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ABSTRACT: Scanning probe techniques scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) have emerged as unique local
probes for imaging, manipulation, and modification of surfaces at the nanoscale.
Exercising the fabrication of atomic and nansocale devices with desired properties
have demanded rapid development of scanning probe based nanolithographies.
Dip pen nanolithography (DPN) and local anodic oxidation (LAO) have been
widely employed for fabricating functional patterns and prototype devices at
nanoscale. This review discusses the progress in AFM bias lithography with focus
on nanocarbon species on which many functional quantum device structures
have been realized using local electrochemical and electrostatic processes. As
water meniscus is central to AFM bias lithography, the meniscus formation,
estimation and visualization is discussed briefly. A number of graphene-based
nanodevices have been realized on the basis AFM bias lithography in the form of nanoribbons, nanorings and quantum dots with
sufficiently small dimensions to show quantum phenomena such as conductance fluctuations. Several studies involving graphitic
surfaces and carbon nanotubes are also covered. AFM based scratching technique is another promising approach for the
fabrication of nanogap electrodes, important in molecular electronics.
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1. INTRODUCTION

In the periodic table of elements, carbon is unique and
fascinating, plays a major role in constituting vital life, and is
also the most widely employed material in various applications.
Graphite (sp2 bonding) and diamond (sp3 bonding) are the two
crystalline allotropes of carbon, well-known since ancient times
for their hugely contrasting properties.1,2 Because of its versatile
bonding possibilities, carbon continues to receive attention as is
evident from the research outcome in the past years; fullerenes
(since 1985), carbon nanotubes (1991), and graphene (2004)
have generated enormous excitement among researchers world-
wide.3−5 The discoveries of fullerenes and carbon nanotubes,
while marking the dawn of the “nanocarbon” era, also triggered
nanotechnology revolution. The development of top-down and
bottom-up strategies in manufacturing nanomaterials, coupled
with the invention of scanning probe microscopy (SPM)
techniques namely, STM (1981) and AFM (1986) that could
image atomic and nanoscale features,6,7 led to rapid progress in
nanotechnology. It may be interesting and worthwhile to revisit
the “carbon-SPM” synergy after these many years.
During 1990s, nanolithography based on scanning probes was

developed for manipulation and modification of surfaces at
nanoscale to study various fundamental quantum mechanical
phenomena experimentally.8−11 Compared to STM, AFM
nanolithography is now widely employed for the modification
of surfaces locally by application of either mechanical force or
voltage bias.9−11 Force assisted lithography involves the local

deformation of material surface via elastic or plastic deforma-
tions, mostly used for patterning polymer surfaces.10 Dip-pen
nanolithography (DPN) is a direct write lithographic technique
in which various functional molecules can be patterned onto the
substrate surface, mediated through the water meniscus formed
at the tip-sample interface. DPN has been used extensively to
pattern a wide variety of inks such as small organic molecules,
polymers, biomolecules, colloids, and metal ions onto surfaces
with nanoscale resolution.12−14

The water meniscus has also been employed as a local
electrolyte to set up a nanoelectrochemical cell under a biased
AFM tip, leading to oxidation of surfaces in proximity, popularly
known as local anodic oxidation (LAO) or probe-based
oxidation.9−11 There are excellent review articles in the literature
discussing various aspects of the local modifications relevant to
the specific substrate surface under consideration.8−11 Although
early studies focused on Si surfaces to develop a basic
understanding of the kinetics of oxide growth, further work
created nanoscale oxide features to act as dielectric layers, etch
masks, and templates for specific affinity to functional
molecules.11 Thus, AFM-based lithography techniques could
be used for selective functionalization and patterning of the
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surfaces in addition to the fabrication of complex quantum
devices and high-density flash memories.8−11

Nanocarbons have been of particular interest in recent years
because of their extraordinary physical and electronic properties,
making them potential candidates in fabricating functional
nanoscale devices.12−15 To exercise a control over the electronic
properties of carbon, the local bonding and functionality must be
tuned precisely. Raman scattering has become a leading
characterization tool for understanding the crystallinity, bonding
and morphology of carbon materials.16,17 The original idea of
obtaining graphene via mechanical exfoliation comes from
peeling off top graphene layers from highly oriented pyrolytic
graphite (HOPG) using a sticky tape, a technique widely used by
the SPM community. Geim and Novoselov performed ground
breaking experiments revealing graphene’s extra-ordinary
electronic properties with linear energy dispersion spectrum.15,18

Designing various nanostructures on nanocarbon surfaces
(including graphene) with desired properties has become an
eye-catching approach particularly with SPM via local electro-
chemical and electrostatic modifications. This approach has led
to prototype devices without the need for extensive infra-
structure required by photolithographic technologies.9

Because of ease of operation, AFM is preferred over STM for
patterning of material surfaces. Though STM is successful in
fabricating precise nano/quantum scale devices, it lacks the speed
and sometimes, reproducibility. Quantum corrals have been
fabricated by manipulating atoms using STM tip, which is a
fundamental study for mapping out the atomic electronic density
waves.8,11 From an application point of view, STM may not be
employable in an effective manner as the active elements are
often fabricated on an insulating substrates. AFM, on the other
hand, can be employed for patterning not only metal and
semiconductor surfaces but also on insulating surfaces including
polymers. Further, STM needs an ultra-smooth surface such as Si
and HOPG for reliable patterning, which may not be the case
with many substrate surfaces which possess intrinsic roughness,
sometimes made intentionally. As regards speed of operation,
AFM can create patterns much faster compared to STM.
Naturally, AFM is the most widely employed technique in this
context. This review pertains to AFM bias lithography on carbon
surfaces and refers to some notable studies using STM as well.
We discuss the aspects of local electrochemical and electrostatic
modifications by taking literature examples of various carbon
materialsgraphite, carbon nanotubes, graphene, and graphene
oxide as well as amorphous carbon. As the water meniscus is the
starting point for the AFM bias lithography, we first present
experimental and theoretical efforts to understand its formation
and to characterize its size. The role of the electric field in
enhancing the water condensation is also discussed. Further, the
role of water as a nanoelectrolyte for modifying various carbon
surfaces is discussed. The nanodevices fabricated out of graphene
and CNTs using AFM bias lithography are also covered.
Graphene in the form of nanoribbons, nanorings, and quantum
dots have been carved using AFM bias lithography with the
exploration of intriguing electrical transport in these structures.
Further, a discussion based on electrostatic charging of graphene,
CNTs, and other fluorocarbon surfaces is given in some detail.
Finally, the use of AFM probe as a local mechanical probe for
scratching the graphene surfaces in order to create nanogap
electrodes is also dealt with.

2. CONDENSED WATER BRIDGES BETWEEN TIP AND
SUBSTRATE

Water meniscus formation between the AFM tip and the
substrate is central to the AFM based electrochemical
lithography. Some essential characteristics of the water bridge
will be discussed before embarking on the local electrochemical
modifications of carbon surfaces and potential implications in
sculpting the nanoscale devices.

