and 

19 (R17-19) measured under the same conditions is shown in Fig. 5.8(b). Fig. 5.8(c) and (d) 

depict the color maps for R15-13 and R17-19 at B = -14 T. Horizontal slices at Vbg = -9 V and 

vertical cuts at Vtg = -3 V across the color maps are plotted in Fig. 5.8(e) and (f), 

respectively. 
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Figure 5.8: 2D color plots of measured longitudinal resistances RL in (Vtg, Vbg) space at B =14 T 
(a and b) and -14 T (c and d). Note that the two pairs of potential probes (pair 15-13 and pair 17-
19) involved in voltage measurements are on the two opposite edges of the dual-gated device in 
Fig. 5.1(a). The horizontal and skewed gray lines highlight the charge neutrality points in the 
regions without and with top-gating. Four horizontal (indicated by the dashed black lines) and 
two vertical (indicated by the dashed red lines) cuts across the 2D maps are shown in (e) and (f), 
respectively. In panel (e), RL plateaux at h/3e2, 0 and h/e2 are resolved. In panel (f), R15-13 vanishes 
at various back-gate voltages.  
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The trace for R15-13 at B = 14 T in Fig. 5.8(e) penetrates the p-p and p-n quadrants. 

Between Vtg = -6.5 V and Vtg = 1.0 V, three plateaux are resolved. From left to right, the 

first plateau corresponds to filling factors ν1 = -2 and ν2 = -6 for the non-top-gated and 

top-gated parts of graphene, respectively (see Fig 5.5(a) and 5.6(a)). Based on Eq. 5.10, 

we expect h/3e2 for the first R15-13 plateau, and our measured resistance number is within 

3% deviation of this anticipated value. The plateau in the middle features (ν1, ν2) = (-2, -2) 

with a vanishing R15-13 as expected. The plateau on the right is associated with filling 

factors (ν1, ν2) = (-2, 2). According to Eq. 5.8, the expectation for R15-13 here is h/e2 (or 

equivalently, 25.8128 kΩ). Our measurement yields 25.86 kΩ, a rather precise match. 

The plot for R17-19 at B = 14 T in Fig. 5.8(e) shows three valleys. They occur right at the 

top-gate voltages that are associated with the plateaux in R15-13 (at B = 14 T). The 

vanishing R17-19 at these positions results either from a suppression of backscattering in 

the quantum Hall regime (the first two valleys counted from left to right) or from a full 

equilibration of the electrochemical potential at the p-n interface during mode mixing (the 

third valley). The zero-resistance states in Fig. 5.8(f) correspond to the situations where 

both the top-gated and non-top-gated regions have the same carrier type and an equal 

number of edge channels.  

Finally, we stress the fact that the 2D map for R15-13 (R17-19) at B = 14 T is essentially 

identical to that of R17-19 (R15-13) at B = -14 T, as predicted by our modeling. 
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5.4  Graphene p-n-p devices with boron nitride as the top-gate 
dielectric 
 
5.4.1  Transferred BN films as the top-gate dielectric 
 

An atomically thin insulating film can be crucial to the investigation of such 

interesting topics in graphene physics as quantum capacitance measurement [9] and 

Coulomb drag between closely spaced graphene layers [10]. By utilizing the precise 

transfer technique introduced in section 2.3.5, we are able to place a few-nanometer-thick 

hexagonal boron nitride (h-BN) sheet on top of graphene.  

Fig. 5.9 displays the optical images taken during the fabrication of a double-gated 

graphene device using a transferred h-BN film as the top-gate dielectric. Note the h-BN 

chunks on the target substrate after transfer (Fig. 5.9(b)-(d)). Owing to their good 

visibility, these relatively thick h-BN pieces are especially helpful in locating the thin and 

faint-colored source h-BN sheet on the PMMA membrane.  

              

Figure 5.9: Optical micrographs of an h-BN sheet (source) before (a) and after (b and c) being 
transferred onto a graphene flake (target). The finished dual-gated device with the transferred h-
BN film as the top-gate dielectric is shown in (d). The black arrows point to two h-BN chunks 
with thicknesses larger than 10 nm. Alignment marker dimension = 5 μm × 5 μm.    
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5.4.2  Electrical characterizations 
 

Fig. 5.10(a) shows the zoomed-in optical micrograph of a completed p-n-p device 

with the assignment of the electrical leads. A cross-section view of the sample is 

illustrated in Fig. 5.10(b). Four-terminal characterizations depicted in Fig. 5.10(b)-(d) 

indicate a reasonable electronic quality for the uncovered part of the graphene sheet.  

