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Preface

In the last three decades, zero-dimensional, one-dimensional, and two-dimensional carbon nanomate-
rials have attracted significant attention because of their unique electronic, optical, thermal, mechani-
cal, and chemical properties. There is a need for understanding the science of carbon nanomaterials, the 
production methods, and the applications, to use these exceptional properties. In particular, in the last 
two decades, carbon nanotubes, fullerenes, nanodiamonds, and mesoporous carbon nanostructures 
became a new class of nanomaterials. Research on graphene, a single sheet of graphite, is one of the fast-
est growing fields today and holds the promise of someday replacing silicon in computers and electronic 
devices. Many scientists and engineers are redirecting their work toward carbon nanomaterials. It is in 
this context that the editor of this work determined that a new resource concentrating on this subject 
would be a unique and useful source of information and learning.

Carbon Nanomaterials Sourcebook is the most comprehensive reference that covers the field of carbon 
nanomaterials, reflecting its interdisciplinary nature that brings together physics, chemistry, materi-
als science, molecular biology, engineering, and medicine. The two volumes describe fundamental 
properties, growth mechanisms, and processing of nanocarbons as well as their functionalization for 
electronic device, energy conversion and storage, and biomedical and environmental applications. It 
encompasses a wide range of areas from science to engineering. Moreover, in addition to addressing 
the latest advances, the Sourcebook presents core knowledge with basic mathematical equations, tables, 
and graphs to provide the reader with the tools necessary to understand current and future technology 
developments.

The contents are made up of 54 total chapters organized into nine subject areas, with each chapter 
covering one type of carbon nanomaterial. Materials have been selected to showcase exceptional prop-
erties, good synthesis and large-scale production methods, and strong current and future application 
prospects. Every chapter covers the three main areas: formation, properties, and applications. This setup 
makes the book a unique source where a reader can easily navigate to find the information about a par-
ticular material. The chapters will be written in tutorial style, where basic equations and fundamentals 
are included in an extended introduction.
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1
Suspended Graphene

Hong Koo Kim

Myungji Kim

1.1  Introduction

Graphene, a one-atom-thick carbon crystal in a honeycomb lattice, possesses many fascinating proper-
ties originating from the manifold potential for interactions at electronic, atomic, or molecular levels 
(Novoselov et al. 2004, 2005; Zhang et al. 2005; Geim & Novoselov 2007; Schedin et al. 2007; Bolotin et 
al. 2009; Geim 2009; Neto et al. 2009; Kotov et al. 2012). Graphene is remarkably strong for its atomic 
thinness and conducts heat and electricity with great efficiency. Electron motion in graphene is essen-
tially governed by Dirac’s relativistic equation. The charge carriers in graphene behave like relativistic 
particles with zero rest mass and have an effective “speed of light” of ~106 m s−1. For a perfect graphene 
sheet free from impurities and disorder, the Fermi level lies at the so-called Dirac point, where the 
density of electronic states vanishes. Unlike the two-dimensional (2D) electron system in conventional 
semiconductors, where the charge carriers become immobile at low densities, the carrier mobility in 
graphene can remain very high, even with vanishing density of states at Dirac point (Du et al. 2008; 
Morozov et al. 2008).

Every carbon atom of graphene is on the surface and is therefore easily accessible from both sides. This 
surface-only nature renders graphene prone to interactions with (and disturbances from) surrounding 
atoms and molecules. Many of the predicted properties arising from the 2D nature of graphene can be 
significantly altered by perturbations from an underlying substrate or adsorbates (Hwang et al. 2007; 
Adam & Sarma 2008; Chen et al. 2008). Substrates, for example, introduce scattering centers, dopants, 
and corrugations that can obscure graphene’s intrinsic properties. Suspended graphene structures have 
drawn increasing attention, driven by the motivations of exploring intrinsic/ultimate properties of gra-
phene and also of exploring new applications that would not be possible with substrate-bound graphene, 
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such as nanoelectromechanical resonators or transelectrode membranes (Bunch et al. 2008; Garaj et al. 
2010; Hu et al. 2014).

From the perspective of thermodynamic stability, perfect crystals cannot exist in 2D space (Mermin 
1968; Landau & Lifshitz 1980). Near-perfect crystals, however, can exist in 3D space through bending 
in the third dimension. A transmission electron microscopy study revealed that suspended graphene 
sheets are not perfectly flat but exhibit nanometer-scale random elastic deformations (out-of-plane 
deformation of ~1 nm and the surface normal varying by several degrees) (Figure 1.1) (Meyer et al. 2007). 
The interaction between bending and stretching long-wavelength phonons is believed to stabilize atomi-
cally thin membranes through their nanometer-scale deformation in the third dimension.

By isolating graphene from external sources of scattering, electron mobility exceeding 200,000 cm2/Vs 
was demonstrated, which corresponds to a more than 10-fold enhancement compared with the conven-
tional graphene on substrate (Figure 1.1) (Bolotin et al. 2008). It is interesting to note that this dramatic 
enhancement of carrier mobility required an annealing (current-induced Joule heating) of suspended 
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FIGURE 1.1 Morphology of suspended graphene (a–c). (a) A perspective view illustrating microscopic corruga-
tion. The roughness shown imitates quantitatively the roughness found experimentally. (b) A superposition of 
the diffracting beams from microscopic flat areas effectively turns the rods (reciprocal space) into cone-shaped 
volumes so that diffraction spots become blurred at large angles. (c) Full-width half-maximum (FWHM) for the 
(0110) diffraction peak in monolayer and bilayer membranes and thin graphite (as a reference), as a function of tilt 
angle. Graphene roughness is measured from the diffraction patterns obtained at different tilt angles. In-plane car-
rier transport of suspended graphene (d, e). (d) SEM image of a suspended six-probe graphene device. (e) Mobility 
measured as a function of carrier density: before (middle, solid) and after (top, solid) current annealing; data from 
a traditional high-mobility device on substrate (bottom, dotted line) are shown for comparison. (Inset) device 
schematic, side view. Impermeable atomic membrane from graphene sheets (f–h). (f) Schematic of a graphene 
sealed microchamber. (Inset) optical image of a single atomic layer graphene drumhead on 440-nm-thick SiO2. 
The dimensions of the microchamber are 4.75 μm × 4.75 μm × 380 nm. (g) Side view schematic. (h) AFM image of 
a ~9-nm-thick many-layer graphene drumhead with Δp > 0. The upward deflection at the center of the membrane 
is 90 nm. (a–c, Reprinted by permission from MacMillan Publishers Ltd. Solid State Commun. Meyer, J.C., Geim, 
A.K., Katsnelson, M.I., Nature, 446, 60–63, 2007. Copyright 2007. d, e, Reprinted from Solid State Commun., 146, 
Bolotin, K.I., Sikes, K.J., Jiang, Z. et al., Ultrahigh electron mobility in suspended graphene, 351–355. Copyright 
2008, with permission from Elsevier. f–h, Reprinted with permission from Bunch, J.S., Verbridge, S.S., Alden, J.S. 
et al., Nanosci. Lett., 8, 2458–2462, 2008. Copyright 2008 American Chemical Society.)
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graphene, which is designed to desorb adsorbates on either side of graphene. This suggests that impurities 
trapped between the substrate (SiO2) and graphene are limiting the mobility of unsuspended graphene.

Graphene is shown to have high adhesion energy (~0.45 J m−2), which is much larger than those mea-
sured in conventional micromechanical structures and is comparable with solid–liquid adhesion ener-
gies (Koenig et al. 2011). By pressing on suspended graphene with an atomic force microscope (AFM) 
tip with calibrated spring constant, atomic layers of graphene are shown to have large stiffness values, 
similar to bulk graphite (E ~ 1 TPa) (Frank et al. 2007; Lee et al. 2008). The impermeability of suspended 
graphene to gas molecules is also demonstrated (Figure 1.1) (Bunch et al. 2008). By applying a pressure 
difference across the membrane, both the elastic constants and the mass of a monolayer graphene were 
measured. The atomically thin sealed chambers can support pressures up to a few atmospheres. By 
adjusting the pressure difference, thereby the strain of suspended graphene, the mechanical resonance 
frequency was tuned by ~100 MHz.

Graphene is known to have an anomalously large, negative thermal expansion coefficient (Bao et al. 
2009). This can cause a large amount of thermal stress/strain depending on the substrate material and 
the amount of temperature change. A flat suspended graphene, exfoliation-transferred to a trench on 
SiO2/Si substrate, exhibits ripples (up to ~30 nm amplitude) after experiencing a thermal treatment 
(heating or cooling) by 100–200 K (Bao et al. 2009).

Graphene is transmissive to impinging electrons while being impermeable to atoms and molecules 
(Bunch et al. 2008). Harboring a 2D electron system (2DES) (Ando et al. 1982; Eisenstein et al. 1992; Ho 
et al. 2009; Li et al. 2011), graphene is expected to be interactive with out-of-plane incident electrons as 
well. A graphene electrode suspended on a nanoscale void channel (trenches or holes) provides an inter-
esting configuration to investigate the interplay of in- and out-of-plane interactions of 2DESs mediated 
by electron transport in vacuum.

At electron energy <~10 eV, the de Broglie wavelength becomes greater than the lattice atomic spacing 
and crystalline diffraction is less likely to occur. Below 5–10 eV, the dominant scattering mechanism is 
expected to involve inelastic interactions such as electron excitations or electron–phonon interactions 
(Kuhr & Fitting 1999; Müllerová et al. 2010; Cazaux 2012). The damage threshold of graphene is known 
to be >15 eV, corresponding to incident electron energy >80 keV (Crespi et al. 1996; Krasheninnikov & 
Nordlund 2010; Börrnert et al. 2012). Considering the relatively large threshold, electrons of very low 
energy (<5 eV) are expected to induce no damage to graphene (Srisonphan et al. 2014).

In this chapter, we review the emission, capture, and transmission interactions with very-low-energy 
electrons and explore the potential of using graphene as an electron-transparent grid in low-voltage 
nanoscale vacuum electronic devices (Child 1911; Langmuir 1913; Spindt et al. 1976; Han et al. 2012; 
Srisonphan et al. 2012; Stoner & Glass 2012). The electron transparency of graphene has been the subject 
of debate in recent literature (Müllerová et al. 2010; Li et al. 2014). Most studies were performed in trans-
mission electron microscopes at relatively high energies (>>100 eV) or in electron holography mode at 
low energies (~100 eV) demonstrating transparences >70% (Kreuzer et al. 1992; Morin et al. 1996; Mutus 
et al. 2011). In the case of very-low-energy electrons (<5 eV), however, reports are rare. Most work was 
performed in a triode (three-terminal) configuration, where the anode potential is designed to be suf-
ficiently high to collect incoming electrons transmitted through a graphene grid; therefore, the field dis-
tribution around the graphene is inevitably altered by the anode field. In this study, we employ a diode 
(two- terminal) configuration and investigate the direct interplay of cathode and anode/grid (graphene) 
mediated by the ballistic transport of electrons through a nanoscale gap in air ambient (Srisonphan 
et al. 2014).

1.2  Fabrication

Suspended graphene can be fabricated with or without involving a transfer process. In the case of a non-
transfer method, a graphene layer is initially grown on a chosen substrate, usually on a Cu or Ni foil by 
chemical vapor deposition (CVD) or on a SiC substrate by Si sublimation or by CVD (Jernigan et al. 2009; 
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Shivaraman et al. 2009; Mattevi et al. 2011; Suk et al. 2011). In the case of graphene on a metal substrate, 
the bottom side is lithographically patterned and etched away in a chemical solution. In the case of 
graphene on SiC, an undercut etching is performed through a lithographically defined etch mask. This 
substrate removal process leaves a graphene membrane supported by an unetched part of substrate.

In the case of a transfer method, a graphene flake is placed on a predefined microstructure (trench, 
hole, or grid) formed in a substrate (Meyer et al. 2007). Precision placement of graphene on a predeter-
mined microstructure would be challenging, if it is a small size flake. In an alternative transfer method, 
a graphene flake is placed on a substrate and then metal electrodes are lithographically defined on top 
(Bolotin et al. 2008). An undercut etching is then performed to remove the substrate material underneath 
the graphene. Compared with the nontransfer method discussed previously, the transfer method gener-
ally allows a greater degree of freedom/flexibility in integrating with other functional substrates/devices.

In this study, we have employed the transfer method with CVD-grown graphene onto nanoscale 
trenches/holes formed in a SiO2/Si substrate (Figure 1.2). CVD growth of graphene on metallic sub-
strates is a well-established technique yielding large graphene flakes to a commercially viable scale (Kim 
et al. 2009; Li et al. 2009). Although CVD-grown graphene generally shows lower electron mobility and 
more defects than does graphene produced by an exfoliation method, the easy transfer from the metal 
substrate to other substrates is expected to enable many device applications at chip or wafer level.