2.1. Capillarity Induced Water Bridges. Under ambient
conditions, hydrophilic surfaces quickly acquire a thin layer of
water adlayer, a property that depends on relative humidity
(RH). The thickness (h) of these water layers can be inferred
from a host of techniques such as infrared spectroscopy,
ellipsometry; the mean thickness of water adlayer is found to
be typically ∼1 nm at RH of 50%.19 The above techniques
provide only the average properties of water films. On the other
hand, STM and scanning polarization force microscopy have
been employed to investigate the microscopic structure of the
water adlayers on various surfaces under controlled humidity
conditions.19,20 During the early years of AFM, evidence for the
formation of a water bridge was inferred from the anomalous
behavior of force vs. separation (z) data.21,22 At a given RH, the
onset of a capillary force provided an indirect way of mapping the
formation water meniscus between tip and substrate.23

Theoretical studies for estimating the capillary force have been
based on either the macroscopic Kelvin equation or on
microscopic models using a Monte Carlo approach21,24 and
density functional theory.25 Experimentally, the increase in the
lift-off force with humidityobserved since the earliest days of
AFMprovided good evidence that a water bridge forms
between tip and sample. The water bridge between the tip and
the sample could assist the transfer of adsorbed molecules from
the cantilever to the substrate surface in a desired fashion; this led
to the invention of a well-known DPN technique.12−14

Honschoten et al. have described the basic aspects of capillarity
at the nanoscale in their review article.26 Briefly, the capillary
induced water bridge is a metastable state which exhibits
anomalous behaviour such as boiling at reduced temperatures
and formation of ice at room temperature despite the negative
pressures associated with the water bridges.27 Thermodynamic
state of macroscopic water can easily be explained by
temperature and pressure effects, whereas the size effects
would influence the nanoscale behavior of water.26,27 Thus,
understanding of the capillary forces is very much essential
because it has important implications in many distinct areas such
as DPN, controlling adhesion forces, and tribological properties
of micro/nanoelectromechanical systems (MEMS and
NEMS).27,28

2.2. Direct Visualization of Water Bridges. When an
AFM tip is in contact with a surface, water bridge forms
spontaneously under ambient conditions (see Figure 1a). The
local curvature of the water meniscus can be described by two
geometric parameters R1 and R2, which are the principle radii of
curvature of the water bridge under consideration (see Figure
1a). For the case of a water bridge at the interface of apex of the
tip (approximated by a sphere) and a flat substrate, these two
radii (R1 and R2) are shown schematically in Figure 1a. In this
drawing, both the tip and the substrate are assumed to be
hydrophilic and the limiting case is considered when the tip is in
contact with the substrate. The radii of curvatures have a sign
associated with them that can be determined from the location of
the origin of an osculating circle (the dotted lines in Figure 1a)
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chosen to precisely match to second order the curvature of the
surface in a plane. In short, the radius of curvature is positive if the
radius lies within the liquid (R2 > 0); it is assigned a negative sign
if it lies outside the liquid (R1 < 0). Kelvin radius (Rk) is given by
Rk = (1/R1 + 1/R2)

−1, which can establish relationship between
the interface curvature at the thermodynamic equilibrium with
the ratio of actual and saturated vapor pressure, P/Po (relative
humidity), known as Kelvin equation (see equation1).

γ =RT V p p R( / )ln( / ) 1/o k (1)

where R is the universal gas constant, T the absolute temperature,
γ is the surface tension, V is the molar volume, po the normal
vapor pressure of the liquid, and p is the pressure acting outside
the curved surface. According to the Kelvin equation, a concave
meniscus with a negative curvature (from eq 1) may form at any
RH and the size of the water bridge due to capillarity can be
predicted.26

To visualize the water meniscus formation, Weeks et al. have
employed an environmental scanning electron microscope with
an AFM attachment and have directly estimated the size of water
bridge under different humidity conditions (Figure 1b, c).29 The
vertical and lateral dimensions of the water meniscus are
enhanced with increasing RH (see Figure 1b, c). The height of
the meniscus was determined as the perpendicular distance from
the substrate surface to the condensate/cone contact line. The
contact line is where the change in angle between the meniscus
and the cantilever tip is observed. It was found that the height of
the meniscus ranged between 100 to 1200 nm for RH values
between 70 and 99%. A few studies to validate the Kelvin
equation at the nanometer length scale have been reported, and
they indicate the validity of the Kelvin equation for menisci with a
mean radius of curvature as low as 4 nm.30 When the water gets
confined into a small liquid bridge, it exhibits properties different
from that of bulk, and indeed, it is well-documented that icelike
structures could be formed in the first few layers of water

adsorbed onto a solid substrate.19 The properties of the water
menisci are highly dependent on local variations in structure as
well as the compositional properties of the sample and tip. It is
possible that contamination from the tip or substrate may cause a
change in the surface tension of water from the accepted value of
0.072 J/m2, which may influence the properties of water
bridges.31,32

2.3. Influence of Electric Field on Water Condensation.
Water molecule has an electric dipole moment with a value of 6.2
× 10−30 C m (1.8 D), making water highly polar (dielectric
constant = 80). This implies that water molecules can be
controlled via external electric fields. Water molecules exhibit
partial alignment in high electric fields with a decrease in their
molecular rotational kinetic energy as well as their diffusivity.
These effects change the free energy of condensation and
facilitate, for example, the nucleation of ice layers on the surface
of electrified wires.33

Figure 2 summarizes the conditions for water meniscus
formation when an AFM tip is biased, either in contact or in the

dynamic mode. The water meniscus formation can primarily be
influenced by capillary and long-range electrostatic forces. The
change in cantilever deflection and amplitude provides indirect
information about the kinetics of formation of the water bridge.
Even at a RH of 10%, the water meniscus forms spontaneously
between a hydrophilic tip and a hydrophobic surface without
application of voltage bias. However, an electric field could
enhance water condensation at the tip−substrate contact
because of the electrostatic attraction of polarized water
molecules, a process often referred to as field enhanced water
condensation. As a result, the biased AFM tip can experience two

Figure 1. (a) Schematic illustrating the water bridge that forms when a
spherical tip is brought close to a flat substrate. The case when the tip is
in contact with the substrate is illustrated. R1 and R2 are the principle
radii of curvature of the water bridge. h is the thickness of the water film.
(b, c) direct visualization of the water meniscus at different humidities of
60 and 99%, respectively, in environmental scanning electron
microscope. The white dotted curvature represents the negative radius
curvature (R1) of the water meniscus at different RH. Reprinted with
permission from ref 29. Copyright 2013 American Chemical Society.

Figure 2. Estimation of capillary force in contact and dynamic modes of
AFM in the presence of an electric field. (a) Static force−displacement
data showing the enhancement in the size of water bridge when the tip is
biased. (b) Reduction in the amplitude through capillary and
electrostatic forces for different tip bias during tapping mode operation.
(c) Monitoring the tip oscillation with respect to the application of
voltage pulse during the noncontact mode of operation at RH of 55%
and applied voltage pulse is shown on the top. Reprinted with
permission from refs34 and 35. Copyright 2011 Institute of Physics and
2002 American Institute of Physics.
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attractive forces, namely electrostatic and capillary. In Figure 2a,
the increase in lift-off force as the tip bias increases indicates the
formation of a water meniscus, whereas long-range attractive
electrostatic forces are evident from amplitude−displacement
data (Figure 2b).34 Amplitude−displacement (A−Z) data
provides an insight into the reduction in the amplitude of the
cantilever when approaching to the sample surface. The onset of
decrease of the amplitude was observed at higher Z values when
the tip was biased, compared to the unbiased tip (shown as black
curve in Figure 2b). The long range electrostatic attractive forces
are more pronounced as the tip bias is increased from−2 to−7 V
(see Figure 2b). Thus, the onset of the amplitude reduction
depends on the magnitude of voltage applied on the tip as seen in
Figure 2b, due to increase in the attractive forces between the tip
and the sample at higher tip voltages. Garcia et al. have observed
the formation of a water neck when a voltage pulse was applied to
the AFM tip during noncontact mode of operation.35 The
applied voltage (above a certain threshold voltage, Vth) induced
the formation of a water bridge causing the reduction in the
amplitude of the cantilever (Figure 2c). After turning off the
voltage, the water bridge breaks, allowing the cantilever to
recover its original oscillation amplitude (see B in Figure 2c).
Sacha et al., have proposed an analytical model which explains