 

Figure 5.10: (a) Optical image of a graphene p-n-p device with assigned electrodes. The h-BN 
top-gate dielectric with a measured thickness of 2.5-3.0 nm appears bluish in the micrograph. (b) 
Cross-section view of the p-n-p device. (c)-(e) Transport measurements performed in a four-
terminal configuration on the exposed part of the graphene sheet at room and low temperatures. 

 
A 2D color rendition of the resistance between probes 23 and 13 at B = 0 T is shown 

in Fig. 5.11. The slope η of the diagonal band gives the ratio of the coupling efficiencies 

of the two gates to the graphene sheet as discussed in the previous section. This yields 

 / 97bgh BN
tg bg

bg h BN

d
C C

d
εη
ε
−

−

= = ⋅ ≈ , (5.13) 
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where εh-BN is the dielectric constant of h-BN crystal along the c-axis and dh-BN is the 

thickness of the h-BN film. By assuming εh-BN ~ 3.5 [11, 12], εbg ~ 3.9 and dbg ~ 300 nm, 

we obtain dh-BN ~ 2.8 nm. This is in good agreement with the measured thickness (2.5-3.0 

nm) by tapping-mode AFM topography. 

                           

Figure 5.11: 2D color map of resistance across the top-gated region (between contacts 23 and 13 
of the sample in Fig. 5.10(a)) as a function of gate voltages at B = 0 T and T = 1.5 K. The slope of 
the skewed band (highlighted by the dashed gray line) corresponds to a top-gate coupling 
efficiency ~97 times of the Si back-gate. 

In Fig 5.11, we notice that the diagonal band that is associated with the local 

resistance maxima in the top-gated region is relatively wide. One possible reason for this 

broadening is the existence of electron and hole puddles in the vicinity of charge 

neutrality [13-16] in the top-gated part of graphene. Even though the charge 

inhomogeneity tends to be smoothed out at high carrier densities, the effect of the random 

network of electron and hole droplets becomes non-negligible when the average carrier 

density in graphene approaches zero. The broadening of the skewed band may also be 

related to the ripples [17] and wrinkles in the h-BN and graphene sheets. The presence of 
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wrinkles is evidenced by AFM topography measurement, as well as the SEM image in 

Fig. 5.12, where the locations of the winkles are indicated by blue arrows. AFM 

topography shows that the height of these bumps is typically below 5 nm. According to 

Eq. 5.3, unevenness in spacing between the metal top-gate and the graphene layer will 

result in a spatial inhomogeneity in gate coupling. This non-uniformity in (top) gate 

capacitance is no longer negligible when the thickness of the gate dielectric shrinks to a 

few nanometers. The root cause that accounts for the local deformations in transferred h-

BN films is not totally clear yet. Nevertheless, we suspect that the stress applied to the h-

BN film during mechanical exfoliation and/or the dissolution of the PMMA membrane 

(after transfer) in a warm organic solvent might probably play a role. 

               

Figure 5.12: (Secondary electron) SEM image of the top-gated area showing the presence of 
wrinkles (highlighted by the blue arrows) in both the h-BN and graphene sheets. Earlier AFM 
topography reveals that the local bumps in these thin films have a height below 5 nm. 

 

Now let us examine the insulation properties of the transferred thin h-BN films. Fig. 

5.13(a) depicts the DC I-V characteristic measured through a 2.5-3.0 nm thick h-BN sheet 

at a temperature of 1.5 K. The curve exhibits a tunneling-like behavior. The overlap area 
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among the metal top-gate, the dielectric film and the graphene sheet is around 5 µm2. The 

leakage current is lower than 1 nA at a top-gate voltage of no higher than 0.5 V. Above 

0.5 V, however, the leakage current rapidly increases. To our surprise, up to a 2-volt 

voltage difference between the top and bottom surfaces the h-BN film still shows no sign 

of a “hard” breakdown. The DC I-V feature for a slightly thicker h-BN sheet is displayed 

in Fig. 5.13(b). AFM topography on this film yields a thickness of 4.0-4.5 nm. To make 

the comparison for leakage current easier, we have carefully patterned the metal gate on 

top of this h-BN specimen such that the overlap between the top-gate metal and the 

underneath thin films (i.e. h-BN and graphene) is also about 5 µm2. The room-

temperature leakage current through the h-BN layer is found to be well below 1 nA for a 

top-gate voltage as high as 2 V. The highly insulating state in thin h-BN films suggests 

their potential applications as ultra-thin dielectric layers. 