First, a SiO2 layer (~20 nm thickness) was grown by thermal oxidation on p-type Si (B-doped, 
10 Ω-cm resistivity) or n-type Si (P-doped, 5 Ω-cm resistivity) wafers [(100)-oriented; 525 μm thickness]. 
A bottom- side electrode was prepared by depositing a 150-nm-thick Al layer (5 N purity) on Si by ther-
mal evaporation, followed by Ohmic contact annealing at 350°C. Vertically etched trench or hole struc-
tures were then formed by employing a nanoscale patterning/lithography technique, such as focused ion 
beam (FIB) etching or electron-beam lithography (EBL), or photolithography in conjunction with use of 
plasma reactive ion etching (RIE).

FIB etching directly etches nanoscale patterns into substrate without involving an etch mask or a 
subsequent pattern transfer process. In this study, FIB etching was performed with the Seiko Dual Beam 
System (SMI-3050SE). A Ga ion beam (30 keV; 94 pA) was used with 0.5-μs dwell time in creating square 
wells, holes, or trenches with minimum lateral dimensions (trench width or hole diameter) down to 
~70 nm and an etch depth up to 1–2 μm.

In the case of photolithography, a 50-nm-thick Cr layer was deposited on SiO2/Si substrate by thermal 
evaporation (Figure 1.2a). A window of narrow stripe patterns (5–50 μm width; single or multiple chan-
nels of 8–10 mm length) was then opened in the Cr layer by performing photolithography and RIE. The 
Cr window etching was performed in Cl2/O2 ambient with an inductively coupled plasma RIE (ICP-RIE) 
system (Unaxis 790 ICP-RIE). Subsequently, a trench etching was performed to 500–1000 nm depth 
by RIE in CF4/O2 ambient with use of the Cr window as an etch mask. The remaining photoresist was 
removed in acetone. The Cr mask was removed in Cr etchant [NaOH:K3Fe(CN)6:H2O = 2 g:6 g:22 mL].

In the case of EBL, an e-beam resist, polymethylmethacrylate (PMMA, ~200 nm thickness) was spin-
coated on the SiO2/Si substrate (Figure 1.2b). EBL was then performed using the Raith e-Line system 
(10  keV, beam current, 220 pA) to define trench/hole patterns (with minimum lateral dimension of 
~70 nm). The exposed PMMA was developed, and the EBL-defined pattern was subsequently trans-
ferred to SiO2/Si substrate (to 100–200 nm etch depth) by performing RIE in CF4/O2 ambient with the 
PMMA pattern as an etch mask. A residual PMMA was removed in acetone.

Finally, a monolayer graphene was transferred to the trench/hole-etched SiO2/Si substrate (Figure 
1.2c) (Suk et al. 2011). To place a graphene membrane suspended on the etched SiO2/Si substrate, we 
started with a monolayer graphene grown on Cu foil (purchased from ACS Material; CVD grown on 
25-μm-thick Cu foil). A PMMA layer (MicroChem 950 PMMA A7, 4% in anisole) was spun-coated on 
the graphene-covered Cu foil (0.3 × 0.4 cm2). The Cu foil was etched away in ferric chloride solution 
(Transene Cu Etchant CE-100). After ~30 min etching, the PMMA/graphene stacked film was floating 
in the etchant solution. A clear glass substrate was then submerged into the solution to lift the floating 
film. The film was then transferred to deionized (DI) water and was left floating for 10 min. This process 
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(transfer to DI water) was repeated at least 3 times to remove residual etchant. A target substrate (trench/
hole-etched SiO2/Si wafer) was then immersed into the DI water, and the PMMA/graphene film was 
lifted up while being positioned by a needle. The PMMA/graphene stack, placed on the target substrate, 
was dried at ~70°C in air for 2 h to enhance adhesion of graphene to the substrate. The PMMA was 
removed in acetone, followed by rinse in methanol and DI water. Finally, the sample was dried at ~70°C 
for 2 h to remove moisture trapped in the void-channel. It should be mentioned that graphene is known 
to remain stable in humid oxygen ambient at up to 400°C (Liu et al. 2008). Therefore, thermal oxidation 
is not an issue to worry about during baking. Rather, a large thermal expansion mismatch with substrate 
is more the issue that may cause wrinkles in suspended graphene (Bao et al. 2009). Therefore, the post-
transfer baking temperature needs to be in the moderate or mild range.
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FIGURE 1.2 Fabrication of graphene suspended on a channel-etched SiO2/Si substrate. (a) Process flow employ-
ing photolithography and RIE for channel etching. (Right) SEM image of suspended graphene on a trench-etched 
substrate. Scale bar, 1 μm. (b) Process flow employing EBL and RIE for channel etching. (Right) SEM images of 
suspended graphene: top view, left (scale bar, 300 nm); cross-section, right (scale bar, 100 nm). (c) Transfer process of 
CVD grown graphene onto a channel-etched substrate. (Right) SEM image of suspended graphene on a FIB-etched 
substrate. Scale bar, 1 μm.
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1.3  Low-Voltage Emission of 2D Electron Gas

In generating a constant flux of very-low-energy electrons, we exploit the phenomenon that a 2D elec-
tron gas (2DEG) induced at the SiO2/Si interface of a metal-oxide-semiconductor (MOS) structure can 
easily emit into air (void channel) at low voltage (~1 V) (Srisonphan et al. 2012). This low-voltage emis-
sion, enabled by Coulombic repulsion of electrons in 2DEG, has the effect of negative electron affin-
ity and demonstrates high current density emission (~105 A/cm2). The emitted electrons ballistically 
travel in the nanovoid channel. The channel length (i.e., the thickness of oxide layer) is designed to 
be smaller than the mean free path of electrons in air (~60 nm). Therefore, emitted electrons should 
travel scattering- free in the ambient (air) channel, as if in a vacuum. The transit time is estimated to be 
10–100 fs for 10–20-nm-thick SiO2 at 1–10 V bias.

A MOS capacitor structure can harbor a quasi-2DES in a potential well (~2 nm width) developed in 
the semiconductor side (Ando et al. 1982; Torium et al. 1986). The metal side also develops band bending, 
accommodating charges of opposite polarity in a confined space (<1 nm) at the interface with the oxide 
layer (Mead 1961; Black & Welser 1999). Electrons residing inside the bulk Si of a MOS structure are basi-
cally confined by energy barriers at the surface (with air) and at the interface (with SiO2), typically with a 
vacuum barrier greater than the SiO2 barrier. Therefore, electrons cannot easily emit into air, unless the 
energy barrier is significantly lowered for thermionic or field emission. (Also, we note that in this work, 
the oxide layer thickness is designed to be ~20 nm; therefore, direct tunneling through the oxide barrier 
layer remains completely negligible.)

The situation can be very different for the electrons confined in a 2DEG layer. First, let us imagine 
an infinite extension of 2DEG formed at SiO2/Si (Figure 1.3). The overall charge neutrality condition is 
maintained between the 2DEG (and also depletion charge) in Si and the positive charges induced in the 
metal side. Along the in-plane direction of 2DEG, Coulombic repulsion among electrons will cancel out 
because of the symmetry of electron distribution. Now, consider a MOS structure whose lateral extent is 
finite; i.e., the 2DEG layer is terminated by cleaved edge or a vertically etched trench structure. Electrons 
at the channel edge will then experience net repulsive force from neighboring electrons inside the 2DEG 
layer. In the case that the charge neutrality is maintained by relatively remote charges (e.g., opposite 
polarity charges induced across the oxide layer of MOS capacitor), strong in-plane Coulombic repulsion 
is expected in the local area around the edge of 2DEG, and this can significantly alter the electrostatic 
potential there (Han & Ihm 2000; Zheng et al. 2004; Mayer 2005). This in-plane Coulombic repulsion 
has the effect of lowering the vacuum barrier (Figure 1.3) for 2DEG at the edge. Similarly, the energy bar-
rier in the metal side (metal/air interface) is lowered by the 2D positive charges at metal/SiO2 interface, 
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FIGURE 1.3 Energy band diagrams. (a) 2D electron or hole systems induced across the oxide layer of an Al/
SiO2/n-Si MOS capacitor structure. (b) Schematic illustration of electron potential (curved) and energy barrier (step 
profile) profiles on the plane of the 2DEG layer at the Si/SiO2 interface. (c) Schematic energy band diagram illustrat-
ing the emission of 2DEG under accumulation bias. Coulombic interaction at the edge lowers the energy barriers at 
cathode (2DEG/n-Si) and anode (metal). 2DEG emits into air at low voltage, travels in the nanovoid channel (air), 
and is collected by anode.
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and the applied capacitor voltage appears mostly across the air gap (i.e., the vertical void channel whose 
length is defined by the SiO2 layer thickness).

1.3.1  Calculation of 2DEG Density in a MOS Capacitor Structure

First, we calculate the carrier density of 2DEG induced at SiO2/Si under forward accumulation bias of 
a MOS capacitor structure having an infinite lateral extension. In a MOS structure, the space charge 
density in the semiconductor side can be determined by solving the Poisson equation and is expressed 
as follows for the case of p-MOS (i.e., on n-Si substrate) (Sze 1981):
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where εs is the permittivity of the semiconductor and Es is the electric field at the interface with the oxide 
layer. φs is the band bending at the semiconductor/oxide interface, called the surface potential. β = q/ kT, 

and LD is the extrinsic Debye length for electrons, given as ε
β

s

noqn
. nno and pno are the equilibrium den-

sities of electrons and holes, respectively.
The applied capacitor voltage (V) appears across mainly three places (neglecting the band bending 

in the metal side): across the band bending region in semiconductor (φs), across the oxide layer (Vox), and 
the flat band voltage (VFB).

 V = φs + Vox + VFB (1.2)

The voltage drop across the oxide layer (Vox) is related to the space charge (Qs) and oxide capacitance 
(Cox = εox/d) as follows:

 Vox = Qs/Cox. (1.3)

Solving Equations 1.1 to 1.3 simultaneously, the space charge density Qs can be calculated as a function 
of applied voltage V.

Figure 1.4 shows the case of a Si p-MOS with ND = 1.0 × 1015 cm−2. At V = 1 V, the MOS is in the accu-
mulation regime, and the space charge density is calculated to be 1 × 1012 cm−2. The same amount of 
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FIGURE 1.4 Accumulation electron density calculated as a function of applied voltage for an Al/SiO2(23nm)/n-Si 
capacitor structure.
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positive charges accumulates in the metal side. At this bias voltage, the surface potential φs is 0.21 V and 
the voltage drop across the oxide layer Vox is 1.11 V.

In this calculation, the following numbers were assumed: the work function of Al, 4.1 eV; electron 
affinity of Si, 4.15 eV; electron affinity of SiO2, 0.95 eV; dielectric constant of SiO2, 3.9; dielectric constant 
of Si, 11.8 (Lide 2006).

This calculation confirms that the 2DEG density of ~1012 cm−2 is easily attainable at low bias voltage 
(~1 V). The average spacing between electrons in the 2DEG is ~10 nm, smaller than the oxide thickness 
(~20 nm). This will ensure that the in-plane interaction of 2DEG electrons becomes stronger than the 
dipole charge interaction across the oxide layer. When the 2DEG layer is terminated at one edge by 
cleaving the MOS wafer or by vertical etching into SiO2/Si substrate, the Coulombic repulsion among 
electrons in 2DEG at the edge is expected to result in overcoming the potential barrier at the Si/air inter-
face. This in-plane Coulombic repulsion will have the effect of lowering the energy barrier at the edge 
and will enable low-voltage emission of 2DEG into air (Figure 1.3).

1.3.2  Space-Charge-Limited Current Flow of 2DEG 
in a Nanoscale Void Channel

Nanoscale void channels were fabricated by performing FIB etching of a Si MOS structure (20-nm 
Al/23-nm SiO2/n-Si substrate) (Figure 1.5). Square wells (0.5 × 0.5 μm2, 1 × 1 μm2, and 2 × 2 μm2) were 
etched to 1 or 2 μm depth. In this vertical structure, the channel length between anode and cathode was 
precisely determined by the oxide layer thickness (23 nm) and was designed to be smaller than the mean 
free path of air (~60 nm). The current-versus-voltage (I–V) characteristics of the Al/SiO2/Si structure were 
measured in dark air ambient at room temperature with a semiconductor parameter analyzer (HP4145B) 
in conjunction with use of a probe station. Tungsten probes (tip radius of curvature, ~2 μm) were used 
in contacting the top and bottom electrodes. The voltage scan was performed with a step size of 0.02 V.

The two-terminal I–V characteristic shows a rectifying behavior with a forward slope of ~1.5 and a 
reverse slope of 0.5–1.0 in the log–log scale plots (Figure 1.5). The channel reveals a forward character-
istic when the Al gate is positively biased. This implies that electron emission from the Si side is more 
efficient than from the metal side at the same bias voltage of opposite polarity. With a 0.5 × 0.5 × 1.0 μm3 
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FIGURE 1.5 Ballistic transport of electrons in a nanovoid channel formed in an Al/SiO2(23nm)/n-Si MOS capaci-
tor structure. (a) Schematic drawing of a nanovoid channel fabricated by FIB etching (left). SEM image of a square 
well (1 × 1 μm2) etched to 1 μm depth (right). Scale bar, 1 μm. (b) Schematic of electron emission and transport in a 
nanovoid channel under forward, accumulation bias. (c) Measured I–V characteristic of square wells (with perim-
eter of 2, 4, or 8 μm) formed on n-Si. The dashed lines indicate the slope of 1.5 (forward) or 1.0 (reverse). The V 1.5 
voltage dependence corresponds to the CL SCL current flow in vacuum. (Reprinted from Srisonphan, S., Jung, Y.S., 
Kim, H.K., Nat. Nanotechnol., 7, 504–508, 2012.)
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well formed on n-Si, for example, a channel current of 70 nA is observed at +1 V bias, whereas 3 nA is 
obtained at −1 V bias (Figure 1.5). Comparison of the three different well-size samples (perimeter of 2, 
4, or 8 μm) reveals that the forward channel current is proportional to the perimeter of the well, not to 
the area of the well. This result suggests that electron emission occurs at the edge surface (periphery) on 
the vertical sidewalls of a well.