the enhancement in the formation of water menisci and bridges
between the tip and sample in relation to the electric field near a
sharp tip in humid environments.36 Cramer et al., performed
molecular dynamics simulations to describe the formation of a
water bridge induced by an electric field.37 Restriction of
orientational degrees of freedom (confinement) of water dipoles
at the interfaces leads to polarizability that depends on the shape
of the water system. In the absence of electric field, the
configuration of water system was seen as a droplet with an
average contact angle on silicon dioxide surface of 40° (Figure
3a). Up on the application of electric field (above 1.25 V nm−1),
the field perpendicular to the surface polarizes and distorts the
outermost water layer, leading to the change of droplet shape
(Figure 3b). As this process continues, finally a water pillar is
formed at higher electric fields (Figure 3c). The increase in the
height of the water bridge (hz) has also been investigated at
varied electric fields (Figure 3d). Molecular based explanation
provides an insight about the interplay between the orientation
of water dipoles and the strength of hydrogen bonding with
respect to the applied electric field. It has been demonstrated that
below a certain electric field 1 V nm−1, water molecules remain in
the droplet configuration due to restriction for re-orientation of
the dipoles. At the threshold field of 1.2 V nm−1, the outermost
dipoles start aligning with the field with the weakening of the
hydrogen bonds among the molecules underneath. This dipole
alignment can trigger the formation of the water bridge in which
most of the interface is parallel to the field. This leads to a
condition where the system fulfills the double requirement of
retaining the interfacial hydrogen bond network with orienta-
tional polarization. Above the critical electric field strength, the
electrostatic pressure overcomes the surface tension, causing the
rise of the pillar. Thus, the model could explain the threshold
voltage and hysteresis behavior during the formation of water
bridge.36−38

2.4. Electric Field-Induced Water Condensate Struc-
tures. Experimentally, attoliter (1 × 10−18 L) quantities of water
have been nucleated on a carbonaceous surface using a positively
biased AFM tip in tapping mode (RH = 45%). The carbonaceous
platforms were fabricated by a technique called electron beam
induced carbonaceous deposition (EBICD).39 The AFM

topography of the water corral-like structure is shown in Figure
4a. The water feature evaporates at a rate of 2 aL/min. After
complete evaporation of the water structure, the carbonaceous
surface is found to be neat as before, ruling out possible
electrochemical reactions under the experimental conditions

Figure 3. (a−c) Change in the shape of the water bridge with respect to
the applied electric field on a hydrophilic surface. Snapshots from the
simulation at Ez = 2.0 V nm−1(oxygen, red; hydrogen, white). (d)
Growth of the water bridge was investigated at different electric fields
(2.25, 2.0, 1.75, 1.5, 1.25, and 1.0 V nm−1). At higher electric fields, the
shape of the water changes from a droplet to a pillar shape. Reprinted
with permission from ref 37. Copyright 2008 American Chemical
Society.

Figure 4. (a) AFM topography image and corresponding line profile of a
hexagonal water pattern showing the unusually sharp local water
morphology that can be achieved using AFM-induced electro-
condensation. The horizontal scale bar is 2 μm and the maximum
height of the water feature is 27 nm. (b) Schematic illustrating the
presence of local tip-induced charge and polarization in the water, which
contributes to the anomalous droplet shapes and the observed
evaporation characteristics. Reprinted with permission from ref 39.
Copyright 2010 Tsinghua University Press and Springer−Verlag.
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adapted. Surprisingly, the structure shown in Figure 4 showed
little tendency to collapse into a rounded droplet. The
overlapping z-profile shows unusually sharp local morphology
and corrugations of the water condensate. This is illustrated with
the schematic shown in Figure 4b. The formation of water
condensate structures on EBICD surface was attributed to its
novel surface functionality. The carbonaceous surfaces fabricated
using e-beam irradiation host many functional groups resulting
from complex reactions of residual hydrocarbons in the presence
of moisture. A positively biased AFM tip can cause polarization of
the surface functional groups on EBICD and electrostatic
clamping of water molecules, leading to nucleation of water
features (Figure 4b). One important aspect of these condensate
structures is the evaporation kinetics; attoliter water droplets
have shown an unusual slow evaporation kinetics (2 aL/min.)
Confined water droplets combined with localized charges arising
due to the alignment of water dipoles under the electric field may
result in special properties different from the macroscopic
behavior of water condensates. The transient nature of the water
condensate structures may be employed as reversible local
doping structures on nanocarbon surfaces for sensing some
specific molecules of interest at the nanoscale. Thus, controlling
and manipulating condensate structures employing electric field
may have implications in the fields of nanosensors and AFM
nanolithography techniques.

3. LOCAL ANODIC OXIDATION (LAO)
LAO is a process that takes place in a simple nanoelectrochemical
cell in which AFM tip serves as a cathode, the water bridge
formed between the tip and surface as electrolyte, and the
substrate serves as anode. LAO resembles conventional anodic
oxidation except that the former relies on 1× 104 to 1× 105 water
molecules, whereas the latter uses Avogadro’s number (∼6 ×
1023) of electrolyte molecules in order to oxidize the material
surfaces. The water bridge is usually formed either by mechanical
contact between tip and sample surface or through the
application of an electrical field in the case of dynamic modes
of operation. The applied voltage bias of few volts generates an
electric field of 1 × 109 to 1 × 1010 V/m, which induces the
ionization of water molecules, leading to the generation of
oxidative species (OH−, O−) which cause the oxidation of
material surfaces locally, known as probe based anodic oxidation
or LAO.10,11 The high aspect ratio of the AFM tip further
concentrates the electric field upon application of a bias voltage.
Besides the electrochemical modifications, such extremely high
electric fields can initiate various local physical and chemical
processes such as electrostatic charging, field emission, Joule
heating, explosive discharge, nanoexplosion, and shock wave
generation.9−11

The interest in LAO is to develop ultramicroelectrodes
(UMEs) in electrochemistry. UMEs have been intensively
studied since the 1990s because they enable unprecedented
spatial and temporal resolution in electrochemical measure-
ments.40 UMEs have combined high current densities with low
measuring currents to reveal new effects because of a time-
dependent change in mass transport in which traditional, one-
dimensional diffusion fields are replaced by rapidly varying fields
that are spatially inhomogeneous.40 Many of the initial LAO
experiments have been performed on Si surfaces to gain a basic
understanding of oxide growth kinetics and optimization of
experimental parameters. The anodic oxidation of semi-
conductors and metals can be explained through the following
chemical reactions proposed by Sugimura and Nakagiri.41

+ → + ++ −n n nAt anode: M H O MO 2 H 2 en2 (2)

+ →+ −At cathode: 2H (aq) 2e H (g)2 (3)

where M represents the anode (a metal or Si surface) at which
oxidation takes place, whereas the tip is cathode where hydrogen
gets liberated. LAO on a Si surface produces SiO2 which has a
greater volume compared to Si, leading to the formation of a
protruded oxide feature on the surface. Alternatively, depressions
on Si can be formed through wet chemical etching of SiO2 using
dilute HF (Figure 5a). The LAO technique has been employed

widely for the oxidation of various surfaces such asmetals (Ti, Ta,
Al, Mo, Ni, Nb), semiconductors (SiC, III−V semiconductors),
dielectrics (Si3N4, perovskite films), and self-assembled mono-
layers and carbonaceous films.10

The AFM mode of operation is very important during the
AFM bias lithography. It is found that during contact mode
lithography which requires a continuous voltage bias, there is a
buildup of space charge within the oxide which limits the further
growth of the oxide. Dynamic AFM modes such as tapping and
non-contact techniques could produce high-aspect-ratio oxide
features because of the pulsing nature of the applied bias, which
minimizes the width of the meniscus.42 It was also reported that
the attachment of nanotubes to the AFM tip resulted in 10 nm
wide oxide lines at scan speeds up to 1 mm/s.43

3.1. LAO on Si and Metal Surfaces. In 1990, Dagata and
co-workers observed the modification of hydrogen-terminated
silicon surface through application of a bias voltage between an
STM tip and the surface.44 The composition of the modified
region was found to be silicon oxide, confirmed through
secondary ion mass spectrometry (SIMS). This phenomenon