 

Figure 5.13: DC tunneling-like I-V plots for thin h-BN layers. The insets in (a) and (b) are the 
optical images of the two top-gated devices (h-BN thickness in (a): 2.5-3 nm; in (b): 4.0-4.5 nm). 
During measurement, a voltage Vtg is applied to the metal top-gate and the graphene sheet is 
grounded. The leakage current through the h-BN films is recorded. The black arrows indicate the 
direction of the voltage sweeps. In both devices, the overlap between the metal top-gate and the 
underneath h-BN and graphene sheets is close to 5 µm2. 
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 Chapter 6  
 
Detection of Landau emission from graphene: system 
design and preliminary optimizations 
 

In this chapter, we report on our preliminary attempts in designing and optimizing a 

compact system for the detection of the inter-Landau-level radiative transitions (i.e. 

Landau emission) in graphene devices. The emission power is estimated to be extremely 

low (<10-11 W). The mid-infrared photodetector is operated in a highly resistive state due 

to the lack of background radiation in the surrounding environment. Various efforts in 

improving the sensibility of the detection system and reducing the noise level in the 

circuit are discussed. We introduce a non-destructive deposition of radiation-blocking 

structures on top of the two “hot spots” (energy dissipation corners in the quantum Hall 

regime) along one diagonal of the graphene Hall-bar, such that the Landau emission from 

the emitter can be selectively blocked out depending on the direction of the magnetic 

field. Thus even for the same amount of input electric power into the graphene emitter, 

the Landau radiation that reaches the photodetector differs. The response of the 

photodetector in the “radiation-blocked” situation, where a smaller portion of the Landau 

emission arrives at the detector, is recorded as the reference signal. Subsequently, 

radiation identification is carried out in a reversed magnetic field.  
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6.1 Inter-Landau-level transitions in graphene 
 

In conventional semiconductors with parabolic dispersion a magnetic field B will 

quantize the “free-carrier” energy levels into a series of Landau levels. The level 

separation is directly proportional to B. As early as 1960, researchers already recognized 

that radiative transitions between Landau levels (i.e. Landau emission) might give rise to 

a wavelength-tunable laser [1]. In 1972, Gornik observed Landau emission from n-InSb 

[2]. Decades later, Komiyama’s group systematically studied the spontaneous cyclotron 

emission from the finite two-dimensional electron gas (2DEG) layers in GaAs/AlGaAs 

heterostructures [3-12]. In all these experiments, the radiation was generated by electrical 

excitations. Nonequilibrium hot electrons that are heated up by applied electric fields lead 

to population of Landau levels (LLs) with higher energies, rendering inter-Landau-level 

radiative transitions possible. 

The allowed inter-Landau-level transitions in graphene conform to the following 

selection rule [13-17]: 

 1final initialN N N∆ = − = ± , (6.1) 

where N is the Landau level index.  

The Landau level energies in graphene are expressed as (see section 4.1): 

 2N FE v e B N= ±  , (6.2) 

where Fv is the Fermi velocity (~106 m/s [18, 19]), B is the magnetic field and the 

positive and negative signs stand for electrons and holes, respectively.  

In a 2D electronic system with 2-fold spin degeneracy and 2-fold sublattice 

degeneracy, the Fermi wave vector Fk is related to the carrier density n by [20]: 
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 Fk nπ= . (6.3)  

For the relativistic particles (carriers) in graphene, the linear energy-momentum 

dispersion gives the relation between energy and carrier density [21]:  

 F F F FE k v v nπ= ± = ±  , (6.4) 

where FE is the Fermi level (to be precise, chemical potential if temperature T > 0). In 

section 3.2, we already showed that carrier density n is proportional to the gate coupling 

and effective gate voltage ( 0( )g gn V V∝ − , where 0
gV is the gate voltage at which the 

sample reaches on average charge neutrality). In the presence of a perpendicular 

magnetic field, this tunability of EF (by changing n) implies that FE can be placed 

between two specified Landau levels so that a “desirable” inter-Landau-level optical 

transition might take place. The calculated LL spectra in graphene as a function of the 

magnetic field B is shown in the left panel of Fig. 6.1, whereas a theoretically allowed 

inter-Landau-level transition between LL0 and LL1 at a magnetic field of 14 T is 

schematically illustrated in the right panel.  