In the Al/SiO2/n-Si MOS capacitor structure, the flat band voltage is −0.32 V, and the MOS at 1 V for-
ward bias is accumulation biased by the amount of 1.32 V. The electron accumulation in Si is estimated 
to be 1 × 1012 cm−2 at this bias voltage (Figure 1.4). The accumulation electrons form a 2DES, and this layer 
serves as a reservoir of electrons that would be readily available for emission through the edge under 
forward bias (the top Al electrode positively biased with respect to n-Si substrate). Because of Coulombic 
repulsion of electrons around the aperture edge, the 2DEG in Si emits into air and travels toward the 
edge of 2DHS at Al/SiO2.

The voltage dependence of electron injection is governed by the capacitor relationship, Qe ~ V. A scat-
tering-free transport of electrons in a void channel converts the potential energy (eV) to kinetic energy 

(m*v2/2). The terminal velocity is expressed as 2eV
m*

, and the average transit time across the channel 

has the following voltage dependence: τav ~ V−0.5. The voltage dependence of the channel current can 
then be expressed as I = Qe/τav ~ V 1.5, following the Child–Langmuir (CL) three-halves-power law. Here, 
it should be mentioned that the CL is governed by the space-charge-limited (SCL) emission at cathode. 
In our case, the electrons injected into air (i.e., nanovoid channel) form a space charge around the anode 
edge and this space charge field limit the emission of 2DEG at the cathode edge. In reverse bias, part of 
the bias voltage goes to depletion region formation in Si; therefore, the void-channel section receives less 
voltage than the accumulation case. This explains the reduced slope (0.5–1.0) in reverse bias (Figure 1.5).

The CL SCL current flow in vacuum is given as follows (Child 1911; Langmuir 1913; Grinberg et al. 
1989; Sze 1990):
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, (1.4)

where ε is the permittivity of gap medium, m* is the effective mass of electron, d is the gap size, and V 
is the applied voltage.

The SCL current observed in this work demonstrates a scattering-free ballistic transport of electrons 
across the gap with a negligible barrier height for carrier injection.

To make sure that the observed V 3/2 dependence is from the electron transport through the air 
(nanoscale vacuum), not from a surface conduction that might be enabled by possible etch residue or 
deposit on oxide surface, the same vertical channel structure was fabricated by cleaving a MOS wafer 
[Al/SiO2(23nm)/n-Si]. The cleaved samples clearly demonstrate the same rectifying I–V characteristic as 
the FIB samples (Figure 1.6). The leakage current through the oxide layer, measured before FIB etching, 
was ~20 pA at 2 V bias, far smaller than the channel current level described previously.

In conventional cold-cathode field-emission devices, the electron flow across a metal-nanogap struc-
ture usually involves a two-step process: field emission from metal surface, commonly described by the 
Fowler–Nordheim (FN) theory (Fowler & Nordheim 1928), and a subsequent transport through the gap, 
governed by the CL SCL current flow (Lau et al. 1994). The CL law assumes zero normal field at cathode 
surface, whereas the FN emission requires a surface normal field of significant strength (typically 
~10 V/nm order for metals with work function of 4–5 eV) to enable tunneling emission through the potential 
barrier at cathode. This implies that the applied voltage initially goes to lowering the potential barrier at the 
cathode surface, being governed by the FN process. Once a significant amount of electrons are emitted 
into the gap, the injected electrons in transit form a space charge. As more electrons are injected, the space 
charge builds up, reducing the field at the cathode surface. At some point, the surface field is reduced to 
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zero and the cathode emission, and therefore the channel current, becomes space-charge limited. The 
transitional relationship between FN and CL regimes in conventional cold-cathode structures is illus-
trated in Figure 1.7: The FN regime (JD2 ∝ V 2e−D/V) evolves into the CL regime (JD2 ∝ V 1.5) at large bias. 
Here, D refers to the gap size. Note that in the conventional cold-cathode surface emission, the transition 
voltage (from FN to CL) decreases as the gap size is reduced (i.e., as the surface field is increased) (Figure 
1.7a and c). In contrast, in the case of edge emission of 2DEG, the energy barriers at cathode and anode 
are reduced by Coulombic interactions, and this would result in low voltage emission (Figure 1.7b and c).

In the present work, the SCL regime begins to appear at very low voltage (~0.5 V), whereas the FN 
regime is absent in the voltage range tested (<2 V). The maximum surface field at this onset voltage is 
estimated to be ~0.02 V/nm (i.e., 0.5 V across 23-nm channel length), much smaller than the typical 
surface field required for FN emission (~10 V/nm). This observation is consistent with the earlier reports 
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FIGURE 1.6 Nanovoid channel formed on the cleaved facet of an Al/SiO2(23nm)/n-Si MOS wafer. (a) A schematic 
of a nanoscale void vertical channel prepared by cleaving a MOS capacitor structure. An Al electrode pad (stripe) 
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sample.
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FIGURE 1.7 Evolution of FN emission to CL SCL emission current. (a) Schematic of conventional cold-cathode 
field emission. The FN tunneling emission requires sufficiently strong field on the cathode surface. The FN regime is 
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that the barrier height for electrons at cathode edges can be very low for SCL emission (Han & Ihm 2000; 
Zheng et al. 2004; Mayer 2005). In the 2DES with net accumulation charges, electron emission from 
cathode edges is virtually thresholdless, enabling very low voltage operation (similar to the negative 
electron affinity effect) of channel transport with high current density. Similarly, electrons approaching 
the anode edges will experience Coulombic attraction from the 2D positive charge system formed there, 
and this will help in capturing electrons into the anode. Unlike conventional cold cathodes (Yang et 
al. 1991; Mil’shtein et al. 1993; Yun et al. 1999), the nanovoid channel structure also demonstrates good 
stability and endurance in electron emission (Srisonphan et al. 2012).

1.4  Electron Capture and Transmission at Dark Forward Bias

A graphene membrane was placed on top of a void channel (500 nm × 500 nm cross-section; 1 μm depth) 
that was FIB etched or EBL/RIE etched into a SiO2 (23 nm thickness)/n-Si (5 Ω-cm resistivity) substrate 
(Figure 1.8). A graphene/oxide(or air)/Si (GOS) structure, instead of MOS, was formed by introducing a 
monolayer graphene as a counterelectrode to the 2DEG layer at the SiO2/Si interface.
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FIGURE 1.8 Transport of very-low-energy (<3 eV) electrons in a void channel covered with a suspended gra-
phene. (a) Schematic of a graphene/SiO2(23nm)/n-Si structure with a void channel and a top-view SEM image 
(inset) of a square well (500 × 500 nm2) etched into 1 μm depth by FIB. Scale bar, 1 μm. (b) Schematic of electron 
emission from the 2DEG at SiO2/n-Si interface and capture/transmission at the graphene anode. (c) Measured I–V 
characteristic of a void channel (500-nm square well) covered with a monolayer graphene. Note the V 3 dependence 
(V > 0.3 V). (Reprinted from Srisonphan, S., Kim, M., Kim, H.K., Sci. Rep., 4, 3764, 2014.)
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Here, in the two-terminal mode of operation, the graphene serves as an anode while the n-Si substrate 
serves as a cathode. Under forward bias (i.e., graphene electrode positively biased with respect to n-Si 
substrate), a quasi-2DEG (accumulation) develops in the Si side while a 2D hole system (2DHS) forms 
in the graphene side (Figure 1.8). As a result of Coulombic repulsion of electrons around the aperture 
edge, the 2DEG in Si emits into air and travels up toward the edge of 2DHS at graphene/SiO2 interface 
(Figure 1.8). Some of the incident electrons are captured at the graphene, while others transmit through, 
forming a space charge region outside the graphene.

It should be noted that in this work, no external collector is employed other than the graphene anode 
(Spindt 1968; Brodie 1989; Spindt et al. 1991). Therefore, the electrons transmitted through graphene are 
Coulombically attracted to and collected by the positively biased graphene anode on SiO2 surface, satis-
fying the charge neutrality of the overall configuration. The closed-circuit nature (i.e., charge conserva-
tion) of this two-terminal operation is confirmed by performing measurements of anode current with 
the system ground connected to the bottom (cathode) or top (anode) electrode, which demonstrate the 
same amount of channel current for a given bias voltage (Srisonphan et al. 2014).

1.4.1  Emission and Transport of 2DEG

The dark I–V characteristic was analyzed to understand the emission and transport properties of the 
quasi-2DEG accommodated at the Si/SiO2 interface. Figure 1.8 shows a measurement result of the void-
channel I–V characteristic. The forward I–V characteristic reveals the V 3 dependence for V > 0.3 V. Note 
that the flat band voltage of this GOS structure is 0.25 V, and an electron accumulation layer begins to 
develop at around this voltage. At 1 V bias, the channel current is measured to be 1.3 nA. The V 3 regime 
is called the double injection or injected plasma regime (Lampert & Rose 1961). This corresponds to 
another type of SCL emission, differing from the CL V 1.5 dependence or the Mott-Gurney V 2.0 depen-
dence (Child 1911; Langmuir 1913; Mott & Gurney 1940; Grinberg et al. 1989): The V 3 regime involves 
bipolar space charges (electrons and holes) injected into a void channel, whereas the latter ones are gov-
erned mostly by unipolar space charges (electrons).

In this bipolar space-charge regime (V 3), the cathode emission is governed by the availability of hole 
charges on graphene (Qh). The carrier density in graphene has a quadratic dependence on Fermi energy: 
n EF~ 2, where EF refers to the Dirac point (Novoselov et al. 2005; Zhang et al. 2005). In an accumulation- 
biased graphene/SiO2/Si capacitor structure, the applied voltage (V) goes to primarily three places: 
across the oxide layer (Vox), to compensate the flat band voltage (VFB), and to shift the graphene’s Fermi 
level (EF) (see Section 4.3). As the bias voltage is increased, Vox follows closely (Vox ~ αV: α < 1). The Fermi 
level shift can then be expressed as EF ~ (V − αV − VFB) ∝ (V − Voffset). The hole concentration in graphene 
will then show a quadratic dependence on voltage (Qh ~ V2), and the amount of electrons being injected 
into a channel (Qe) is expected to show the same voltage dependence (Qe ~ Qh ~ V 2). With enhanced 
injection of charge carriers in the channel region, electron transport is expected to show an average 
velocity that is proportional to the electric field and, therefore, bias voltage: vav ~ με ~ μV/L. Here, μ is 
the electron mobility and L is the channel length. The average transit time of electron in the channel 
is then determined as τav = L/vav, and the channel current can be expressed as I = Qe/τav = Qevav/L ~ V 3.

A graphene layer was present in a void channel, and therefore, the availability of holes in the aperture 
region is expected to affect the space charge field in the channel. In response to electron injection from 
cathode, for example, the graphene anode brings positive space charges into the void channel by induc-
ing hole charges in the free-standing cover. This has the effect of neutralizing the electron space charges 
in transit in the channel region (Langmuir & Kingdon 1923; Wilson 1959). With a reduced space charge 
field on cathode surface, electron emission becomes easier, resulting in a higher channel current with 
stronger voltage dependence (i.e., V 3 instead of V 1.5 or V 2.0).

Besides altering the behavior of SCL emission under forward bias, a free-standing graphene appears 
to affect the reverse characteristic as well (Figure 1.8). At around −0.3 V, the current level drops to zero, 
switching the polarity from reverse to forward. Note that bias voltage was swept in the positive direction 
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from −1.5 V to +1.5 V. The early reversal of current flow suggests a discharge of graphene anode around 
this bias. As the Fermi level is reduced toward the Dirac point, the carrier density of graphene mono-
tonically decreases (Yu et al. 2009). Electrons then evacuate from the graphene at reduced bias, and this 
exiting (discharging) electron flow has an effect of compensating the reverse leakage (charging) current 
(Figure 1.8). At some bias point, the two current components cancel each other, causing a zero-current 
crossing (i.e., a dip in I–V).