Figure 5. (a) Local anodic oxidation of Si surface followed by etching in
dil. HF. (b) Electrochemical modification (oxidation and etching) of
graphitic layers with a negatively biased AFM tip at a relative humidity
(RH) of 35%. AFM topography (shown in b) of the oxidized patterns on
the graphite surface in the form of lines and hexagons, achieved with a tip
bias of −8 V in tapping mode. (c) Trench patterns of different depths
(labeled a to g) on graphite surface with biases ranging from −8 to −6.8
V in contact mode (voltage step of 0.2 V). The corresponding z-profiles
are given. Reprinted with permission from ref 34. Copyright 2011
Institute of Physics.
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has been attributed to the local oxidation of the Si under the
electric field from the STM tip.44 In 1993, similar observations
were made by employing AFM, which caused the local oxidation
of Si(111) surfaces.41,45 Typically, conducting AFM tips such as
Pt/Ir, Au, W2C-coated, and heavily doped Si probes have been
employed for the local oxidation of surfaces in both contact and
dynamic modes.
As the LAO technique forms oxides that are typically

insulators, they have been employed as local dielectric barriers
and masks for selective etching.11 The oxide features were also
employed as templates for the selective attachment of functional
molecules in an electrostatic manner. LAO by scanning probe
techniques (STM and AFM) have also advanced as important
tools for studying phenomena such as coulomb blockade and
quantum conductance in addition to finding use in the
fabrication of nanoscale electronic and mechanical devices.
AFM lithography on various surfaces with different kinds of
modifications have been provided in the review articles.8−11 The
devices fabricated on the basis of LAO are quite large, and include
data storage memories, side-gated field effect transistors, single
electron transistors, and various other quantum devices.46,47

LAO sites have also been exploited as binding sites for the growth
of biomolecules and conjugated materials besides its role as an
etch mask.8−10 For example, LAO has also been employed to
fabricate/write alternating insulating and semiconducting rings,
arrays of dots, and even the first ten lines of “Don Quixote” (the
famous Spanish novel).11

AFM-based bias lithography has also been employed in the
case of polymeric films where the intense electric fields can cause
local ablation due to joule heating while the mild electric field
causes electrochemical or electrostatic modifications.48−50

Nanoscale explosion and shock wave propagation were also
observed in case of polymers and semiconductor surfaces under
higher humidity and bias conditions.51−53 Besides the above
mentioned local chemical modifications, AFM bias lithography
has also been employed to write charge patterns on the electret
films,54 polymers,55 fluorocarbon films,56 and even on LaAlO3/
SrTiO3 heterostructures.

57 Thus, AFM bias lithography became
an effective tool to cause various kinds of local modifications
depending on the material surface and operating conditions.
Though much of the earlier reports were mainly focused on Si

surfaces and to some extent various metal surfaces, due to recent
interest in fabrication of carbon-based devices, SPM lithography
has become a popular tool for realizing carbon nanodevices
directly. The basic difference between the Si and C substrates is
that Si can only be oxidized, whereas carbon can be either
oxidized or etched during SPM lithography. As the electronic
properties of carbon are very sensitive to the local electro-
chemical modifications, SPM lithography can offer the possibility
of fabricating nanocarbon devices with tunable electronic
properties. In addition, SPM lithography provides a resist-free
method for fabricating carbon nanostructures. The advantages
are far-reaching because the intrinsic electronic properties
remain preserved, unlike other lithographic techniques such as
electron-beam lithography and photolithography, which involve
resist coating with multiple steps of chemical processing.
Nanofabrication with scanning probe microscopes provides a
widely accessible method for high resolution nanofabrication
with a precision approaching atomic (0.1 nm) dimensions.
3.2. Electrochemical Modification of Carbon Surfaces.

The electric field applied between a tip and a carbon surface in
the presence of a water bridge may cause either oxidation or
etching, depending on the RH, the magnitude of applied bias, the

duration of the applied voltage, and the AFMmode of operation.
Oxidation involves the formation of protruded oxide features,
whereas etching involves the volatilization of carbon locally,
resulting in the formation of trenches. Electrochemical oxidation
and etching of various carbon surfaces such as graphite,
amorphous carbon, carbon nanotubes, and graphene are
discussed below.

3.2.a. Graphite Surface. In a classic study (Figure 5), AFM
bias lithography was performed on an HOPG surface with a
negative tip bias of −8 V at a RH of 35%.34 Lithography in
tapping mode was found to oxidize the HOPG surface,
producing local topographic features that protruded above the
HOPG surface with a typical height of 1.0−1.5 nm as determined
from the corresponding z-profile (see line scan in Figure 5b).
The lithography performed in contact mode with a negative tip
bias of−8 V resulted in the formation of trenches (see Figure 5c).
Typically, the apparent depth of trench patterns can be obtained
as low as 0.4 to 1.5 nm in the voltage range of −6.8 to −8 V
applied on the AFM tip (see z-profile in Figure 5c) at RH of 35%
in the contact mode. It is possible to get different trench depths
based on AFM bias and RH conditions. A number of such studies
on the oxidation or etching of the HOPG surfaces under different
experimental conditions have been reported.58−63 Graphite
patterning was also performed in controlled gas environments,
which included the vapors of methyl alcohol, oxygen, and
isopropanol.64 Most of the studies were focused on the basic
understanding of local electrochemical modifications under a
variety of experimental conditions such as magnitude of the tip
bias, RH, and AFM mode of operation.61−63

Under mild experimental conditions (tip bias < 8 V and RH <
40%), partial oxidation of the graphite surface results in the
formation of protruded oxide features. Higher tip bias and RH
results in complete oxidation which causes the gasification of
carbon, resulting in the formation of trenches. According to
Pourbaix diagram of carbon, it is possible to etch (complete
oxidation) the carbon surface at lower voltages but only partial
oxidation (formation of surface functional groups) is favorable
according to chemical kinetics.34 This important result predicts
the formation of surface functional groups such as carbonyl (C
O), carboxyl (COOH), and epoxy (CH−CH2−O). The
appearance of such functional groups can be treated as a partial
oxidation represented by the following chemical reactions.

+ + ‐ → ↓ +C H O E field C O(carbonyl) Hs 2 2 (4)

+ + ‐ → ↑ +C 2H O E field CO Hs 2 2 2 (5)

Etching of carbon surface is due to the complete oxidation where
the sufficient supply of the oxidative species converts solid
carbon (Cs) into gaseous CO and CO2.
Typically, graphite is a widely employed material in the field of

electrochemistry as a counter electrode due to its high electronic
conductivity and excellent electrochemical stability. Under
normal conditions, the anodic oxidation of carbon using water
as an electrolyte is a slow process but it can be accelerated by high
electric fields between the biased tip and carbon surface. In
reality, both oxidation and etching of carbon surfaces may take
place simultaneously resulting in the localized features that
contain carbon atomsmodified by oxy-functional groups because
of incomplete reactions. Thus, AFM bias lithography has become
a reliable tool for the local electrochemical modifications of the
carbon surfaces in a controlled manner.
Similar electrochemical modifications may be expected for

other carbon surfaces such as amorphous carbon, carbon
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nanotubes and graphene. To explore the possibilities, AFM bias
lithography was performed on amorphous carbon surfaces
created by various methods such as electron beam induced
deposition and sputtering. Local modification of the chemical
composition of the carbonaceous films through AFM bias
lithography, followed by etching resulted in the fabrication of
high-resolution semiconductor features of the order of ∼22 nm
wide.65 Electric field-induced electrochemical modifications have
also been observed in the amorphous carbon thin films.66 Various
electrochemical and physical modifications such as oxidation and
charge writing have been observed on the carbonaceous deposits
produced by electron beam irradiation depending on the
experimental conditions employed.67,68