Fig. 6.2 shows the energies associated with the transitions between neighboring LLs 

in graphene as a function of the magnetic field B. These calculated values are in good 

agreement with the observations in magneto-transmission studies [13, 15, 17]. For 8B ≥ T, 

almost all these transition energies fall within the mid-infrared (MIR) regime. 
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Figure 6.1: Left: Calculated LL spectra of graphene as a function of the magnetic field B using 
Eq. 6.2. Right: schematic representation of a possible optical transition between the zeroth and 
the first LL at B = 14 T. The density of states and electron populations at various LLs are 
sketched. The chemical potential ε corresponds to a filling factor ν ~ 2. The nonequilibrium hot 
electrons that have been excited from LL0 onto LL1 by the applied electric field are indicated in 
red. 
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Figure 6.2: Theoretically expected LL transition energies in graphene as a function of the 
magnetic field. The pair of involved LLs is indicated for each of the transitions. 

 
 
 
6.2 System design and experimental methods 
 

The emission efficiency (i.e. the ratio of the Landau emission power over the 

dissipated electrical power) in the 2D electronic system in GaAs/AlGaAs heterostructures 

was found to be about 10-6 [3]. On the basis of the similarities between our detection 

setup (which will be addressed in the following text) and the one reported by Henriksen 

[22] in his magneto-transmission experiments, we (very roughly) estimate that the 

collection efficiency (the radiation that can be effectively collected by the photodetector 
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over the total Landau emission power) of our photodetector is on the order of 1%. These 

two ratios give a first estimation about the intensity of the Landau radiation that may 

reach our detector: for 1 mW total input power into the graphene emitter, probably only 

~10-11 W (or even less) Landau emission may be directly seen by the detector. Hence, it 

is necessary to have an extremely sensitive photodetector working at MIR wavelengths. 

A Si:B (i.e. Si substrate doped with boron atoms) photoconductive detector from 

IRLabs Inc. with a square-shaped receiving surface (effective area: 1 1× mm2, see Fig. 6.3) 

appears to be a good candidate. The spectral response of the detector spans from 5 µm to 

30 µm, with a current responsivity of 28.6 A/W (calibrated with a standard blackbody 

emitter) at an incoming wavelength λ = 17.5 µm. During operation, incident radiation 

ionizes the boron dopants in the Si substrate of the detector, thus creating holes in the 

valence band of Si and making the material photoconductive. Consequently, only holes 

contribute to the photocurrent. In principle, this type of photodetector should work at low 

temperatures where thermal ionization of the dopant atoms has barely set in. 

 

Figure 6.3: Optical image of the broadband Si:B photoconductive detector from IRLabs Inc. The 
receiving surface (shown in the center of the micrograph) is a 1mm×1mm square. 
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Figure 6.4: (a) Schematic of the sample holder assembly containing both the emitter and the 
optics for mid-infrared radiation detection. The graphene emitter is mounted on the sample stage. 
The top surface of the sample stage has a good contact with one end of a light pipe ensuring a 
large solid angle for radiation collection. A parabolic cone for wave condensation can move 
inside the light pipe along the z-direction. The Si:B photodetector is installed right at the exit 
aperture of the cone. This sample holder is operated inside a variable temperature insert of a 4He 
cryostat. (b) The real emitter-detector assembly. 
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Fig. 6.4(a) depicts the schematic of the sample holder housing both the graphene 

emitter and the Si:B photodetector. During operation, the oxidized Si substrate with a 

graphene emitter on top is mounted on the sample stage. One flat end (rim) of a light pipe 

made of polished brass touches the top surface of the sample stage, so that the solid angle 

for emission collection is about 180°. Inside the light pipe there is a gold-plated Winston 

cone that is in close contact with the pipe and can move along the z-axis. The entrance 

aperture of the cone is about 16 mm in diameter; while the exit is 2 mm. This parabolic 

cone is utilized to concentrate the incoming radiation. Our Si:B photodetector is installed 

right at the exit aperture of the cone, so that MIR waves passing through the relatively 

large entrance aperture can always be concentrated onto the radiation-collecting surface 

(1 1× mm2) of the detector. To monitor the local temperatures nearby the emitter and the 

detector, two high-precision temperature sensors are installed in close proximity of the 

sample stage and the photodetector, respectively. The sample holder assembly resides in 

a variable temperature insert (VTI) of a 4He cryostat. By manipulating the 4He vapor 

pressure and the input power to an embedded heater in the VTI, temperatures between 1.4 

K and 200 K can be obtained in the insert space. The real probe that contains both the 

graphene emitter and the Si:B photodetector is shown in Fig. 6.4(b). 
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Figure 6.5: Schematic of the radiation detection circuit. The graphene emitter is electrically 
excited by an AC function generator at a certain frequency (fundamental frequency) between 10 
and 130 Hz. Battery packs are utilized to bias the photodetector and to power the preamplifiers. 
The photocurrent is amplified by either a low-noise current preamplifier or a high-input-
impedance voltage preamplifier. Lock-in technique is employed to pick out the photosignal either 
at the fundamental excitation frequency (when the electrical excitation is a square wave) or at its 
second harmonic (when the excitation has a sinusoidal waveform). 