To estimate the electron capture efficiency at the edge of graphene anode, the total electron emis-
sion from cathode needs to be measured. Here, we refer the electron capture to the directly captured 
component, not counting the electrons transmitted through graphene and then were collected back by 
graphene anode via Coulombic attraction. Otherwise, all emitted electrons would be eventually collected/
captured by anode (graphene) in this two-terminal mode of operation. In an effort to measure cathode 
emission, the graphene anode was covered by placing a Ga droplet in the aperture area (Figure 1.9). Here, 
the Ga droplet size is designed to be much larger than the channel diameter (i.e., 500 μm vs. 500 nm) so 
that incident electrons are fully blocked by the Ga-covered graphene anode. The forward I–V character-
istic clearly reveals the V 3 dependence for V > 0.1 V. By placing Ga on top, graphene’s work function is 
expected to decrease slightly by ~0.2 eV (Giovannetti et al. 2008). This will then reduce the flat band volt-
age to ~0.12 V, as seen in the earlier onset of steeply rising channel current (Figure 1.9). The V 3 regime 
of the Ga-covered graphene sample shifted up almost parallel to that of the sample without Ga. This 
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surement. A Ga droplet is placed on top of the graphene anode covering the entire aperture area (inset: optical 
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at a suspended graphene anode is estimated to be >~0.1%. (Reprinted from Srisonphan, S., Kim, M., Kim, H.K., Sci. 
Rep., 4, 3764, 2014.)
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indicates that the graphene layer underneath Ga still plays the same role of neutralizing electron space 
charge in the channel as in the case of the graphene-only sample via inducing holes in the suspended 
area. At 1 V bias, the channel current with graphene/Ga is now measured to be 1.4 μA, a 1.1 × 103 times 
increase from the current without Ga (1.3 nA).

When assuming all incident electrons are blocked and captured by the graphene/Ga anode, the total 
electron emission from the cathode equals the measured anode current (1.4 μA). (Here, we note that the 
reflectivity of very low energy electrons [~1 eV] at bulk metal surface is known to be ~10% [Herring & 
Nichols 1949; Cazaux 2012]. When the reflection effect at the Ga surface is taken into account, the total 
electron emission from the cathode is expected to be ~10% greater than the measured anode current.) 
If it is further assumed that the emission current of the graphene/Ga sample remains the same as that 
of the graphene-only sample, the electron capture efficiency of suspended graphene anode is estimated 
to be ~0.1% at 1 V bias. By placing a Ga cover on graphene, however, the space charges that might be 
present in air outside the graphene are expected to be eliminated, and this may further reduce the space 
charge field in the channel region, thereby enhancing cathode emission. Taking this possible effect into 
account, we note that the actual cathode emission without Ga might be less than the measured anode 
current with Ga. Based on this reasoning, the estimated capture efficiency (~0.1% at 1 V) should be con-
sidered as a lower limit.

The 1.4 μA channel current of the graphene/Ga sample at +1 V corresponds to an injection rate of ~1013 
electrons/s at cathode and the same rate of electron capture at Ga-covered graphene anode. The electron 
transit time in a nanovoid channel (channel length, 23 nm) is estimated to be ~100 fs at 1 V bias. This 
implies that, on average, one electron is in transit inside the void channel. In other words, an average 
amount of electron space charge is to be of single electron level. A similar amount of hole charges are 
expected to be induced on the suspended graphene area (500 nm × 500 nm). The resulting space-charge 
density in graphene is then estimated to be maximum ~4 holes/μm2 or ~4 × 108 holes/cm2. The induc-
tion of holes at this level of density is expected to shift the graphene’s Fermi level by no more than 0.1 eV 
at 1 V bias (Das et al. 2008; Xia et al. 2011; Yan et al. 2012). Overall, the result demonstrates graphene’s 
enabling nature of enhancing cathode emission by inducing hole space charge at single electron level, 
thereby overcoming the CL space charge limit (Child 1911; Langmuir 1913).

Note that the zero-current crossing point in reverse bias (i.e., the dip at −0.3 V in the graphene-only 
sample) now shifted close to 0 V (~−0.01 V) with the graphene/Ga sample (Figure 1.9). This is explained 
by the fact that the Ga-covered graphene has a reduced work function (Fermi level), shifting the dis-
charging of graphene to occur at lower bias. For a given bias voltage, the Fermi level shift at anode might 
have affected the band bending in the Si side, altering the density of 2DEG at SiO2/Si and, therefore, 
cathode emission. To further investigate these possible effects of anode work function change (i.e., gra-
phene Fermi level shift) on emission and capture at 2DES edges, an additional sample structure was 
prepared and characterized.

1.4.2  Space Charge Neutralization by Suspended Graphene

Without involving graphene, a Ga droplet was directly placed on top of a void-channel-etched SiO2/n-Si 
substrate, and the resulting I–V characteristic was compared with that of the sample with graphene/Ga 
(Figure 1.10). Again, the Ga droplet size was designed to be significantly greater than the channel diam-
eter (500 μm vs. 500 nm) so that incident electrons are fully captured.

The forward I–V characteristic reveals the V 2 dependence for V > 0.1 V (Figure 1.10). Without space 
charge neutralization by graphene in the void channel (i.e., without graphene), the voltage depen-
dence of electron injection (Qe vs. V) follows the capacitor relationship and is expressed as Qe ~ V. With 
enhanced injection of electrons into the confined space, the electron transport can be expressed in terms 
of average velocity vav ~ με ~ μV/L. The channel current is then determined as I = Qe/τav = Qevav/L ~ V 2. 
At low bias (V < 0.8 V), the sample with Ga-only (top, with slope 2) shows larger current than does the 
sample with graphene/Ga (bottom). This is explained by the fact that the work function of Ga (4.3 eV) 
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is smaller than that of the graphene under Ga (estimated to be 4.43 eV) (Giovannetti et al. 2008), and 
therefore, accumulation electrons build up more readily at low voltage for the Ga-only sample case. At 
0.4 V, for example, the 2DEG density is calculated to be 3.0 × 1011 cm−2 or 1.4 × 1011 cm−2 for the Ga-only or 
the graphene/Ga sample, respectively (Figure 1.11). The ratio of the two electron densities (2.1) well cor-
responds to the ratio of channel currents at the same bias (148 nA vs. 53 nA). As bias voltage is increased 
over the flat band voltage, accumulation electrons build up fast, ensuing electron emission at cathode 
and space charge build-up in the void channel.

In the graphene/Ga sample case, hole space charges are induced in the suspended graphene area and 
the double injection regime emerges, as evidenced by a steep rise in channel current at V > 0.2 V (Figure 
1.9). Note that the V 3 regime of the graphene/Ga sample surpasses the V2 regime current of the Ga-only 

(a)

V

V

V

V

I

I
I

I

Graphene
Tungsten probe

Tungsten probe

Ga

Ga
Ga

Ga

n-Si

n-Sin-
Si

AlAl

n-Si
AlAl

SiO2

SiO2
SiO2

SiO2
–101

–10–1

–10–3

–10–5

–1.0 –0.1 –0.01 0.1 1.00.01

Ga
Graphene/Ga

Slope 1.0

Slope 2.0

Voltage, V (V)

C
ur

re
nt

, I
 (µ

A
)

101

10–1

10–3

10–5

(b) (c)

+++ ++ +++

–––– – –––

– –

+++ +++

––– – ––––

– –

FIGURE 1.10 Enhancement of cathode electron emission by a suspended graphene anode. (a) Schematic of a void 
channel covered with a Ga droplet as a top cover: with a graphene layer placed underneath a Ga cover. (b) Schematic 
of a void channel covered with a Ga droplet as a top cover: without graphene underneath. (c) Measured I–V charac-
teristics. The channel current of the sample covered with graphene/Ga (bottom) shows the V 3 voltage dependence, 
and the current level surpasses the CL SCL current of the sample without graphene (top, with slope 2) at V > 0.8 V. 
(Reprinted from Srisonphan, S., Kim, M., Kim, H.K., Sci. Rep., 4, 3764, 2014.)

00

0.5

1

1.5

2.5

2

3 ×1012

0.5 1 1.5 2 2.5 3
Applied voltage, V (V)

A
cc

um
ul

at
io

n 
el

ec
tr

on
 d

en
sit

y, 
n s

 (c
m

–2
)

Ga
Graphene/Ga
Graphene

FIGURE 1.11 Accumulation electron density (ns = Qs/q) in a graphene/SiO2/Si (GOS) (or MOS) capacitor struc-
ture calculated as a function of applied bias voltage V for 0–3 V. Three different cases are shown for top electrode: 
graphene (bottom); graphene/Ga (middle); Ga (top). SiO2 thickness, 23 nm; ND = 1.0 × 1015 cm−2.



18 Carbon Nanomaterials Sourcebook

sample at 0.8 V. This hole-charge induction process in graphene has the effect of neutralizing the elec-
tron space charges in transit in the channel region (Langmuir & Kingdon 1923; Wilson 1959). With a 
reduced space charge field on cathode surface, electron emission becomes easier, resulting in higher 
channel current with stronger voltage dependence (i.e., V 3 instead of V 1.5 or V 2.0).

Overall, this comparison clarifies the roles played by graphene in different bias regimes: In low bias, 
the work function shift at anode alters the 2DEG density at cathode (and therefore, the channel current), 
whereas in large bias, the suspended graphene directly affects cathode emission by inducing hole space 
charge in the channel, thereby neutralizing electron space charge.

1.4.3  Calculation of 2DEG Density in Graphene/SiO2/Si

Here, we calculate the 2DEG density induced at the Si/SiO2 interface of a capacitor structure formed on 
a SiO2/n-Si substrate for the cases of three different electrode materials/configurations: graphene only, 
graphene/Ga, or Ga only. This comparative study aims at developing a quantitative understanding of 
how the work function change of top electrode affects the 2DEG density induced in the Si side.

Similar to the MOS capacitor case discussed previously, the bias voltage (V) applied to a graphene/
SiO2/Si (GOS) capacitor structure is expended at mainly three places: the flat band voltage (VFB), across 
the band bending region in semiconductor (φs), and across the oxide layer (Vox).

 V = VFB + φs + Vox (1.5)

Here, the flat band voltage (VFB) refers to the work function difference of graphene (ϕgraphene) and 
semiconductor (ϕSi), expressed as VFB = ϕgraphene − ϕSi.

The work function of intrinsic (undoped) graphene is ~4.56 eV (Yu et al. 2009; Yan et al. 2012). Unlike 
the metal or conventional semiconductor case, graphene offers relatively lower density of states (Luryi 
1988). Therefore, the Fermi level of graphene (work function) is not fixed but can shift depending on the 
bias voltage and, thereby, the level of accommodation of carriers (electrons or holes), i.e., carrier concen-
tration ns. The Fermi level shift (referring to the Dirac point) can be characterized as

 ∆ F F sE v n= π , (1.6)

where vF is the Fermi velocity, 1.1 × 108 cm/s.
Considering the dependence of flat band voltage on the Fermi level shift in graphene, Equation 1.5 is 

recast as follows.

 V = [(ϕgraphene ± ΔEF) − ϕsi] + φs + Vox (1.7)

Here, the positive sign is for p-type graphene and the negative sign is for the n-type case.
The space charge density (Qs) in the semiconductor side (n-Si) can be determined by applying the 

same process as in the MOS case and is expressed as follows.
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Similarly, the voltage drop across the oxide layer (Vox) is related to the space charge in Si (Qs) and oxide 
capacitance (Cox = εox/d) as follows:

 Vox = Qs/Cox. (1.9)
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Across the oxide layer, the same amount of charges ns (= Qs/q) (of opposite polarity) appear in the 
graphene side.

Solving Equations 1.6 to 1.9 simultaneously, the accumulation space charge density Qs can be calcu-
lated as a function of applied voltage V.

Figure 1.11 shows Qs for V in the range of 0 to 3 V for the structure on n-Si substrate with ND = 1.0 × 
1015 cm−3. Three different cases were calculated for top electrode on SiO2/n-Si substrate: graphene only, 
graphene/Ga, and Ga only.

In this calculation, the following numbers were assumed: the work function of Ga, 4.3 eV; electron 
affinity of Si, 4.15 eV; electron affinity of SiO2, 0.95 eV; dielectric constant of SiO2, 3.9; dielectric constant 
of Si, 11.8 (Lide 2006). The work function of Ga-covered graphene is expected to be similar to graphene’s, 
but slightly reduced (to ~4.43 eV) because of the contact with Ga, which has a smaller work function 
than graphene (Giovannetti et al. 2008; Xia et al. 2011).

Now, consider the possible effect of graphene’s Fermi level shift on cathode emission and, therefore, 
on the electron capture efficiency at suspended graphene anode. When a Ga droplet is placed on gra-
phene, the graphene’s Fermi level is expected to decrease slightly, from 4.56 eV to 4.43 eV. At low bias, 
this can make a significant increase in 2DEG density, e.g., at +0.4 V from 5.9 × 1010 cm−2 to 1.4 × 1011 cm−2 
after placing Ga. At large bias, however, this effect becomes insignificant, e.g., at +1.0 V bias, the 2DEG 
density increases from 5.2 × 1011 cm−2 to 6.4 × 1011 cm−2, only a 1.2 times increase (Figure 1.11). The cathode 
emission of the Ga-covered graphene sample is then estimated to have been affected by the same ratio. 
Overall, the result confirms good transparency of monolayer graphene to very low energy electrons that 
up to ~99.9% of incident electrons transmit through a suspended graphene electrode. This high level of 
electron transparency would be beneficial for low leakage current when a suspended graphene is utilized 
as a control gate (grid) in vacuum electronic devices.