3.2.b. Local Electrochemical Modifications on Carbon
Nanotubes. AFM bias lithography has also been employed to
cause the local electrochemical modifications of carbon nano-
tubes.69−71 Kim et al., have employed AFM as a tool for cutting
multiwalled carbon nanotubes into the fragments and also
probed the mechanism behind their findings.69 Park et al.,
employed AFM bias lithography to modify the electrical
properties of carbon nanotube devices by creating breaks and
nicks on the carbon nanotube surface through applying voltage
pulses using a metal-coated AFM tip in order to create tunnel
barriers along a nanotube.70 These methods have been employed
to make single nanotube devices by cutting nanotubes or by
creating small quantum dots with large charging energies by
placing two tunneling barriers 50 nm apart along a nanotube.
AFM bias lithography was performed on a CNT which was

connected to two metal electrodes (Figure 6a). By applying
voltage pulses on the AFM tip (26 V with durations of 100 ms
and 50ms), the CNT can be cut or nicked at defined locations on
the CNT surface (see Figure 6b). The size of gap between two
cuts has been controlled by the amplitude and duration of the
voltage pulses. The extent of cutting can be monitored through
conductance (G) of the CNT which may decrease to zero
suddenly. A quantum dot along the length of the CNT was
created through nicking process (see the schematic in the lower
inset of Figure 6c). The initial conductance (G) of CNT was
0.1e2/h and dropped to 0.05e2/h after the first nick and finally to
0.025e2/h after the second nick, which was positioned 50 nm
apart by application of voltage pulses of 26 V for 10 ms. This
indicates that the formation of two barriers in series with
approximate conductances of 0.1 and 0.05e2/h each. In Figure 6c,
conductance with a unit of e2/h is plotted against gate voltage Vg
at T = 20 K. The observation of the Coulomb oscillations can be
attributed to the addition of single electron to this quantum dot.
The differential conductance (dI/dV) map of this device as a
function of Vg and source−drain voltage (Vsd) is represented in
gray scale (see upper inset of Figure 6c). From these coulomb
diamonds, the charging energy is found to be e2/C≈ 75 meV and
this value is comparable to that observed in the case of CNT
quantum dots of length 50 nm produced by ultrasonication
method.70 However, small CNTs obtained by ultrasonication or
other methods pose a challenge while establishing electrical
contacts. But with AFM bias technique, one can easily create
tunnel barriers on any length of nanotube without having much
trouble. CNT quantum dots can also be made by mechanical
techniques. Mechanical techniques have been employed to break
or bend for creating tunnel barriers involving nanoobjects.
However, as mechanical techniques rely on large forces (0.1−10
μN), this may lead to the disruption of the electrical contact
between the CNT and the metallic contacts.70 This brings out
the capability and the importance of the AFM bias lithography

technique while fabricating complex architectures such as
multiple quantum dots, CNT−CNT junctions and Aharonov−
Bohm rings. The nanogaps formed on CNT surfaces by cutting
with AFM lithography could also be used as electrodes for
probing the electrical characteristics of nanocrystals or single
molecules suspended across the nanogap. Thus, AFM bias
lithography on CNT surfaces can give rise to many interesting
opportunities in studying fundamental aspects besides the
fabrication of advanced nanoscale devices.

3.2.c. Graphene Nanodevices. Graphene, a 2D flat material,
has been studied extensively in recent years because of its
promising electronic and optoelectronic properties and not
surprisingly, a number of studies using AFM-based lithography
have been published. In principle, graphene is a semi-metal with a
linear energy spectrum that is expected to exhibit many unusual
properties.72,73 However, most of the electronic applications
require the presence of an energy band gap. The band gap can be
opened by carving the graphene in the form of graphene
nanoribbons (GNRs) which lead to lateral confinement of
charge carriers. The electronic properties of the GNRs are quite
sensitive to the geometry of the edge structure, its functionality,
and overall quality.74,75 State-of-art lithographic techniques such
as electron beam lithography and plasma etching have been
employed but the intrinsic electronic properties of the devices are

Figure 6. Three-dimensional AFM image of the CNT (height of 3 nm)
on the oxide surface (a) before and (b) after cutting by applying two
voltage pulses (amplitude of 26 V ) with a duration of 100 (left) and 50
ms (right). The regions are marked by arrows in a. Scan size of 500 ×
500 nm. (c) Quantum conductance as a function of gate voltage of a
CNT quantum dot at 20 K. Inset shows the schematic of the CNT
quantum dot, where the dark bands at a separation of 50 nm represents
tunneling barriers created by nicking. The map of differential
conductance (dI/dV) as a function of Vg and Vsd at T = 20 K is
shown in the upper inset of c. Low and high values of dI/dV are
represented with white and black regions of the differential conductance
map. Reprinted with permission from ref 70. Copyright 2003 American
Physical Society.
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often compromised because of the unwanted presence of
residues.76,77

SPM lithography offers a viable method for resistless,
controlled patterning of graphene nanodevices via local electro-
chemical modifications. Levente et al. have employed STM
lithography to sculpt graphene nanoribbons (GNRs) out of a
single graphene flake.78 STM lithography was successfully
employed to fabricate GNRs with typical widths of few
nanometers in the form of armchair and zig-zag configurations.
The finest GNR (width of∼2.5 nm) was fabricated by applying a
tip bias of 2.28 V at a tip velocity of 1 nm/s (see Figure 7a, b). The
energy band gap of the same GNR was estimated through
scanning tunneling spectroscopy (STS) measurements and
found out to be 0.5 eV (Figure 7c). As this value is comparable
to the band gap of Ge (0.67 eV), GNR can be the potential
candidate material for the future electronic devices.
Compared to STM-based lithography, AFM is relatively easy

and takes less time for the fabrication of GNRs. AFM bias
lithography has been employed for patterning epitaxial graphene
on SiC and also mechanically exfoliated graphene.78,79 Further, it
has been employed for the fabrication of graphene nanodevices
such as GNRs, nanorings and quantum devices.
Masubuchi et al., have employed AFM bias lithography to

fabricate a GNR with a width of 800 nm (Figure 8a).80 The
electronic properties of the device were investigated through
electric field effect and Hall measurements. The transfer
characteristics showed ambipolar behavior with a charge
neutrality point close to zero, VDirac ≈ 5 V (see Figure 8b).
The electronmobility (μ) of this device was 7000 cm2/V s, which
is comparable to μ of pristine single-layer graphene devices. This
indicates that the conducting channel of graphene is largely
unaltered during LAO lithography. Figure 8c shows channel
conductance (G) as a function of Vg measured at T = 4.2 K in a
magnetic field of B = 9 T. The conductance plateaus were
observed at quantized values of G = 2e2/h, 6e2/h, 10e2/h, and
14e2/h for Vg values of 12, 22, 35, and 45 V, respectively. The
quantumHall plateaus obey the sequenceG = 4(N + 1/2)(e2/h),
whereN is an integer, representative for the half-integer quantum
Hall effect.

Besides the fabrication of GNRs, AFM has also been employed
to fabricate nanoring devices (Figure 9a, b).81 In a study reported
by Weng et al., AFM has been employed for the fabrication of
graphene nanoring devices which showed universal quantum
conductance fluctuations.81 To electrically isolate the nanoring
device, two long trenches were subsequently drawn from the
circumference of the ring outward to the edges of the flake. The
nanoring device (width of the conducting region is about 220
nm) showed reproducible conductance fluctuations as a function
of magnetic field (B) or gate voltage (Vg) (see Figure 9c, d) at
temperatures T < 50 K. These fluctuations can be attributed to
the universal conductance fluctuations (UCF) in such a nanoring
device.
In addition to the etching of graphene into GNRs and

nanorings, Masubuchi et al., employed AFM to fabricate
graphene/graphene oxide (GO)/graphene junctions and
showed that the properties of the junctions can be tuned from
semi-insulating to semi-conducting depending on the extent of
oxidation.82 This study has brought out the precise control
possible with the process which is reflected in the fabricated
devices. To fabricate graphene/GO/graphene junctions, a biased
AFM tip was moved from one edge of the graphene flake to the
other edge (Figure 10a). The GO region is observed as a dark

Figure 7. STM lithography for the fabrication of GNRs: (a) STM image (scan area, 15× 15 nm2), 1 nA, 100mV) of an armchair GNR (width of 2.5 nm).
(b) STM z-profile showing the real width and depth of the GNR. (c) STS spectra collected from the narrow ribbon with an energy gap of about 0.5 eV
(zero DOS marked by horizontal lines). Reprinted with permission from ref 78. Copyright 2008 Nature Publishing Group.