 
Fig. 6.5 illustrates the schematic diagram of the radiation detection circuit. Due to the 

space limitations, there is no mechanical chopper in the sample holder. We use a low-

frequency AC (strictly speaking, oscillating) current (or voltage) to excite the graphene 

emitter, and employ the standard lock-in technique to measure the oscillating 

photocurrent (note that the photodetector is biased by DC batteries). The frequency of the 

electrical excitation ranges between 10 and 130 Hz. This frequency band is selected 

based on the trade-off between the 1/f noise level and the RC time constant in the 

photosignal amplification circuit. Higher excitation frequencies offer lower 1/f noise, but 

also demand a relatively small RC constant in the detection circuit. The waveform for the 

excitation current or voltage can be either sinusoidal or square. In the case of a sine-wave 
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excitation, a photosignal at the second harmonic of the fundamental excitation frequency 

f should be collected. This is because the input excitation power is proportional to the 

square of the applied current or voltage, and mathematically the square operation on a 

sinusoidal wave gives its second harmonic. Alternatively, when the excitation current or 

voltage is a square wave that oscillates between zero and a certain level, a photosignal at 

the fundamental excitation frequency is to be recorded.  

 

 

Figure 6.6: Schematic diagram for the circuit inside a home-made detector bias-box. The 1 μF 
by-pass capacitor filters out high-frequency glitches. The 10-kΩ potentiometer makes the output 
of the battery tunable between ±9 V. The closing position of the two blades (indicated by the blue 
lines) of the polarity switch determines the sign of the output voltage (the lower solid blue lines 
correspond to a positive output, while the upper dashed ones correspond to a negative voltage).  

 
Since the radiation power reaching the detector is expected to be extremely low, it is 

necessary to take measures reducing the noise level in the detection circuit. The cross-talk 

between the emitter and the detector needs to be suppressed and any grounding loop in 

the circuit must be eliminated. We introduced a home-made bias-box to provide a clean 

DC bias to the photodetector. The circuit diagram is shown in Fig. 6.6. The 10-kΩ 

potentiometer in the metallic housing makes the bias voltage continuously tunable 

between +9 V and -9 V. The polarity switch offers a convenient inversion of the bias 

polarity. Coax cables are used to wire the photodetector. All the other wires in the sample 
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holder are protected by a highly insulating coating, and are physically separated from one 

another. To reduce the noise level and to prevent any possible grounding loop induced by 

the AC power supplies, we use batteries to power the preamplifiers. With all these means, 

a noise level as low as ~10 fA has been achieved in our detection circuit. 

 

           

Figure 6.7: Dark (leakage) current characteristic of the Si:B photodetector at various 
temperatures (B = 0 T). Generally, at elevated temperatures the detector becomes less resistive 
and the RC constant in the detection circuit decreases accordingly. Meanwhile, the noise level 
increases rapidly with temperature. 

 
Due to the lack of an optical window in our system, essentially no background 

radiation can propagate into the sample space. Therefore, without the emission from the 

graphene emitter the Si:B photodetector will work in a fully dark environment. Fig. 6.7 

depicts the detector’s dark current characteristic as a function of the bias voltage at 
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various temperatures. To avoid too large an RC constant in the detection circuit, the 

detector is operated at temperatures (e.g. up to 16 K) higher than most of those reported 

in the literature [23]. The side effect is, however, that the noise level in the circuit 

increases considerably with temperature. We optimize the bias voltage to the 

photodetector so that both a high sensitivity (by the maximization of dI dV  in the I-V 

characteristic) and a moderate resistance value are achieved on the detector.  