1.5  Electron Capture and Transmission at Photo Reverse Bias

Under reverse bias, a MOS capacitor structure can support a 2DEG inversion layer at the Si/SiO2 inter-
face, which forms the basis of Si MOS field-effect-transistor technology (Sze 1981; King et al. 1998). This 
inversion 2DEG is of minority carriers, thermally generated in Si substrate. Under illumination of light, 
electron-hole pairs can be generated and separated by depletion field. Photogenerated minority carriers 
(electrons in p-Si substrate and holes in n-Si) drift to the Si/SiO2 interface and become confined at the 
potential well, forming a 2DEG inversion layer. In this study, we investigate a graphene/SiO2/p-Si (GOS) 
capacitor structure under reverse bias and optical illumination. The 2DEG at the SiO2/Si interface is 
expected to emit into a nanovoid channel, being governed by the same principle as the accumulation 
2DEG in a dark, forward-biased graphene/SiO2/n-Si structure.

A graphene/SiO2/n-Si structure with a void channel was fabricated by employing EBL, plasma etch-
ing, and graphene transfer processes (Figure 1.12). In brief, a vertical trench structure (120–440 nm 
width, 100–200 nm depth, 1-mm trench length) was formed by plasma RIE of a 23-nm-thick SiO2-
covered (100)-Si substrate (p-type doped with resistivity of 10 Ω-cm). A monolayer graphene (3 mm × 
4 mm) was then transferred to the trench-etched substrate.

1.5.1  Photo-Induced 2DEG Inversion Layer

The photo I–V characteristic of graphene/SiO2/p-Si structure was measured under illumination with 
a 633-nm laser light (1-mm beam diameter) (Figure 1.12). In reverse bias, the photocurrent saturates 
at 1.8–4.3 V for 0.1–1.0 mW input power. Under 0.25-mW illumination, the saturation photocurrent 
is read to be 0.25 mA at 2.7 V. This corresponds to a responsivity of 1.0 A/W and external quantum 
efficiency (EQE) of 200% (internal quantum efficiency [IQE] of 300%). The dark current is measured to be 
1.6–3.6 μA at 2.2–7.0 V, resulting in an on/off current ratio of 225–270 at 1.0 mW input power (Figure 1.12). 
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The responsivity measured at input power of 0.1 to 1.0 mW remains nearly constant at 0.9–1.1 A/W, 
demonstrating reasonably good linearity.

The absorption depth of Si is 3.0 μm at 633 nm wavelength. Since a monolayer graphene absorbs 
only 2.3% of incident light, most photons are absorbed in/near the depletion region (910–940 nm width 
at 2–5 V reverse bias) (Figure 1.12). The photogenerated carriers are separated by depletion field, and 
photoelectrons drift to the Si/SiO2 interface, forming a 2DEG inversion layer. Similar to the dark for-
ward-bias case (Srisonphan et al. 2012), Coulombic repulsion among electrons around the channel edge 
enables low-voltage emission of 2DEG into air. Emitted electrons travel ballistically in the nanovoid 
channel. Some of them are captured/collected at the edge of 2DHS induced in the graphene side, while 
the majority pass through the suspended graphene (Figure 1.12). The transmitted electrons form a space 
charge outside the suspended graphene. Once a space charge region is established, further transmitting 
electrons are collected by the graphene electrode on SiO2. Photoholes separated in the depletion region 
drift down to the substrate side. Photoelectrons in 2DEG, traveling along the horizontal (longitudinal) 
direction, accumulate at the channel edge, while some exit through the edge, emitting into air. This 
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FIGURE 1.12 Emission and transport of photo-induced 2DEG in a graphene/SiO2(23nm)/p-Si structure with 
a nanovoid channel under reverse bias. (a) Schematic of a GOS structure with a trench (340–440 nm width, 
200 nm depth, 1 mm length) covered by a suspended graphene electrode (3 mm × 4 mm). A laser beam (1 mm 
diameter) illuminates the graphene electrode. (b) SEM images of monolayer graphene placed on top of a trench: 
top-view (top) and cross-section (bottom) images. Scale bars, 200 nm. (c) Schematic of photocurrent flow under 
reverse bias. Photocarriers generated in Si are separated by depletion field: photoelectrons form a 2DEG at Si/
SiO2, while photoholes flow to substrate. The 2DEG flows into/accumulate at the channel edge, while some are 
exiting into air and traveling toward graphene electrode (top and middle panels). Coulombic repulsion of 2DEG 
at the channel edge has the effect of lowering the energy barrier at the surface enabling low voltage emission into 
air. Similarly, the energy barrier in the graphene side is also lowered by the 2DHS in graphene (bottom panel). 
(d) Measured I–V characteristics: dark- (dotted) and photocurrent (solid) under 1-mW illumination (633 nm 
wavelength). (e) Measured photo I–V for different input power levels: (from bottom up) black, 0.10 mW, 0.25 mW, 
0.50 mW, and 1.00 mW.
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local accumulation of electrons around the edge induces some of the photoholes to be held back near 
the depletion region boundary. The closed-circuit nature (i.e., charge conservation) of this two-terminal 
operation with a suspended graphene electrode was confirmed by performing I–V measurements in air 
or vacuum (~10–6 Torr) with the system ground connected to the bottom (cathode) or top (anode), which 
demonstrate the same amount of channel current for a given bias voltage.

Assuming 1-mW/mm2 input power density at 633-nm wavelength and 2.3% absorption in graphene, 
the photocarrier generation rate in graphene is calculated to be 7.3 × 1015 s−1 cm−2. Further assuming a 
minority carrier lifetime of ~1 ps (Rana et al. 2009), the photocarrier density in graphene is estimated 
to be ~7 × 103 cm−2. This number is several orders of magnitude smaller than the 2DEG density in the Si 
side. This confirms that the photocurrent observed in this work originates from the photocarrier gen-
eration and separation occurring in the Si side.

1.5.2  Emission and Transport of Photocarrier 2DEG

Here, we note that the measured photo I–V of reverse-biased p-Si sample reveals the same voltage depen-
dence as the dark forward-biased n-Si case: V 3 dependence of photocurrent at 0.3–1.0 V (Figure 1.12, 
solid), much faster than the V 1.5 dependence of CL space-charge-limited current. The 2DEG at SiO2/Si 
is balanced by the 2DHS in graphene across the oxide layer, and therefore, the availability of electrons 
at the channel edge shows the same voltage dependence of hole concentration in graphene: Qe ~ Qh ~ 
V 2. Under high-level injection, the electron transport is scattering-limited, and the average velocity is 
proportional to the electric field, vav ~ με ~ μV/L. This results in the V3 dependence of channel current, 
I = Qe/τav ~ V 3.0.

The spectral dependence of photocurrent responsivity was characterized in the ultraviolet-to-near-
infrared (UV-to-NIR) range (325–1064 nm) at input power of ~0.25 mW (Figure 1.13). The IQE shows a 
three-step cascade profile: an initial rise to 230% level at ~850 nm, followed by an increase to 300% level 
at ~650 nm, and a ramp-up to 380% at <400 nm. At steady state, the saturation photocurrent is balanced 
by the photocarrier generation in Si. An IQE greater than 100% indicates multiplication of photocarri-
ers (Robbins 1980; Sano & Yoshii 1992; Kolodinski et al. 1993). The spectral dependence of IQE without 
a carrier multiplication effect is calculated and shown for comparison (Figure 1.13, dashed) (Sze 1981).

The saturation photocurrent (Iph) was read at the knee point (Vsat) of photo I–V for ~0.25 mW input 
power (Pin). Photocurrent responsivity (Iph/Pin) was calculated from the measured photocurrent and 
input power.
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Here, α is the absorption coefficient of silicon (Green & Keevers 1995; Lide 2006). Ln is the minority 
carrier diffusion length (Law et al. 1991). WD is the dark depletion region width. The EQE without mul-
tiplication (ηex) was calculated from (1 − R)ηin.

The three-step-cascade profile observed with the graphene/SiO2/p-Si structure suggests that differ-
ent mechanisms are involved in carrier multiplication depending on spectral range. The first regime 
that covers the NIR (>~800 nm) corresponds to near-band-edge absorption. Since the amount of 
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FIGURE 1.13 Spectral dependence of photocurrent responsivity and quantum efficiency. (a) The photo I–V 
characteristics of a graphene/SiO2(23nm)/p-Si structure with a trench were measured at 325–1064 nm with input 
power of ~0.25 mW. The responsivity and IQE values were calculated from the knee points of saturation photocur-
rents. The spectral dependence reveals a three-step cascade profile with IQE of 220%–380% at <850 nm, implying 
broadband photocarrier multiplication. The IQE calculated without a multiplication effect is shown for comparison 
(dashed). (b) Photo I–V characteristics measured at three different wavelengths (325, 780, and 980 nm) with differ-
ent input power.
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above-bandgap excess energy is negligible in this regime, the underlying mechanism is believed to 
involve a field-assisted process.

The saturation photocurrent is determined by the photocarrier generation rate in Si and is expressed 
as qηPin/hν, where q is the electron charge, η is the EQE, Pin is the power incident to graphene electrode, 
and hν is the photon energy. For 1-mW illumination with 800-nm light (1-mm beam diameter), the 
photogeneration rate is calculated to be 2.7 × 1017 s−1 cm−2. This corresponds to a photocarrier density 
of 8.2 × 1012 cm−2 when assuming a minority carrier (electron) lifetime of 30 μs in Si (Law et al. 1991). 
The photogenerated electrons drift to the Si/SiO2 interface and flow along the 2DEG channel. The 
channel edge at the trench becomes a bottleneck for continuous flow of electrons (i.e., exit flux into 
air), since the emission of 2DEG at the edge is limited by the space charge effect in the void channel. 
Photoelectrons then accumulate at the edge while some return. The local 2DEG density at the bottle-
neck is expected to stabilize at a certain level because of a negative feedback effect discussed further 
in the chapter.

Across the oxide layer of the capacitor structure, the graphene side will have an accumulation of posi-
tive charge (holes) to the same level as that of net negative charge in Si (Das et al. 2008). The peak hole 
concentration in graphene is expected to be limited to/stabilized at ~1 × 1013 cm−2. Beyond this level, the 
electric field in SiO2 (>~5 × 106 V/cm) would reach the breakdown regime (Ponomarenko et al. 2013), 
and carriers (holes) generated by an avalanche process will neutralize the photoelectrons accumulated 
in Si, reducing the concentration to a stable level. At this level of hole concentration, the Fermi level of 
graphene is ~0.4 eV below the Dirac point (Das et al. 2008). A further rise in hole density would lower 
the graphene’s Fermi level and thereby decrease the flat band voltage (VFB) such that the band bending 
in Si becomes less, lowering the 2DEG density. Overall, this negative feedback effect is expected to limit/
stabilize electron accumulation to ~1 × 1013 cm−2 level. In the Si side, the accumulated electrons will 
attract holes that are being generated in the depletion/neutral region. The photoholes induced by this 
Coulombic interaction will form a space charge region at the depletion/neutral boundary, altering the 
field and potential distributions.

1.6  Conclusion

We reviewed the recent progress in investigating suspended graphene’s perpendicular interactions with 
very-low-energy (<5eV) impinging electrons. In this study, a graphene membrane is suspended on top of 
a nanoscale void channel formed in a SiO2/Si substrate. In generating a constant flux of very-low-energy 
electrons, we exploit the phenomenon that a 2DEG induced at the SiO2/Si interface of a MOS structure 
can easily emit into air (a void channel whose channel length is smaller than the mean free path) at 
low voltage (~1 V) and makes a ballistic transport toward the suspended graphene. Here, the 2DEG is 
induced by applying dark forward bias (accumulation) or photo reverse bias (inversion). We character-
ized the emission, capture, and transmission interactions of suspended graphene with the low-energy 
incident electrons. A small fraction (>~0.1%) of impinging electrons are captured at the edge of 2DHS in 
graphene, demonstrating good transparency (up to ~99.9%) to very-low-energy (<5 eV) electrons. While 
being transmissive, the suspended graphene is found to be highly responsive to impinging electrons. In 
response to electron injection, a graphene anode induces hole charges in the suspended area, thereby 
neutralizing electron space charge. This charge compensation dramatically enhances 2DEG emission at 
cathode to the level far surpassing the CL SCL emission. Besides electron transparency, graphene’s abil-
ity to overcome the space charge limit in cathode emission offers promising potential for low-voltage, 
high-current-density nanoscale vacuum electronic devices.
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Abstract

This chapter reviews experiments on graphene and bilayer graphene quantum dot devices. First, 
a brief theoretical background is given. The electronic and optical properties of graphene QDs are 
explained, and the differences from extended graphene sheets are emphasized.

The most common fabrication technique is based on micromechanical exfoliation of individ-
ual graphene flakes from bulk graphite followed by plasma etching the desired shape. Carving 
width modulated nanoribbons out of graphene flakes, it has been possible to realize single electron 
transistors, quantum dots, and double quantum dots. Following a bottom-up approach, graphene 
QDs can either be fabricated by ruthenium-catalyzed C60 transformation, by hydrothermal or 
electrochemical strategies from graphene oxide, or by wet chemical oxidization and cutting of 
micrometer-sized carbon fibers. These types of graphene QDs are used in optical and biological 
experiments.