Figure 8. (a) AFM topography of the bar-shaped device fabricated in
single-layer graphene. (b) Transfer characteristics of the device (channel
conductance (G) versus gate voltage (Vg) measured at T = 4.2 K in a
zero magnetic field. (c) G as a function of Vg measured at T = 4.2 K at a
magnetic field of 9 T. Reprinted with permission from ref 80. Copyright
2009 American Institute of Physics.
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strip in the friction image; the bright region corresponds to the
pristine graphene (see Figure 10b). The width (wb) of the GO
can be controlled through the tip bias (Vtip) (see Figure 10c). It
was observed that wb increases from 20 to 50 nm as |Vtip| varies
from 5.5 to 9.0 V. The transfer characteristics of the pristine
graphene (dotted curve, Figure 10d) were compared with the G/
GO/G junctions created with different |Vtip|. The conductance of
the G/GO/G junctions is gradually decreasing for the devices
created at higher tip bias |Vtip| yet maintaining the V-shaped
dependence like pristine graphene. For a tip bias |Vtip| greater
than 8 V, the conductance is completely suppressed (see Figure
10d) and no longer modulated by Vg. The plot of minimum
conductance (Gmin) as a function of |Vtip| is shown in Figure 10e.
This study nicely illustrates the tunability of the conductance of
G/GO/G junctions according to |Vtip|. The conductance of G/
GO/G junctions is modulated by the extent of oxidation,
allowing the tuning of the junction properties from semi-
conducting to semi-insulating.
Park et al., have shown that graphene can also be hydrogenated

locally through application of positive tip bias polarity, besides
the oxidation and etching using a negative tip bias.83 Thus,
depending on the tip bias polarity and its magnitude, graphene
can be oxidized, etched, or reduced, a result that is useful to create
local conducting or insulating regions.
The ability of AFM bias lithography to create both

hydrogenation and oxidation patterns on graphene is illustrated
in Figure 11. The hydrogenated (blue dashed lines ) and oxidized
lines (red dashed lines) were made on graphene using a substrate
bias of −10 and +7 V at tip velocity of 0.1 μm/s respectively (see
FFM image, left panel in Figure 11a). In this case, the bias was
applied to the sample where negative and positive sample bias

would result in hydrogenation and oxidation of the sample
respectively, in contrast to the response exhibited with regard to
tip bias polarity, which is just the opposite. The corresponding
conducting AFM (cAFM) map is shown in the right panel of
Figure 11a. The hydrogenated lines were fabricated with
sequentially increased loading force from 1 to 4 nN, in order
to increase the coverage of hydrogen atoms on graphene. The
cAFM mapping revealed the highly insulating nature of
hydrogenated or oxidized regions of graphene compared to its
surroundings. Conducting gaps with sub-20 nm features were
created using this technique (see Figure 11b).
Novoselov et al. employed AFM to fabricate graphene

quantum dot devices with controllable ambipolar transition of
a single hole, through an empty QD, to a state with a single
electron.84 Figure 12a shows the topography of the QD structure
fabricated by AFM bias lithography (tip bias of−7 V, RH∼ 70%,
scanning speed, 200 nm/s). Oxide regions appear as dark while
the pristine graphene as bright in the friction images (Figure
12b). This study has demonstrated the potential of the AFM
lithography technique in sculpting graphene into active channel
material QD and also passive source, drain and side gate
electrodes. This can eventually lead to the possible development
of all-graphene based electronics. The width of the lines can be
controlled through RH with a minimum width down to ∼15 nm
obtained at relatively low humidity. The electronic nature of the
QD device was examined at different temperatures by applying
back gate voltages. The conductivity showed a strong distortion
from an expected V-shape and in the voltage window from 33 to
41 V, the conductivity falls well below one conductivity quantum
(e2/h). In this range, several sharp conductivity peaks are
observed and may be related to the quantized transport through

Figure 9. (a) Nanoring (inner and outer radii of∼160 nm and∼380 nm, respectively) patterned on a graphene flake using local electrochemical etching.
(b) z-profile corresponding to the dashed line in a. (c) Conductance fluctuations as a function of gate voltage at different temperatures for the nanoring
device in a. (d) Magnetoconductance of the nanoring device with different gate voltages measured at 4.2 K. Reprinted with permission from ref 81.
Copyright 2008 American Institute of Physics.
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the QD device (see Figure 12c). As the quantum point contacts
(QPCs) are narrow constrictions, the transmission is possible
only at specified voltages. The non-monotonic behavior of
conductivity in the region below 33 V and above 41 V is probably
due to changes in the transmission through the QPCs (inset,
Figure 12c).
All the above studies are based on converting conducting

graphene into a less conducting form through local anodic
oxidation or etching.78−84 Zhang et al., have reported a direct
writing of graphene electronic devices using a catalytic AFM
lithographic technique.85 They have demonstrated the reduction
of graphene oxide into graphene by the local electric field from
the AFM tip in the presence of hydrogen.
The activation energy required for the reduction of GO can be

significantly decreased by using a catalyst and a reactive gas such
as H2. Pt-coated AFM tip was chosen as a catalytic probe for the
local reduction of GO into GNR in the presence of H2 gas at a
temperature of 115 °C under atmospheric pressure. The
monolayer GO sheet was coated on an insulating substrate and
connected to a gold pad for the electrical connectivity (see Figure
13a). After scanning the AFM tip on the sample at 100 °C in the
presence of hydrogen gas (loading force of 10 nN and a scanning
speed of 1 nm/s), a strip of graphene with a width of 80 nm and 2
μm long (see topographical images in Figure 13b, c) was formed.
They have achieved GNRs with widths ranging from 20 to 80 nm
with conductivities >1× 104 S/m. The cAFMmap showed a very

bright contrast of the GNR, measured under a bias voltage of 2 V
between the gold electrodes and the conducting tip scanned over
the area in Figure 13d. This indicates that the GNR is conductive
when compared with the rest of the insulating GO region. The
electrical nature of the fabricated GNR was measured by
recording current−voltage (I−V) characteristics at different
positions on the GNR (see Figure 13e). The resistance (R) of the
GNR was found to be varying linearly with distance between it
and Au electrode (see inset of Figure 13e). Thus, the reduction of
GO at the nanoscale seems to be an attractive approach for
obtaining conducting graphene strips in a controlled manner. As
this method involves mild operating conditions such as
atmospheric pressure and relatively low temperatures, this may
be a viable method for fabricating graphene based electronic
devices for flexible applications.85

4. ELECTROSTATIC CHARGING OF CARBON
NANOSTRUCTURES

A biased AFM tip has also been employed to induce and write
charge patterns on a variety of carbon nanomaterials such as
carbon nanotubes, graphene and fluorocarbon films. This
technique is also called charge writing, which could be useful
for fabricating local p−n junctions through electrostatic doping.
Charge patterns on a surface could also become sites for
clamping active molecules through electrostatic interactions.

4.1. Charging of Carbon Nanotubes. Zdrojek et al., have
employed a biased AFM tip as a local tool for charging carbon
nanotubes (single, double and multiwalled CNTs) supported on
a SiO2 substrate.