In principle, either a current preamplifier (I-preamp, a.k.a. transimpedance amplifier 

or current-to-voltage converter, e.g. Model 1211 of Ithaco) or a voltage preamplifier (V-

preamp, e.g. SR560 of Stanford Research Systems) can be employed for photocurrent 

amplification (see Fig. 6.5). In the latter case, a load resistor with a resistance on the same 

order of magnitude as that of the photodetector is connected in series with the detector. In 

the presence of an AC photocurrent, the AC voltage across the detector (or the load 

resistor) is amplified by the voltage preamplifier. A prerequisite is that the input 

impedance of the V-preamp is much larger than the resistance of the detector (and the 

load resistor). In our case, this means that the input impedance (Zin) must be larger than 1 

GΩ at f = 10-130 Hz. This requirement is difficult to fulfill with commercial V-preamps. 

To overcome this problem, we introduced a home-made input buffer. The corresponding 

schematic is illustrated in Fig. 6.8. This device essentially consists of two voltage 

followers each with a gain of unity. The output of the upper follower not only drives the 

input of the external V-preamp (e.g. SR560), but also serves as the input to the other 

follower. The output of the lower follower drives the inner sheath of a triax cable to the 

same potential level as its core. This renders an effective suppression of the capacitive 

coupling between the core and inner sheath of the triax cable. And consequently, the 
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coupling between the core and metallic shield of the buffer’s input BNC becomes 

dramatically attenuated even at relatively high frequencies. The Zin of the input buffer is 

thus determined by the extremely high input impedance of the upper operational 

amplifier (e.g. AD549 of Analog Devices). We found that Zin of our input buffer remains 

well above 1 GΩ at f = 130 Hz. 

 

 

Figure 6.8: Schematic diagram of a home-made high-impedance input buffer. Both operational 
amplifiers (AD549 of Analog Devices and LF356 of National Semiconductor) work as voltage 
followers with a gain of unity. The equal potential between the core and inner sheath of the triax 
cable effectively suppresses the capacitive coupling between these two conducting layers. 
Consequently, the input impedance of this input buffer is determined by the input impedance of 
AD549 that is found to be much larger than 1 GΩ at a frequency of 130 Hz.  
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Figure 6.9: (a) Schematic illustration of the edge states and “hot spots” in a graphene Hall-bar in 
the quantum Hall regime (electrons as the charge carriers). The propagating directions of the edge 
states are indicated by the blue arrows and the locations of the dissipation corners (“hot spots”) 
are highlighted by the red dots. Equipotential contacts are grouped into the same color (light grey 
or dark grey) by assuming ideal source/drain electrodes (electrodes 19 and 24) with a vanishing 
contact resistance. The yellow rectangles stand for the deposited multilayer radiation-blocking 
structures. With a positive magnetic field (upper panel) the two hot spots are located underneath 
these relatively thick blocks, such that less Landau radiation may reach the photodetector 
compared to the situation where the magnetic field is reversed (lower panel). (b) Optical 
micrograph of a graphene emitter with assigned electrical leads. The bright-yellow (golden) 
radiation-blocking structures are comprised of (from bottom to top) 1-2 nm thick oxidized Al, 
~20 nm thermally deposited SiOx (x → 2) and ~200 nm Ti/Au. 

 
Due to space limitations, there is no additional well-known reference emitter in our 

sample holder. The working principle of a graphene emitter is schematically illustrated in 

Fig. 6.9(a). Fig. 6.9(b) shows an optical image with the assignment of the electrical leads. 

In Fig. 6.9(a), contacts with equipotentials in the quantum Hall regime (with electrons as 

the charge carriers) are drawn in the same color. The blue arrows indicate the propagation 

directions of the quantum Hall edge states. The “hot spots”, where energy dissipation 

takes place under quantum Hall conditions, are shown as red dots at the two diagonally 

opposing corners for current entry and exit. By changing the carrier type or reversing the 
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magnetic field the hot spots will occur at the two corners on the other diagonal. It is 

possible to block (part of) the Landau emission by depositing metals on top of the corners 

along one of the diagonals. Then for a certain magnetic field direction the Landau 

emission will be blocked (upper panel of Fig. 6.9(a)), such that a smaller portion of the 

radiation is collected by the photodetector compared to the situation where graphene 

radiates for the opposite direction of the magnetic field (lower panel of Fig. 6.9(a)). The 

response of the photodetector in the “blocked” case is recorded as the reference signal. 

Afterward, the magnetic field is reversed while its absolute magnitude remains the same. 

By carefully comparing the detector’s response in this “non-blocked” situation to the 

reference that is already recorded under the same input electric power, one may hopefully 

find evidence for inter-Landau-level radiative transitions in graphene. 
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6.3 Some preliminary measurements 

Fig. 6.10 depicts some transport measurements for the graphene emitter in Fig. 6.9(b). 