The transport properties of graphene nanoribbons are summarized. They allow opening a band-
gap in graphene by lateral confinement and thus serve as building blocks for many graphene quantum 
devices. Graphene quantum dots have intensively been studied in low-temperature DC measure-
ments. Coulomb blockade and excited state spectra have been investigated in graphene quantum 
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dots. Graphene nanoribbon-based charge sensors are commonly used to detect charging events in 
regimes where the current through the quantum dots is below the detection limit. Furthermore, 
time-resolved charge detection on a graphene quantum dots has been demonstrated. In magnetic 
field-dependent measurements, it was possible to determine spin-filing sequences and the g-factor 
in graphene quantum dots. The relaxation dynamics of excited states in quantum dots is addressed 
by pulsed gate spectroscopy. Measurements of transient currents through electronic excited states 
give an estimate for a lower bound for charge relaxation times on the order of 60–100 ns.

As the quality of graphene devices is regarded to be limited by disorder induced by surface 
potentials of the host substrate and edge states, alternative fabrication techniques have been inves-
tigated. Local anodic oxidation avoids the use of lithography and plasma etching and can thus 
potentially reduce the influence of edge disorder. Spin states have been investigated in devices built 
following this technique. To cope with the problem of substrate-induced disorder, graphene quan-
tum dots on hexagonal boron nitride (hBN) have been investigated. A competitive study of devices 
on hBN and SiO2 has shown a significant reduction of the influence of surface-induced disorder.

Bilayer graphene is of special interest as it allows to open a bandgap by applying perpendicular 
electric fields. This approach has been used to realize quantum dots by soft confinement. Bilayer 
graphene quantum dots in suspended flakes and in hBN/bilayer graphene/hBN heterostructures 
have been studied.

The device concepts known from quantum dots have been extended to realize double quantum 
dots. Excited state spectra, the gate control of the mutual capacitive coupling and the interdot tunnel 
coupling, have been studied. By pulsed gate control on a double quantum dot, a gigahertz charge 
pump has been demonstrated. Studies on a bilayer graphene double quantum dot have proven that 
the excited state level spacing in bilayer graphene is constant in contrast to single-layer graphene. A 
magnetic field dependency of excited states in agreement with Zeeman splitting has been observed.

2.1  Introduction

Quantum dots (QDs) allow a controlled investigation and manipulation of individual quantum sys-
tems. They are in particular interesting as promising hosts for spin qubits (Loss and DiVincenzo 1998). 
These are reasons why QDs have been intensively investigated in different material systems over the past 
years. So far, most progress has been made in QDs in two-dimensional (2D) electron gases, especially in 
GaAs-based heterostructures (Elzermann et al. 2003; Hanson 2005; Johnson et al. 2005; Petta et al. 2005; 
Koppens et al. 2006; Nowack et al. 2011), and elementary spin-qubit operations have been demonstrated.

However, these systems suffer from limited spin decoherence times originating from spin-orbit and 
hyperfine interactions (Khaetskii et al. 2002). Ways to cope with this issue have been explored, e.g., by 
polarizing the nuclear spin bath (Bluhm et al. 2010). To minimize the influence of nuclear spins, alter-
native materials are of great interest, especially group IV elements. Spin relaxation has been measured, 
e.g., in Ge/Si nanowire qubits (Hu et al. 2011) and in silicon QDs (Yang et al. 2013). Recently, electron 
spin resonance has been demonstrated in a Si/SiGe spin qubit, with decay timescales significantly larger 
compared with III/V QDs (Kawakami et al. 2014). One way to further reduce the influence of nuclear 
spins is the use of isotopically purified silicon.

Among the group IV elements, carbon materials are an interesting alternative. The spin-orbit inter-
action is small because of the low mass of the nucleus (Huertas-Hernando et al. 2006; Min et al. 2006). 
The hyperfine interaction is weak, as 99% of natural carbon is the isotope C12, which has zero nuclear 
spin (Trauzettel et al. 2007). A valley-spin qubit in a carbon nanotube (CNT) has been studied by Hahn 
echo measurements (Laird et al. 2013). It is predicted that spin-qubits in graphene feature long coherence 
times (Trauzettel et al. 2007).

Despite the advantages concerning hyperfine and spin-orbit interaction, graphene has a significant 
drawback. Because of the absence of a bandgap and the pseudorelativistic Klein tunneling effect, it is 
challenging to confine electrons (Katsnelson et al. 2006; Castro Neto et al. 2009; Das Sarma et al. 2011).
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A lot of effort has been spent so far to overcome this limitation. Most approaches are based on carving 
nanostructures out of graphene sheets. It has been shown that an energy gap will be opened in graphene 
nanoribbons (GNRs). Single-electron transistors (SETs), QDs, and double QDs (DQDs) have success-
fully been fabricated either by etching width-modulated nanostructures (Ponomarenko et al. 2008; 
Stampfer et al. 2008b; Güttinger et al. 2009; Moriyama et al. 2009; Molitor et al 2009b; Wang et al. 2010; 
Volk et al. 2011; Connolly et al. 2013; Volk et al. 2013; Engels et al. 2013b) or by electrostatic confinement 
of electrons in nanoribbons using gate electrodes (Liu et al. 2009, 2010). Another technique defines the 
nanostructures by local anodic oxidation (Neubeck et al. 2010; Puddy et al. 2013). Recently, the confine-
ment of electrons by magnetic fields has been demonstrated (Moriyama et al. 2014). In addition, bilayer 
graphene offers the possibility for soft confinement of electrons by applying perpendicular electric fields 
(Allen et al. 2012; Goossens et al. 2012b).

Graphene QDs are not only investigated in electronic transport experiments but also their optical prop-
erties are explored, e.g., by photoluminescence (PL) and PL excitation (PLE) (Kim et al. 2012; Peng et al. 
2012). Although no optical luminescence is observed in extended graphene sheets, the size-dependent con-
finement gap in graphene QDs results in size-dependent (and hence controllable) emission and absorption 
spectra, which makes graphene QDs promising for optoelectronic and bioimaging applications.

2.2  Band Structure of Graphene and Bilayer Graphene

Graphene is a 2D crystal where neighboring carbon atoms form strong covalent sp2 σ-bonds with a 
binding angle of 120°, resulting in a hexagonal crystal structure that can be regarded as a trigonal lattice 
with two atoms per unit cell. The carbon–carbon bond length measures a0 = 1.42 Å (see Figure 2.1a). The 
remaining pz orbitals of the carbon atoms give rise to the so-called π-bands responsible for the electronic 
properties of graphene.
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FIGURE 2.1 Crystal structure and band structure of single-layer graphene. (a) Crystal structure of graphene in 
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of graphene. The first Brillouin zone is highlighted, including the high symmetry points Γ, M, K, and K′. (c) Nearest-
neighbor tight-binding band structure calculation (cf. Equation 2.1). The π- and π*-bands touch at the K- and K′-points.
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The first Brillouin zone shows a hexagonal symmetry reminding of the graphene crystal structure in 
real space (see Figure 2.1b). The two inequivalent corners of the Brillouin zone are K = ( )( ) ,2 3 1 30π/ a  

and ′ = −( )K ( ) ,2 3 1 30π/ a .
The electronic band structure can be derived following a tight-binding approach (Wallace 1947). 

Taking into account both nearest-neighbor and next-nearest-neighbor hopping terms results in a band 
structure expressed by the relation (Castro Neto et al. 2009; Das Sarma et al. 2011; Katsnelson et al. 2012).

 E f f± = ± + − ′( ) ( ) ( )k k kγ γ0 03 , (2.1)

with

 f f k k k a k a k( ) ( , ) cos cos cos(k = = ( ) + ( )x y y y/ /2 3 4 3 2 3 20 0 xxa0 ). (2.2)

The nearest-neighbor hopping energy measures γ0 ≈ 2.8 eV. According to ab initio calculations, the next-
nearest-neighbor hopping energy ′γ 0 has been found to be on the order of −0.02γ0 to −0.2γ0 (Reich et al. 2002). 
The positive and negative branches of the dispersion relation correspond to the π- and π*-band, respectively. 
Finite ′γ 0 breaks the electron hole symmetry. A detailed calculation can be found, e.g., in review articles by 
Castro Neto et al. (2009) and Das Sarma et al. (2011). Figure 2.1c shows the band structure for γ0 = 2.8 eV and 

′ = −γ γ0 00 2. .
At the center of the Brillouin zone, the Γ-point, the conduction and valence bands are separated by 6γ0 ≈ 

17 eV, whereas the bands touch at the K-points of the Brillouin zone, making graphene a semimetal. In trans-
port measurements, usually, only energies close to the Fermi energy are accessible; thus, only the dispersion 
relation close to the charge neutrality point is relevant. In this regime, the dispersion relation can be linearized 
around K as E v± = ±( )k k F , where vF is the Fermi velocity 3 2 100 0

6γ a /  ≈  m/s (Wallace 1947; Katsnelson et 
al. 2006; Neto et al. 2006; Katsnelson and Novoselov 2007). As the dispersion relation takes the form of the 
one valid for massless relativistic particles (E cp c k= =  , where c is the speed of light), the K-points are called 
Dirac points. The density of states is given by D E E v( ) /= ( )2 2 2π F  in contrast to conventional 2D electron 
gases (2DEGs), where it is independent of energy.

Bilayer graphene is formed by two graphene sheets Bernal stacked on top of each other. In close anal-
ogy to single-layer graphene, the band structure can be obtained by a tight-binding approach taking into 
account intralayer and interlayer hopping (γ0, γ1) (cf. Figure 2.2).
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FIGURE 2.2 Crystal structure and band structure of bilayer graphene. (a) Crystal structure of bilayer graphene. 
The interlayer distance measures c0 = 3.35 Å, the intralayer hopping energy γ0 ≈ 2.8 eV, and the interlayer hopping 
energy γ1 ≈ 0.4 eV. (From Du, X. et al., Nature, 462, 192–195, 2009.) The latter describes the coupling of B1 atoms in 
the lower layer and A2 atoms in the upper layer. (b) Band structure in the absence of an external electric field and the 
presence of a perpendicular external electric field leading to a potential difference of Δ = 80 mV, which breaks the 
lattice symmetry and thus leads to a bandgap opening.
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The energy dispersion relation around the K-point is given by

 E k v k v k± = ± + ± +( )( )
/

 

2 2 2
1
2

1
4

1
2 2 2 2

1 2

2 4F F/ /γ γ γ . (2.3)

The sign in front of the inner square root distinguishes between the first and second energy subbands, 
which are split by 2γ1 ≈ 0.78 eV (Brandt et al. 1988; Dresselhaus and Dresselhaus 2002; McCann et al. 
2006; Castro Neto et al. 2009; Das Sarma et al. 2011).

In the limit of low momenta ( ( ))k v� �γ 1 2/ F , the dispersion relation simplifies to  E k v k± = ±( ) /

2 2 2
1F γ  , 

describing a parabolic dispersion relation. As a consequence, the quasiparticles have a finite effective 
mass m v* /= γ 1

22 F and the density of states is constant: D E v( ) /= ( )γ π1
2 2
 F . At large k, the dispersion rela-

tion converges toward the linear one known from single-layer graphene.
Interestingly, bilayer graphene allows the opening of a bandgap by applying a perpendicular electric 

field. Taking into account this effect, the energy dispersion relation reads as

 E k v k v k± = ± + + ± + +( )( ) / /∆ ∆2 2 2 2
1
2

1
4

1
2 2 2 2 24 2 4 F F/γ γ γ(( )1 2/

, (2.4)

where Δ is a measure for the potential energy difference of the two graphene layers (Brandt et al. 1988; 
McCann et al. 2006; Das Sarma et al. 2011; Katsnelson 2012; Castro Neto et al. 2009). As long as Δ is 
small compared to γ0, the dispersion relation remains parabolic around the K-point, while at larger Δ, 
the curve takes the typical “mexican hat”-like shape with a minimum bandgap of ∆ ∆− 3

1
22/ γ . Figure 2.2b 

compares the band structure with and without an applied electric field.

2.3  Electronic and Optical Properties of Graphene 
and Bilayer Graphene Quantum Dots (QDs)

2.3.1  Graphene in Reduced Dimensions

Right after the experimental discovery of graphene, electrical transport experiments have been done on 
“bulk” graphene, typically micrometer-sized Hall bars. Interesting properties like the theoretically pre-
dicted temperature-independent mobility have been demonstrated (Novoselov et al. 2004). One of the 
famous results is the observation of the anomalous “half-integer” quantum Hall effect (Novoselov et al. 
2005; Zhang et al. 2005). It is the quasi-relativistic  analog of the integer quantum Hall effect in semiconduc-
tors with a parabolic dispersion relation. Furthermore, it has been observed that the minimum conductivity 
in graphene does not reach zero in the limit of zero carrier density but approaches a minimum of the order of 
e2/h (Tworzydło et al. 2006; Tan et al. 2007). This is an intrinsic property of 2D Dirac fermions present in gra-
phene crystals without impurities or lattice defects (Katsnelson et al. 2006): The experimental value depends 
on sample geometry, disorder, and overall doping of the graphene flake (Geim and Novoselov 2007; Tan et 
al. 2007). The presence of the residual conductivity has strong impact on the electrostatic tunability of gra-
phene devices (Novoselov et al. 2004), making it difficult to fully pinch off currents in 2D graphene devices.