86

The AFM topography of a typical CNT with a diameter of 19
nm is shown in Figure 14a. Before charge injection, Electrostatic
Force Microscopy (EFM) was recorded with VEFM of −3 V at a
lift scan height of 100 nm (see Figure 14b). The dark contrast
corresponds to the attractive capacitive interaction between the
biased AFM tip and uncharged CNT. Charge was injected by
contacting the AFM tip (Vinj = −5 V) for 2 min at the point on
the CNT indicated by the arrow in Figure 14a. The resulting
EFM image of the CNT after charging is shown in Figure 14c.
The bright contrast is a repulsive interaction between the CNT
and the negatively biased AFM tip (VEFM =−3 V). This indicates
that a negatively biased AFM tip could locally inject charge that
spreads over many micrometers, spanning across the entire
length of CNT (Figure 14c). The full width half maximum and
magnitude of frequency shift is more for the charged CNT
compared to the uncharged CNT (Figure 14d). Prisbrey et al.,
have demonstrated that writing charge patterns using an AFM tip
in close proximity to carbon nanotube could move the Fermi
level by 1 eV.87 The substrate charge can be erased and rewritten,
allowing electrostatic doping profiles which reconfigure a field-
effect transistor into a p−n junction. Thus, the AFM charge
lithography has the ability to controllably and reversibly
modulate the doping profiles in nanoscale electronic and
optoelectronic devices which will enable a variety of new
investigations.86,87

4.2. Charge Injection in Graphene. Verdaguer et al., have
shown that charge injection on isolated graphene sheets
deposited on SiO2/Si wafers, can be characterized using Kelvin
probe force microscopy (KPFM).88 The discharge process was
induced by water under controlled ambient conditions.
Graphene was mechanically exfoliated and deposited on SiO2/

Si substrate before a biased AFM tip was used to inject charges on
the isolated graphene sheets. Charge injection was performed on
FLG film present over the grounded silicon substrate. The

Figure 10. (a) Schematic setup showing the fabrication of graphene/
GO/graphene junctions based AFM-bais lithography. (b) Dark strip in
the friction image correspond to GO (Vtip = −8.0 V, scan speed (vs) of
50 nm/s) and bright region is for the pristine graphene. (c) Width (wb)
of the GO strip as a function of tip bias voltage for vs = 50 nm/s. (d)
Transfer characteristics of the pristine graphene (dotted curve) and G/
GO/G junctions (solid curves) as a function of gate-bias voltage Vg at T
= 4.2 K. The bias voltages applied to the AFM cantilever were varied as
Vtip = −5.5 (red), −6.0 (magenta), −6.5 (yellow), −7.0 (green), −8.0
(blue), −9.0 (purple), and −11.0 V (dark green) (from top to bottom).
(e) Minimum conductivity Gmin as a function of tip bias (Vtip) at T = 4.2
K. Reprinted with permission from ref 82. Copyright 2011 American
Chemical Society.
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topography of the FLG film was obtained in contact mode before
the charging process (top left, Figure 15a). Then, the tip was
brought into contact at the center of the FLG film with a bias of
Vinj, within the −10 to 10 V range (top right, Figure 15a). After a
few minutes, the tip was retracted to about 200 nm from the
surface, keeping the tip biased (lower left, Figure 15a). Once the

tip is retracted from the surface, Vinj on the tip is switched off and
a dual SPFM+KPM image is taken (lower right, Figure 15a).
Using this method, one can guarantee noncontact conditions on
the FLG film throughout the experiment and avoid the formation
of a water neck between the tip and the sample that would
perturb the discharge process. Charges were injected by

Figure 11.Oxidation and reduction of monolayer graphene using positive and negative sample biases to create electrically isolated regions. (a) Friction
force microscopy (FFM) (left) and cAFM (right) images of graphene with hydrogenated (blue) or oxidized lines (red). (b, left) FFM and (b, right)
cAFM images of the regions formed by insulating oxidized lines with sub-20 nm conducting gaps. Reprinted with permission from ref 83. Copyright
2011 American Chemical Society.

Figure 12. Graphene quantum dot (QD) structure fabricated by local anodic oxidation AFM. (a) Topography of a QD. (b) Corresponding friction
image. Bright regions correspond to the pristine graphene and dark regions are the oxidized regions. The QD, source (S), drain (D), and side gates (SG)
are formed with graphene and indicated in a and b. (c) Quantum conductance through QD structure (size ∼100 nm) as a function of backgate voltage
(Vg) for different temperatures (2.5, 10, 20, and 30 K are shown with red, green, blue, and black curves, respectively). Inset, temperature dependence of
the conductivity at a minimum between peaks (Vg = 34.4 V). Reprinted with permission from ref 84. Copyright 2010 Wiley−VCH.
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contacting the AFM tip to the graphene sheets at Vinj of −8 and
+8 V, respectively (Figure 15b), compare with before charging.
The difference in the contact potential difference (ΔCPD) is

directly proportional to Vinj (see Figure 15c). ΔCPD measure-
ments can get influenced by different contributions during the
charging process such as contact and geometry of the tip-FLG
system and also discharging of the FLG film with RH, during the
retraction of the tip. The behavior of ΔCPD vs Vinj is linear

indicating that the electrical contact between the tip and the FLG
film is good enough with negligible loss of charge during
injection. Electrical discharge was controlled through humidity
conditions. Shen et al. employed the biased AFM tip to charge
reduced graphene oxide (rGO) sheets and observed that the
charge storage on rGO sheets is highly dependent on the
reduction degree of the GO sheets.89 By employing positive or
negative tip biases, the rGO sheets were charged accordingly.
Such charged nanostructures with pre-designated geometry
could be helpful in constructing charge gated graphene
nanoelectronics.

Figure 13. Local reduction graphene oxide (GO) to obtain GNRs via the catalytic scanning probe lithography (cSPL) (a) Schematic showing the setup
of the cSPL in H2 environment with a substrate temperature of 100 °C. (b) 3D topographical AFM image of the GNR obtained after writing on GO
sheet (c) Topographical image and (d) current map of the marked area in b recorded at a sample bias of 2 V. (e) The I−V curves of the GNR at different
spots (three spots marked in c); the inset shows the resistance of the GNR with length. Scale bar, 200 nm. Reprinted with permission from ref 85.
Copyright 2012 Nature Publishing Group.

Figure 14. (a) Topography ofMWNT (diameter,∼19 nm) on a 200 nm
silicon dioxide surface. EFM images (b) before and (c) after charge
injection at−5 V for 2 min. VEFM =−3 V, lift scan height of 100 nmwere
used. (d) Frequency shift profiles for the MWNT before and after
charge injection. Reprinted with permission from ref 86. Copyright 2006
American Institute of Physics.

Figure 15. (a) Schematic showing charge injection andmeasurement on
graphene using AFM. (b) AFM topography (top left) and KPFM (top
right) images of a few layer graphene (FLG) film before charging at low
RH. Bottom: KPFM images of the same film after charging to −8 V and
+8 V. (c) Difference in the contact potential difference (ΔCPD) vs
voltage applied to the tip during the charging process (Vinj) measured
from KPFM taken after charge injection. Different symbols correspond
to the measurements with different tips and samples. All experiments
were performed at RH of 5%. Reprinted with permission from ref 88.
Copyright 2009 American Institute of Physics.
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4.3. Charged Mesoscopic Graphitic Islands. In another
study, it was found that the local electrochemical etching of a
graphite surface to etch isolated shapes could, in addition, also
store charge.
AFM bias lithography was used to etch hexagonal islands of

varied lateral dimensions (see topography in Figure 16a). The

EFM phase images showed attractive/repulsive (negative/
positive phase shifts) interactions with respect to the polarity
of VEFM , indicating that the isolated regions store positive
charges (see Figure 16bc, d). This study showed that
electrochemically etched hexagonal islands on graphite surface
could hold charges deposited during the lithography process.
4.4. Charge Writing on Fluorocarbon Films. A biased

AFM tip can also be used to directly write charge patterns on a
surface through a process which is called charge lithography.56

Thus, charge patterns written on surfaces can act as templates for
attaching specific molecules through electrostatic interactions,
giving rise to a new technique, called nanoxerography. To date,
polymers and electret films have been employed for writing
charge patterns employing this technique.
Fluorocarbon films seem like ideal substrates for writing

charge patterns, which can’t be detected in topographic images.
The initial morphology of the fluorocarbon film on Si is smooth
and featureless (see Figure 17a). The charge patterns were
created by applying voltage pulses of 20 V for 50 μs. KPFM
images show the charge patterns on the surface (see Figure 17b).
The lateral resolution of the charge structure is 200 nm and the
measured potential amounts to 200 mV.