These characterizations are carried out in a four-terminal configuration. The very low 

chemical-doping level (charge neutrality is close to 0 V), relatively high Drude mobility 

(>7000 cm2/Vs at a carrier density of 4×1012 cm-2) and vanishing longitudinal resistance 

in the quantum Hall regime attest to the high quality of the sample. 

 

 

Figure 6.10: Low temperature electrical characterization for the graphene emitter in Fig. 6.9(b). 
(a) Electric field effect. (b) Drude mobility versus carrier density. (c) Longitudinal resistance as a 
function of the back gate voltage at B = ±14 T. 
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Fig. 6.11(a) shows the two-terminal magneto-resistance as a function of the back-gate 

voltage at B = ± 14 T for the same emitter. The plots are symmetric with respect to the 

 

Figure 6.11: (a) Two-terminal source-drain resistance as a function of the back-gate voltage at B 
= ± 14 T for the graphene emitter in Fig. 6.9(b). The resistance’s insensitiveness to the direction 
of the magnetic field ensures that the dissipated electric power in the emitter at fixed current bias 
is independent of the field direction. (b) Three-terminal configuration for the measurement of the 
source/drain contact resistance in the quantum Hall regime. The voltage difference V between 
contacts 19 and 3 (or, between 19 and 2) is a result of the contact resistance of current contact 19 
with R19 = V/I, where I is the excitation current. (c) “Net” two-terminal resistance between the 
source and drain by subtracting the contact resistances (Rcontacts) as well as the wire resistances 
(Rwires) from the original dataset in (a). Well developed resistance plateaux occur at Rk/2, Rk/6 and 
Rk/10 (not highlighted) with Rk = h/e2. 
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carrier type. The two-terminal resistances also remain essentially unchanged when 

reversing the magnetic field, suggesting that the dissipated power in the graphene emitter 

is insensitive to the direction of the magnetic field at a fixed current bias. This property is 

crucial to our detection scheme, where the graphene emitter itself provides a reference 

signal. The contact resistances of the source/drain electrodes of the graphene device in 

Fig. 6.9(b) are determined by using a three-terminal measurement setup as illustrated in 

Fig. 6.11(b). In the quantum Hall regime, the magneto-resistance measured between the 

current contact 19 and the potential probe 3 (or equivalently, between 19 and 2) gives the 

contact resistance of the source/drain electrode 19. Similarly, the contact resistance for 

the other current contact (contact 24) can be obtained by measuring the magneto-

resistance between contacts 24 and 23 (or equivalently, between 24 and 20) under 

quantum Hall conditions. For the device in Fig. 6.9(b), the source/drain contact 

resistances are found to be very close to 1 kΩ at B = ± 14 T with a weak dependence on 

the carrier density. By subtracting the contact and wire resistances from the original two-

terminal resistances in Fig. 6.11(a), we obtain the plots for the “net” source-drain 

magneto-resistances as shown in Fig. 6.11(c). Resistance plateaux occur at h/2e2, h/6e2
 

and h/10e2. 

The work described above gives an introduction to our preliminary attempts in 

constructing a compact detection system for probing Landau emission from graphene. 

The extremely low emission power associated with the inter-Landau-level radiative 

transitions and the very high detector resistance call for additional experimental efforts. 

In particular, the detector working temperature, detector bias, electrical excitation 

frequency/amplitude, magnitude of the magnetic field, etc. are parameters that need 
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further optimization. In addition, a high-quality graphene emitter with a very large 

quantum Hall breakdown current may also be crucial. 
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Summary  
 
 

In this dissertation, we develop reliably working fabrication techniques for high-

electronic-quality single- and dual-gated graphene devices. We investigate various 

electronic transport phenomena in graphene field-effect-transistors and bipolar junctions 

by means of multi-terminal measurements, and explore graphene’s potential applications 

in the fields of quantum resistance metrology and Landau emitters. 