In GNRs (which typically have a width around 100 nm), an effective energy gap can be observed (see 
Figure 2.3b). Ideal GNRs (Brey and Fertig 2006; White et al. 2007) promise interesting quasi-1D physics 
in analogy to CNTs (Saito et al. 1999; Reich et al. 2004), which can be imagined as rolled-up GNRs. The 
overall semiconducting behavior of GNRs allows overcoming the limitations of the gapless graphene band 
structure. This makes them promising candidates for the fabrication of nanoscale graphene transistors 
(Wang et al. 2008), tunnel barriers, and QDs (Ponomarenko et al. 2008; Stampfer et al. 2008). Electronic 
transport through GNRs has been studied intensively (Chen et al. 2007; Han et al. 2007; Liu et al. 2009; 
Stampfer et al. 2009; Todd et al. 2009) and will be discussed in more detail in Section 2.5.1.

QDs (Sohn et al. 1997) are tiny objects, typically consisting of 103–109 atoms. The confinement of the 
electrons in all three spatial directions results in a quasi-0D system within a quantized energy spectrum 



34 Carbon Nanomaterials Sourcebook

(see Figure 2.3c). QDs are therefore regarded as artificial atoms (Kastner 1993) where the single particle 
level spectrum can be set by the dimensions of the QD. The relevant energy scales in graphene QDs are 
discussed in Section 2.3.2. The designable level spectrum makes graphene QDs interesting for optical 
experiments (see Section 2.3.3). Furthermore, QDs und DQDs are regarded as promising hosts for spin 
qubits (Loss and DiVincenzo 1998). Because of the low spin-orbit and hyperfine interaction, graphene is 
of special interest. Over the past years, graphene QDs and DQDs have been studied intensively, which 
will be summarized in Section 2.3 and the following.

2.3.2  Relevant Energy Scales

There are several energy scales that have to be considered performing transport experiments in gra-
phene QDs.

Coulomb energy: The Coulomb energy EC = E2/CΣ of a QD can be estimated by its self-capacitance. 
For QDs in planar 2DEGs, and in graphene, the QD is commonly approximated by a circular disc of 
radius r embedded in a material with dielectric constant ε (Sohn et al. 1997; Ihn 2010). Gates and contacts 
are neglected within this model. The self-capacitance then measures C = 8εε0r. Considering a graphene 
QD placed on a SiO2 substrate, ε ε≈ +( ) ≈SiO /

2
1 2 2 5.  can be estimated as the average dielectric constant of 

the substrate material and air. Experimentally observed addition energies, Eadd, i.e., the sum of charging 
energy EC and level spacing Δ in graphene QDs, are shown in Figure 2.4a.

Level spacing in single-layer graphene: The level spacing of electronic excited states (ESs) in gra-
phene QDs can be derived from the density of states (Schnez et al. 2009; Schnez 2010). The density of 
states (DOS) in single-layer graphene is given by D E E v( ) = ( )2 2 2/ Fπ  (Castro Neto et al. 2009; Das Sarma 
et al. 2011). Approximating a QD by a circular island with an area A = πr2 and number of charge carriers 
N, the total quantum mechanical energy is given by

 E N A dE E D E A
v

E
EF

QM
F

F( ) ( )
( )

= =∫
0

2
32

3π 
. (2.5)
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FIGURE 2.3 Graphene structures from 2D to 0D. (a) Illustration of the honeycomb-like lattice in extended gra-
phene (2D) and the dispersion relation of graphene. (b) GNR (1D) with rough edges and schematics of the cor-
responding quasi-1D band structure. (c) QD (0D) in form of a nanometer-sized graphene flake and the expected 
discrete energy level spectrum (spin and valley degeneracy is assumed).
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Applying the dispersion relation for single layer graphene E v k=  F F  with k n N AF = =π π / , 
Equation 3.1 can be rewritten as

 E N A v
v

k v AN v
d

NQM
F

F
F

F F/( )
( )

/= = =2
3

2
3

4
3

13 3

2
3 3 2



 

π
π 33 2/ . (2.6)

The chemical potential μ can be expressed as the following, where the approximation is valid in the 
regime of large N.

 µ( ) (( ) )( ) ( ) / /N E N E N v
d

N N v= + − = + − ≈QM QM
F1 4

3
1 1 23 2 3 2

 FF
N
d

. (2.7)

The ES level spacing Δ is thus given by the difference

 ∆( ) ( ) ( )N N N v
d N

= + − ≈µ µ1 1
 F . (2.8)

The ES level spacing in graphene QDs obtained from finite-bias spectroscopy measurements is shown a 
function of the number of charge carriers in Figure 2.4b and as a function of the QD diameter in Figure 2.4c.
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Level spacing in bilayer graphene: For bilayer graphene QDs, the level spacing can be calculated fol-
lowing the same approach taking into account the difference in density of states and dispersion relation. 
In the vicinity of the Dirac points, the dispersion relation of bilayer graphene is parabolic, and thus, the 
density of states equals the one of a 2DEG, D E v( ) /= ( )γ π1

2 2
 F . This is in contrast to single-layer graphene 

and does not depend on the energy. Thus, the total energy is quadratic in EF:

 E N A dE E D E A
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E
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As derived in Section 2.2, the low-energy dispersion relation takes the form of a 2DEG, E k
m

= 
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with the effective mass defined by the interlayer hopping energy: m v* /= γ 1
22 F. Thus, the energy reads as
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and the chemical potential is given by

 µ π
γ

( )N v N
A

= +

2 2

12
2 1F . (2.11)

This results in an ES level spacing Δ, which is independent of the number of electrons on the QD 
(Volk et al. 2011):

 ∆( )N v
A

= π
γ


2 2

1

1F . (2.12)

Tunnel coupling: The tunnel resistance Rt to the leads has to be sufficiently high such that an elec-
tron is either located in one of the leads or on the QD. The minimum Rt to fulfill this condition can be 
estimated according to Heisenberg’s uncertainty relation ΔE · Δt > h, with the desired energy resolution 
ΔE and the time scale of a tunneling process Δt = RtCΣ. This yields the relation Rt > h/CΣΔE. Regarding 
the charging energy as the desired resolution, the condition Rt > h/e2 has to be satisfied (Sohn et al. 1997; 
Ihn 2010).

Thermal energy: The thermal broadening of a Coulomb peak is proportional to cosh− 





2

2
αe V

k T
∆ G

B
. 

This implies that the temperature has to be sufficiently low to resolve Coulomb charging effects (kBT ≪ 
EC) and the ES spectrum (kBT ≪ Δ).

2.3.3  Optical Properties

Because of the absence of a bandgap, no optical luminescence is observed in extended graphene sheets. 
It has been shown that a bandgap can be induced by shaping graphene into nanoribbons (GNRs) and 
dots (QDs) due to quantum confinement (Ponomarenko et al. 2008; Li and Yan 2010) and edge effects 
(Zhu et al. 2011), which will be discussed in Section 2.5.1. Theory predicts a 1/d dependence of the induced 
confinement gap on the QD diameter d. Graphene QDs have been studied with optical methods like 
absorption spectroscopy, PL, and PLE.

Figure 2.5a shows the ultra violet (UV)-visible absorption spectra of chemically synthesized graphene 
QDs of different diameters (Peng et al. 2012). A blue shift from 330 to 270 nm with decreasing size is 
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observed. The inset shows the optical images of solutions containing three sizes of graphene QDs under 
UV light. Figure 2.5b shows the PL spectra of the same QDs.

Figure 2.5c shows PL spectra of graphene QDs synthesized by chemical cutting of graphene sheets 
obtained by thermal deoxidization of graphene oxide sheets (Kim et al. 2012). A clear size-dependent 
emission energy can be observed. Interestingly, the energy first decreases with increasing diameter, 
which is in agreement with the quantum confinement effect in graphene. Above d = 17 nm, the energy 
increases again (see Figure 2.5d).

These experiments show that the emission and absorption spectra of graphene QDs are size depen-
dent, which is in agreement with the theory assuming a size-dependent confinement gap.

2.4  Fabrication of Graphene Nanostructures

2.4.1  Top–Down Approach

The most common technique to fabricate graphene nanostructures for electronic transport experi-
ments is based on micromechanical exfoliation of graphene from natural bulk graphite followed by 
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lithography and dry etching. This fabrication process dates back to the early ages of graphene and has 
been introduced by Novoselov et al. (2004, 2005) and Zhang et al. (2005). Alternative techniques as local 
anodic oxidation (Neubeck et al. 2010) or soft confinement of electrons in bilayer graphene (Allen et al. 
2012; Goossens et al. 2012b) have been demonstrated more recently.

Although a lot of progress has been made in the growth of graphene over the past years, graphene 
flakes exfoliated from natural bulk graphite still provide the best crystal quality. Thus, research, espe-
cially transport experiments, is mainly carried out on such flakes. The technique of micromechanical 
exfoliation, often referred to as “Scotch tape technique,” makes use of the fact that in graphite, the indi-
vidual graphene layers are only weakly bond by van der Waals forces, in contrast to the strong covalent 
intralayer bonds. This allows overcoming the interlayer bonds using an adhesive tape and thus cleaving 
of individual graphene sheets from a graphite crystal. The graphene flakes are deposited on prepared 
silicon chips with a SiO2 top layer (see Figure 2.7a and b). Graphene is highly transparent (absorption ≈ 
2.3%), but thanks to interference effects, the visibility of graphene can be increased by tuning the oxide 
thickness and the wavelength of the incident light. It has been shown that the contrast has maxima at 
oxide thicknesses of 90 and 300 nm for green light (λ ≈ 550 nm) (Novoselov et al. 2004; Blake et al. 
2007; Tombros 2008). Raman spectroscopy is used to reliably identify single-layer and bilayer graphene 
(Ferrari et al. 2006; Gupta et al. 2006; Graf et al. 2007; Malard et al. 2009) among the flakes that have 
been deposited onto the substrate. Figure 2.6 shows the differences between the Raman spectra mea-
sured on a single-layer and a bilayer graphene flake. A detailed study of Raman spectra of graphitic 
flakes of different thicknesses can be found in Graf et al. (2007).

Plasma-based reactive ion etching (RIE) is commonly used to pattern graphene nanostructures 
(Novoselov et al. 2005; Zhang et al. 2005; Güttinger et al. 2012). The sample is coated with a resist, 
typically polymethylmethacrylate (PMMA). An etch mask is designed individually for each graphene 
flake, which is transferred to the resist by electron beam lithography (EBL) (see Figure 2.7c). With thin 
resist layers (≈ 50 nm) and optimized EBL parameters, structures as narrow as 20 nm can be routinely 
defined. After development, the graphene is etched by RIE. The advantage of dry etching is its high 
anisotropy and selectivity. It has been proven that this technique does not introduce bulk defects in 
the graphene sheet (Bischoff et al. 2011). For example, an argon/oxygen plasma (20% O2) combines 
the physical impact of the argon with the chemical reactivity of the oxygen ions. Short etching times 
of typically below 10 s and low power (60 W) are sufficient to etch graphene. With increasing etching 
time or increasing power, the PMMA is cross-linked, making it challenging to remove it with organic 
solvents. Common treatments to remove hardened resist like oxidizing acids or plasma ashing cannot 
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FIGURE 2.6 Raman spectroscopy on single-layer and bilayer graphene. (a) Comparison of the Raman spectra 
of single-layer graphene (black curve) and bilayer graphene (gray curve). In single-layer graphene, the 2D-line is 
often twice as high as the G-line. The inset shows an optical micrograph of a single-layer graphene flake on a Si/
SiO2 substrate. (b) Close-up on the 2D-lines shown in panel a. The bilayer 2D-Raman peak can be described by four 
Lorentzian line shapes (see dotted lines). (Data from Volk, C. et al., Nano Lett., 11, 3581, 2011; Volk, C., Neumann, C., 
Kazarski, S. et al., Nat. Commun., 4, 1753, 2013.)
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be used as these will remove graphene as well. The schematic in Figure 2.7d shows the etched graphene 
nanostructure.

Metal contacts connecting the graphene devices to bond pads are defined by an additional EBL, met-
allization, and lift-off step (see Figure 2.7e). A thin layer (typically 2 to 5 nm) of Cr or Ti is deposited 
as an adhesion layer, followed by 50 nm Au or Pt, leading to typical contact resistances in the range of 
kΩ. Figure 2.7f shows a contacted graphene QD device. Transmission line measurements have shown 
that graphene/metal contact resistances can be potentially reduced by using palladium (Song et al. 2012; 
Watanabe et al. 2012). However, in graphene nanostructures, the contact resistance is not very crucial 
since the resistance is limited by the nanostructure itself.