5. MECHANICAL SCRATCHING OF GRAPHENE
AFM tip has also been used as local mechanical probe to cut the
graphene sheets without application of voltage bias. Reduced
graphene oxide sheets have been cut by AFM scratching
technique.90 Recently, graphene has been scratched to form
nanogap electrodes, utilized in fabricating organic FETs and
photoswitchers. Thus, AFM nanolithography technique could be
a promising approach in making nanogap electrodes, crucial for
molecular electronics.91

Graphene sheet was cut using AFM scratching technique to
form nanogap electrodes (see Figures 18a and b). Active

molecular species such as copper phthalocyanine (CuPc) were
then vacuum deposited across the graphene nanogap electrodes.
The photoconducting and field effect characteristics of the CuPc
were investigated using graphene nanogap electrodes (see Figure
18c, d). Thus, AFM scratching technique could be a potential
technique for fabricating molecular electronic devices.

6. CONCLUSIONS
This review presents an overview of scanning probe bias
lithography with a focus on various carbon materials which
undergo local electrochemical modifications and electrostatic
charge storage events. It is clear that scanning probe nano-
lithographies based on the confinement of chemical reactions

Figure 16. (a) Topography of hexagonal graphitic islands with lateral
dimensions of 500 nm (top pair of hexagons), 300 nm (middle pair),
and 150 nm (bottom pair), depths of 2−5 nm, fabricated using AFM.
EFM phase images obtained with a tip bias of (b) 0, (c) 3, and (d)−3 V.
Scale bar, 0.5 μm. Reprinted with permission from ref 34. Copyright
2011 Institute of Physics.

Figure 17. (a) Topography and (b) surface potential images of the
charge patterns on the fluorocarbon layer (thickness of 10 nm).
Reprinted with permission from ref 56. Copyright 2002 John Wiley &
Sons.

Figure 18. (a) Schematic diagram of graphene nanogap electrodes; (b)
schematic structure of CuPc devices based on graphene nanogap
electrodes; (c) photoswitching characteristics of the nanogap devices
white light, light density 5.76 mw/cm2, V = 1.0 V; (d) output
characteristics of the CuPc organic field effect transistors. Reprinted
with permission from ref 91. Copyright 2010 American Institute of
Physics.
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offer a low-cost approach for academic research to fabricate
nanometer-scale devices and to investigate fundamental
electronic and chemical processes at the nanoscale. Because
probe-based anodic oxidation can fabricate nanoscale devices
directly without any resist based techniques, it has a distinct
advantage of elimination of high end infrastructure. Scanning
probe bias lithography has become an eye catching technique due
to distinct advantages when compared to other lithographic
techniques such as photolithography, e-beam lithography and
plasma etching techniques. The unique capability of scanning
probes has indeed led to the fabrication of several nanoscale
devices which may not have been realized using other means.
The fabrication of graphene-based nanodevices such as nano-
ribbons, nanorings and graphene quantum dots using probe-
based oxidation techniques exhibit fundamental quantum
phenomena such as quantum conductance or conductance
fluctuations.
Between STM and AFM techniques, the latter has found wide

spread use because of ease of operation, choice of substrates,
speed, and reliable patterning. AFM-based charging of carbon
nanostructures promotes the selective attachment of functional
molecules through electrostatic interactions. This capability may
lead to the development of nanocarbon surfaces in applications
such as nanoxerography. Further, employing water as an
electrolyte, the formation of various solvent molecular bridges
between the tip and substrate may allow further control on the
local modification of surfaces in a desired fashion. For example,
graphene based transistors may not be suitable for logic
applications due to poor on/off ratio of the devices. With SPM
lithography, one can carve GNRs or functionalized graphene
based transistors which exhibit better on/off ratios suitable for
the real applications.15 SPM bias lithography is also a viable
approach for creating nanoscale Janus surfaces (local hydro-
philic/hydrophobic regions) of graphene-like moieties. Bias
lithography on carbon surfaces is not only limited to the water
meniscus but also various other types of menisci have been tried
out to create desired local functionality. Etching of the graphene
nanoribbons may leave uneven edge structures which may cause
degradation in the mobility of the GNRs; the edges can be made
smooth by reducing the functional groups decorated at the edges
using positively biased AFM tip. Because carbon is hydrophobic,
one can make hydrophilic patterns in a selective manner to
adsorb specific molecules and study charge transfer interactions.
By writing charge patterns on graphene basedmaterials, it may be
possible to create anchoring sites for specific molecules via
electrostatic clamping, providing yet another way to influence the
local electronic structure of nanocarbons. This method may also
offer a way to fabricate local p−n junctions in order to exercise a
control on the electronic properties of carbon based systems.
Another possibility is the fabrication of nanocarbon hetero-
structures combining with other functional materials (inorganic,
organic, or bio), which may have promising electronic and
optoelectronic properties. These heterostructures can be
fabricated employing a combination of SPM with DPN or
nanoimprint lithography techniques. SPM lithography has the
potential capability to structure van der Waals solids (2D layered
materials) with metal or semiconducting nanoparticles for
nanoplasmonic applications. The driving force is the realization
of photon coupling to charge at metal interfaces allows sub-
diffraction localization of light which has revived the field of
surface plasmons. Thus, SPM lithography can also be explored
with the other techniques in fabricating graphene nanoplasmonic
devices.92

Besides the role of local modifying tool, SPM can be employed
as a measuring tool for studying the interaction and influence of
specific molecules on carbon surfaces. The adsorption of water
nanodroplets on hydrophobic surfaces is of current interest as it
enables control of the local electronic properties of nanocarbons.
It was reported that the nanodroplets could get adsorbed at the
surface defects and step-edges, leading to wetting all the
hydrophobic substrates similar to that of hydrophilic surfa-
ces.93,94 It was also reported that the adsorption of water at the
defect sites of the nanocarbons, make them p-type material as the
water molecules suppress the electron conduction.95 The
adsorbed water could also change the workfunction of the
nanocarbons as much as 1 eV,96 one of the simplest ways to tune
the electronic properties.
Because AFM is mostly serial in nature, only prototype devices

have been made so far. The biggest challenge, therefore, is its low
throughput. Nonetheless, the rapid development of video rate
AFMs promise fast fabrication of nano-scale or quantum devices
over a large area in a single processing step. The advancement is
due to (i) novel, ultrasmall cantilever fabrication, and (ii)
improved scanning system design. Reports indicate scanning 10
000 times faster than commercial AFMs are possible.97 Even,
AFM technique can also be made as an effective parallel
technique by employing millipede tips to fabricate an array of
nanoscale devices after addressing the issues of reliability and
overall integration of the system.98 Other possibility is to use
AFM in combination with techniques such as photolithography,
electron beam lithography or nanoimprint lithography (NIL),
and enable nanoscale devices fabrication under ambient
conditions. For, example, SPM/NIL approach is a viable
approach for fabricating planar FETs in which channel is
surrounded by gate unlike non planar FETs.99,100 One can
improve throughput drastically by employing parallel array of
probes which are self-actuated with self-sensing capability. This
may be possible through designing nanoimprint molds with
feature sizes of the order of sub-5 nm employing AFM based
closed loop lithography. This can eventually lead us to envisage a
transition from classical FET devices to quantum-effect devices at
the nanometer scale. The exploration of practical application of
quantum-dot and single-electron devices may open up the gate
way for “beyond CMOS” nanoelectronic devices.100 Further
progress in AFM nanolithography therefore relies almost entirely
onmethods to improve speed and reliability for mass production.
Future efforts in SPMmay bring in a better understanding of the
surface phenomena particularly in relation to “writing” on
nanocarbon materials.
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