The SiO2 layer of an oxidized Si wafer that supports the exfoliated graphene flakes is 

important to make graphene visible to the human eye. Based on the optical contrast, it is 

possible to identify mono-, bi- and tri-layer graphitic films. We stress the connection 

between careful substrate-cleaning/lift-off and a high Drude mobility (e.g. >10000 

cm2/Vs at a carrier density of 4×1012 cm-2 at room temperature) in a finished graphene 

field effect device. The carrier density in such a device is estimated by using a simple 

parallel-plate capacitor model, and the charge neutrality point of the device can be shifted 

close to 0 V by an in situ vacuum annealing. By estimating the carrier mean free path 

(which is found to be on the order of hundreds of nanometers) using the Einstein relation, 

we confirm that the electronic transport in our graphene devices is still in the diffusive 

regime. We find that a self-consistent Boltzmann formalism within the random phase 

approximation not only gives an adequate description to the zero-field diffusive transport 

in our high-quality devices at reasonably large carrier densities, but also justifies that the 

width of the peak corresponding to charge neutrality can be used to estimate the 

concentration of charged impurities. Our surface morphology investigations and the 

surface study reported by other research groups [1-6] suggest that organic residues, 
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ripples and wrinkles on the graphene sheet, dangling bonds on SiO2 surface and trapped 

charges on (or near) the surface of SiO2 may be the major sources of charged impurities. 

The quantum Hall effect (QHE) in graphene is probed using a four-terminal 

configuration. The sequence of the integer QHE states is unconventional. Also, a 

quantum Hall state at filling factor ν = 0 is observed in high-quality samples under very 

low excitation currents. The extraction of the back-gate capacitance from the Shubnikov-

de Haas (SdH) oscillations is demonstrated. The result justifies the parallel-plate 

capacitor model. Owing to the large energy spacing (~149 meV in a magnetic field B = 

14 T) between the zeroth and first Landau levels, a critical current as large as ~11 A/m 

associated with the breakdown of the ν = 2 quantum Hall state is measured in our 

graphene sample at a temperature of 10 K and B = 14 T. This value of the breakdown 

current is several times higher than the typical ones in the conventional 2DES 

counterparts for the same magnetic field. The observed extraordinarily robust QHE at ν = 

2 shows that graphene is an excellent candidate material for the quantum resistance 

standard. 

We devote one chapter to our preliminary attempts in designing and optimizing a 

compact system for the detection of the inter-Landau-level radiative transitions (i.e. 

Landau emission) in graphene devices. The emission power is estimated to be extremely 

low (<10-11 W), and the photodetector has to be operated in a highly resistive state due to 

the lack of background radiation. Various efforts in improving the sensibility of the 

detection system and reducing the noise level in the circuit are discussed. We introduce a 

method for the deposition of radiation-blocking structures on top of the two “hot spots” 

(i.e. energy dissipation corners in the quantum Hall regime) along one diagonal of the 
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graphene Hall-bar, such that the Landau radiation can be selectively blocked depending 

on the direction of the magnetic field. Then even for the same amount of dissipated 

power in the graphene emitter, the Landau radiation that reaches the photodetector differs. 

By this means, the graphene emitter itself provides a reference for the extraction of the 

radiation signal. 

We carry out a systematic evaluation for various techniques used to prepare the top-

gate dielectric for a dual-gated graphene device. Among them, metallic air bridges offer 

the option of a contactless top-gate at the cost of low yield. Low-temperature atomic 

layer deposition of Al2O3 provides precise control over the thickness of the dielectric 

layer, but also leads to difficulty in lift-off owing to the conformal coverage of the 

electron beam resist by deposited Al2O3. We introduce a thin-film transfer technique, 

with which we are able to place ultra-thin insulating sheets precisely on top of graphene. 

Electrical characterizations on a graphene p-n-p device featuring an extremely thin (< 5 

nm) transferred h-BN (hexagonal boron nitride) top-gate dielectric show that the top-gate 

possesses a very high coupling efficiency and a rather low leakage current (<<1nA at a 

top-gate voltage of 2 V). This top-gating technique may be useful for the investigation of 

the quantum capacitance [7] and Coulomb drag between closely spaced graphene layers 

[8].  

A hybrid top-gate dielectric comprised of naturally oxidized Al and thermally 

evaporated SiO2 offers high-quality p-n junctions with high yield. In such a bipolar 

graphene device, electric fields applied by a global back-gate and a local top-gate enable 

independent control over the carrier type and density in two adjacent regions of the 

graphene sheet. It is possible to form p-n (or n-p), p-p and n-n junctions at the interface. 
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Under quantum Hall conditions, the Hall and longitudinal resistances measured by 

multiple voltage contacts on the two sides of the junction show plateaux that agree 

quantitatively with the Landauer-Büttiker formula [9] and the mode mixing model [10]. 

Local potentials probed before and after mode mixing provide direct evidence for a 

complete equilibration of edge states at the p-n interface.  
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