2.4.2  Bottom–Up Approach

Besides the fabrication technique based on EBL, graphene QDs have been fabricated, e.g., by ruthe-
nium-catalyzed C60 transformation (Lu et al. 2011) suffering from extremely expensive raw materials 
and low yield. Graphene QDs prepared by multistep hydrothermal (Pan et al. 2010) or electrochemical 
strategies (Li et al. 2010) from graphene oxide have shown blue or green luminescence. As the bandgap 
in graphene QDs is size dependent, a controlled size of the QDs is especially important for PL emis-
sion. It has been shown that graphene QDs can be synthesized by wet chemical oxidization and cutting 
of micrometer-sized carbon fibers (see Figure 2.8a) (Peng et al. 2012). Commercially available carbon 
fibers are added into a mixture of concentrated H2SO4 and HNO3. The solution is first sonicated and 
then stirred at different temperatures between 80°C and 120°C. The mixture is cooled and the pH is 
adjusted to 8 with Na2CO3. The final product solution is further dialyzed for 3 days (Peng et al. 2012). 
The as-synthesized graphene QDs are highly soluble in water and other polar organic solvents. Their 
lateral size ranges from 1 to 4 nm, and the QDs are typically one to three atomic layers thick. Figure 
2.8b shows a high-resolution transmission electron microscopy (HRTEM) image of a graphene QD. 
The arrows indicate the zigzag direction of the lattice. The corresponding fast Fourier transform (FFT) 
pattern is shown in the inset.
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FIGURE 2.7 Typical process flow to fabricate graphene QD devices. (a) Highly p-doped Si substrate covered by 
295 nm SiO2 (see labels). Metal alignment marks have been deposited for further lithography steps. (b) Exfoliated 
graphene flake. (c) A layer of polymer resist has been patterned by EBL. The graphene is etched by an Ar/O2-plasma 
(indicated by arrows). (d) Etched graphene nanostructure after removal of the resist. The example shows a graphene 
QD with three lateral gates. (e) Deposition of ohmic contacts by metal evaporation (typically Cr/Au) after a second 
EBL step. (f) Device after contacting which is now ready for measurements.
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2.5  Graphene Single-Electron Transistors and QDs

2.5.1  GNRs and Nanostructures

As GNRs are building blocks of most graphene quantum devices, this section summarizes the relevant 
transport properties of these structures.

From CNTs, which can be imagined as rolled-up GNRs, it is well known that a bandgap opens 
depending on their orientation and their diameter (Saito et al. 1999). The orientation of CNTs is named 
after their circumference, while GNRs are classified according to their edges along the ribbon. N-aGNRs 
and N-zGNRs commonly denote armchair (a) and zigzag (z) GNRs with N dimers across the ribbon 
width. The zGNRs and aGNRs are well understood in theory. The band structure can be determined by 
applying vanishing boundary conditions to the Dirac Hamiltonian of graphene. In zGNRs, one edge is 
made up by A atoms, and the other one, by B atoms, and thus, the boundary condition can be applied to 
the sublattices separately. In aGNRs, the edges contain atoms of both sublattices, and thus, the bound-
ary condition has to be fulfilled by both sublattices (Brey and Fertig 2006).

Alternatively, the band structure can be determined following a tight-binding approach depending 
on the orientation and the width of GNRs. Armchair GNRs have a metallic band structure if the condi-
tion N = 3m − 1 with integer m is fulfilled. Otherwise, a semiconducting band structure occurs (Kastner 
1993; Nakada et al. 1996; Cresti et al. 2008). The bandgap Eg scales inversely with the ribbon width W. An 
estimate is given by Saito et al. (1999) and Güttinger (2011)

 E v k v Wg F F F= =2 2 ∆ π / , (2.13)

where ΔkF is the minimum allowed wave number across the ribbon width.
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FIGURE 2.8 Chemical synthesis of graphene QDs. (a) Illustration of the wet chemical oxidation cutting of car-
bon fibers into graphene QDs. (b) High-resolution transmission electron micrograph of a graphene QD. The arrows 
indicate the zigzag edges of the QD. Inset: 2D FFT of the edge. (c) Schematic representation of the edge termination 
of the HRTEM image in panel b. (Reprinted with permission from Peng, J. et al., Nano Lett., 12, 844, 2012. Copyright 
2012 American Chemical Society.)
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Density fuctional theory (DFT) calculations taking into account next-nearest-neighbor hopping and 
a contraction of the bond length at the edges have shown that even metallic aGNRs have at least a small 
bandgap that depends on the ribbon width (Son et al. 2006). Zigzag GNRs have a gapless band structure 
independent on N. First-principle calculations have shown a high density of zero-energy states at the edges, 
which has been proved by scanning tunneling spectroscopy (Kobayashi et al. 2005). Magnetic ordering at 
the edges may lead to the opening of a small bandgap in zGNRs (Wakabayashi et al. 1999; Son et al. 2006).

Theory assumes either pure armchair or pure zigzag GNRs, where the edges are terminated by hydro-
gen atoms. Using common experimental techniques, it has not yet been possible to fulfill these condi-
tions. Typically, arbitrary edges occur when GNRs are etched out of graphene sheets. When using an 
O2-based plasma as the etchant, the edges will probably be oxygen terminated. In the following, elec-
tronic transport through GNRs will be described on a more phenomenological basis.

Field effect measurements have proven the presence of a transport gap (see, e.g., Figure 2.9a 
and b and Stampfer et al. [2009]; Terrés et al. [2011]), but still a number of sharp resonances can be 
observed within this gap. A common model to describe the electronic transport through etched 
GNRs (i.e., nanoribbons with rough edges) is based on stochastic Coulomb blockade (Sols et al. 
2007; Stampfer et al. 2007). A disorder potential (e.g., substrate or edge disorder) can form electron 
and hole puddles close to the charge neutrality point. Because of the absence of a bandgap in bulk 
graphene and of the presence of the effect of Klein tunneling (Katsnelson et al. 2006), transport 
between the electron and hole regions is possible. The situation is different in nanoribbons, where 
a width-dependent confinement gap separates electrons and hole puddles. Thus, effectively, a large 
number of QDs or localized states formed and only tunneling transport is possible (Stampfer et al. 
2009; Todd et al. 2009).

The presence of QDs has been demonstrated by finite bias spectroscopy measurements on GNRs 
(Molitor et al. 2009; Stampfer et al. 2009; Todd et al. 2009; Terrés et al. 2011). Most importantly, two 
characteristic energy scales can be extracted, the effective energy gap Eg and the transport gap ΔVg (see 
Figure 2.9b).

The transport gap (Figure 2.9c) is correlated with the maximum amplitude of the disorder potential. 
An effective energy gap Eg can be defined by the largest observed charging energy corresponding to the 
smallest QD. It has been shown that this energy gap only weakly depends on the length of the nano-
ribbon (Terrés et al. 2011). The width dependence can be modeled by

 Eg(W) = α/We−βW, (2.14)

(see Figure 2.9d and Han et al. [2007]; Molitor et al. [2010b]; Stampfer et al. [2011]).

2.5.2  Single-Electron Transistors

A SET can be imagined as a conductive island that is weakly coupled to lead electrodes, and its electro-
chemical potential can be controlled by at least one gate electrode. A simple model of such a configura-
tion is illustrated in Figure 2.10a. Tunneling transport between the QD and the leads is allowed; the 
gate is coupled only electrostatically. Electronic transport through a SET is dominated by the Coulomb 
blockade effect, which is a consequence of the Coulomb interaction of electrons on the island leading 
to a repulsive force. Thus, a certain amount of energy—the so-called charging energy EC—has to be 
supplied to add an additional electron to the island. Assuming the temperature and the bias voltage 
are small compared with the charging energy, electron transport is possible only if the electrochemical 
potential of the island is positioned between the electrochemical potentials of the source and the drain 
lead (the so-called transport window). An electron from the source lead can now enter the island and 
subsequently leave to the drain lead. The system is in the regime of sequential tunneling and a current 
can flow. If no level is in the transport window, the number of electrons occupying the island is fixed. 
The system is in Coulomb blockade (see Figure 2.10b). The potential of the island can be controlled by 
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gates. Thus, measuring the current as a function of the gate voltage, regimes of conductance and of 
Coulomb blockade alternate, so-called Coulomb peaks, appear (see Figure 2.10d). The proportionality 
between the peak spacing ΔVG and the addition energy is given by the lever arm α = Eadd/eΔVG = CG/CΣ. 
It is a measure for the capacitive coupling of a gate to the QD.

By bias spectroscopy measurements, the current through a SET is recorded both as a function of 
the bias and the gate voltage. Diamond-shaped regions (so-called Coulomb diamonds) of suppressed 
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FIGURE 2.9 Characteristics of etched GNRs. (a) Scanning force micrographs of etched GNRs with different 
lengths and widths. (b) Conductance through a GNR (50 nm wide, 500 nm long) as a function of the back gate 
voltage and, thus, the Fermi level. Regions of electron and hole transport are separated by a transport gap. The 
inset shows a measurement within the transport gap of a 200-nm-wide nanoribbon. (c) Finite bias spectroscopy 
measurement allowing determination of the effective energy gap Eg and the transport gap correlated with ΔVBG. 
(d) Transport gap as a function of the width of different nanoribbons. (e) Effective energy gap as a function of the 
width. Two models are fitted to the experimental data. (a–c, Reprinted with permission from Terrés, B. et al., Appl. 
Phys. Lett., 98, 032109, 2011. Copyright 2011, American Institute of Physics. d and e, Adapted from Molitor, F., 
Stampfer, C., Güttinger, J. et al., Semicond. Sci. Technol., 250, 034002, 2010. Copyright 2010 IOP Publishing.)
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FIGURE 2.10 Transport through QDs. (a) Simple model of a QD capacitively coupled to the source and drain 
leads (CS, CD) and to one gate (CG). Tunneling transport between the QD and the leads is allowed. These tunnel junc-
tion can be modeled by a capacitance and a resistance in parallel. (b) Schematics of four different configurations 
of a QD: (1) Zero bias and misalignment of the QD states with the lead potentials. (2) A QD state aligned with lead 
potentials. (3) The bias equals the addition energy. At least one state is within the transport window. (4) GS and first 
ES are aligned within the transport window; two possible transport channels are open. (c) Illustration of finite bias 
spectroscopy measurements on a QD. The current IQD is plotted as a function of the bias VSD and the gate voltage 
VG. In the white regions, the device is in Coulomb blockade. The current and the number of electrons on the QD are 
fixed. In the gray shaded regime, transport occurs. The lever arm α is the proportionality factor between the addi-
tion energy Eadd and the change in gate voltage ΔVG necessary to add the next electron to the QD. (d) Cut along the 
gate axis at a small bias (horizontal line in panel c). Coulomb peaks with a spacing of ΔVG appear. (e) Cut along the 
vertical line in panel c. The current increases each time another ES enters the transport window.
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conductance occur when the system is in Coulomb blockade (see schematics in Figure 2.10c). Within 
such a region, the number of charge carriers on the QD is constant. The extent of the diamonds in bias 
direction is a measure of the addition energy. Employing the gate lever arm α, the gate voltage axis can 
be converted into an energy scale (E = αeVG).

SETs have been fabricated by carving the desired shape out of graphene sheets using EBL followed 
by RIE (see Section 2.4). These devices consist of a graphene island connected to the source and drain 
electrodes via two GNRs. The devices make use of the fact that because of the narrow width of the 
GNRs, an effective transport gap is opened (see Section 2.5.1), and thus, they can be operated as tunable 
tunneling barriers. According to Equation 2.14, the gap scales approximately inversely with the ribbon 
width. Width modulation allows tailoring the transport gap along the ribbon axis. Close-by graphene 
gates and a global back gate tune the Fermi level in the nanostructure. A scanning force micrograph of 
a representative device is shown in Figure 2.11a. Carefully tuning the voltages on the two outer gates (B1 
and B2), it is possible to bring the device into a regime where the transport gaps of both constrictions 
cross the Fermi level. The central island is electrically isolated, and only tunneling transport is possible 
between the island and the leads. The device can be operated as a SET. A series of distinct Coulomb 
peaks recorded as a function of the plunger gate voltage is shown in Figure 2.11b. A charging energy of ≈ 
3.4 meV has been determined by finite bias spectroscopy measurements (see Figure 2.11c) on a graphene 
SET with 50 nm wide tunneling barriers and a central island measuring approximately 180 × 750 nm 
(Stampfer et al. 2008b).

2.5.3  QDs in Width-Modulated Nanostructures

The concept of width-modulated GNRs described in the previous section can be employed to design a 
graphene QD device. The smaller the central graphene island the more relevant quantum confinement 
effects become. Figure 2.12a shows a typical example of a graphene QD with lateral graphene gates. 
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FIGURE 2.11 SET in a width-modulated graphene nanostructure. (a) False color scanning force micrograph of 
the device. Three lateral graphene gates are designed to locally tune the potential of the nanostructure. (b) Current 
through the SET as a function of the gate voltage. The inset shows a series of Coulomb peaks proving the operation 
as a SET. (c) Finite bias spectroscopy measurement in the same regime. (Reprinted with permission from Stampfer, 
C. et al., Nano Lett., 8, 2378, 2008. Copyright 2008, American Chemical Society.)


