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mechanical, and electrical properties com-
pared to their bulk counterparts.[2–7] Due to 
these properties, 2D materials have been 
proposed as components of future flexible 
devices for nanoelectronics, optoelec-
tronics, tissue engineering, and biosensor 
applications.[2–12]

In order to advance these materials 
toward practical applications, there is 
a need for lithographic techniques to 
produce or modify these materials to user-
specified designs, ideally at nanoscale 
resolution. Various conventional litho-
graphic approaches including electron-
beam lithography (EBL), photolithog-
raphy, nanosphere lithography, and ion 
beam lithography have been reported for 
this purpose.[13–18] Among these various 
approaches, EBL followed by a chemical 

etching is currently the most widely used technique for the 
fabrication of 2D material-based devices.[13–16] Indeed, EBL is 
perhaps the benchmark in terms of nanolithography resolution, 
precision, and accuracy (down to sub-10  nm).[19] However, it 
requires ultrahigh vacuum conditions and is a time-consuming 
serial process, and therefore not amenable to scale-up for 
industrial mass production. Furthermore, EBL resist coatings 
leave residues that are difficult to remove completely and nega-
tively impact the materials’ properties.[16] The harsh chemical 
reaction conditions used in conventional etching also results in 
rough edges with dangling bonds, defects, and the formation 
of various functional groups can further affect the properties 
of the materials.[20–22] Similarly, ion beam lithography has also 
been demonstrated as a useful tool for precisely manipulating 
graphene.[23,24] However, the feature size and edge definition is 
limited due to the possible diffusion of ions into the substrate. 
Photolithography is another commonly used method,[14,17,18] 
and one which enables large-area lithography. However, it suf-
fers from many of the same drawbacks as EBL such as the 
requirement of costly equipment, and the use of resist mate-
rials can adversely affect the properties of the 2D material.

The limitations of conventional lithography techniques have 
thus stimulated the development of “unconventional” nano-
lithographic fabrication methods. In this regard, scanning 
probe nanolithography (SPL)[25–27] has emerged as a “resist-
free,” robust and versatile family of lithographic techniques 
that combine nanoscale spatial accuracy and registry with the 
ability to directly pattern various soft materials (e.g., small 
organic molecules, polymers, and biomolecules) under ambient 
conditions, and in several cases without the requirement of an 
etching step. Here, SPL uses the tip of a scanning probe micro-
scope to create nanopatterns on the surface by employing a 
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1. Introduction

Since the isolation of graphene in 2004,[1] interest in 2D mate-
rials has progressed rapidly and sparked a whole new field of 
research. 2D materials are atomically thin layered crystalline 
solids with no dangling surface bonds, which have intralayer 
covalent bonding and interlayer van der Waals bonding.[2–4] 
The number of 2D materials that have been described has 
been growing since 2004 and include semimetals such as phos-
phorene; semiconductors, including transition metal dichalco-
genides such as molybdenum disulfide (MoS2) and tungsten 
diselenide (WSe2); and insulators such as hexagonal boron 
nitride.[5–7] 2D materials are flexible and show superior intra-
layer (vs interlayer) transport of fundamental excitations (charge, 
heat, spin, and light), and thus exhibit unique optical, chemical, 
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variety of physicochemical effects. SPL can be divided into two 
broad conceptual strategies: “subtractive” or “destructive” SPL 
involving the removal of material from the surface; and “addi-
tive” or “constructive” SPL involving the deposition of material 
on to the surface.

Subtractive SPL exploits various physical interactions 
(e.g., electrical potential, heat, applied force) between the probe 
and the surface to ablate or modify the material(s) already 
present on the surface. Such subtractive methods include: 
electrochemical-SPL in which an electrical bias between the 
probe tip and the surface results in an electrochemical (oxidation 
or reduction) reaction at the point of contact (Figure  1a),[28,29] 
thermochemical-SPL (tc-SPL) wherein contact of a heated probe 
with the surface leads to chemical changes,[30–32] and mechan-
ical-SPL (m-SPL) uses mechanical force to scratch the surface 
as a means of generating nanoscale features.[33]

In additive SPL, the probe is used to deliver molecules in a 
spatially controlled manner on to the surface. Additive methods 
include dip pen nanolithography (DPN)[25] and methods derived 
from it such as polymer pen lithography (PPL).[34] In these 
methods, the probes are coated with an "ink" formulation and 
used as a “pen” to “write” the ink on to the surface via a water 
bridge (Figure  1b). These methods are particularly significant 
as multiplexed SPL has been demonstrated using parallelized 
arrays of probes covering cm2 areas and thus offers scalability.[35]

2. Subtractive (“Destructive”) Nanolithography 
of 2D Materials

2.1. Electrochemical-SPL

Thus far, electrochemical-SPL has been the most widely demon-
strated technique for the manipulation of 2D materials. Here, 
an atomic force microscope (AFM) is used wherein the electro-
chemical reaction takes place in an in situ generated electro-
chemical cell consisting of the probe and surface, each acting as 
an electrode, and the water bridge formed between them acting 
as an electrolyte (Figure 1a).[36] In general, the main parameters 
that control the local electrochemical process and resolution of 
the nanopatterns are the applied voltage across the probe tip 
and surface (Vtip), scanning speed of the tip (vtip), and relative 
humidity (RH) of the atmosphere around the tip and the surface.

2.1.1. Oxidation of Graphene

The most common variant of electrochemical-SPL is oxi-
dative scanning probe lithography (o-SPL, also previ-
ously referred to as “local anodic oxidation”),[28,37] where 
the probe tip acts as the cathode. In the case of graphene, 
a Vtip of ≈−10  V is typically applied. Due to the close prox-
imity between the probe and surface (typically ≈ 1 nm), this 
voltage generates an extremely high localized electric field in 
the order of 1010 V m-1 that ionizes water molecules leading  
to the generation of reactive oxygen-containing species 
(e.g., OH−, O2

•−), which subsequently oxidizes the surface. 
Since a substantial amount of work has been published on 
the oxidation of graphene,[38–60] this review will instead focus 
on a smaller number of selected case studies that relate to 
the physicochemical aspects of SPL, and the use of SPL for 
device fabrication.
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Figure 1.  Schematic diagram illustrating a) electrochemical SPL of a 
substrate deposited on SiO2/Si, electrically connected by metallic con-
tacts. Under ambient or humid conditions, a water meniscus condenses 
between the AFM probe and the surface substrate, which acts as the 
electrolyte for the electrochemical reaction when a bias is applied and 
b) DPN. In a humid environment, a water meniscus formed between 
the AFM and the substrate facilitates the transport of molecules to the 
substrate surface.
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The first example of o-SPL on graphene was reported in 
2008 by Giesbers et  al.[38] Here, linear features with a width 
of ≈30  nm were generated by lithography on single layer and 
bilayer graphene (SLG and BLG, respectively) substrates using 
a scanning probe in contact mode with a Vtip of −25 V, a vtip of 
50 nm s−1 and at an RH of 55%. Authors proposed that under 
these conditions o-SPL leads to the formation of volatile carbon-
based oxides in the patterned region that evaporate to leave a 
trench where the graphene layer(s) have been etched away.

Weng et  al.[39] have reported lithography of multilayer 
graphene (MLG) in tapping mode with a Vtip in the range 
of −15 to −30  V. However, in contrast to the above example, 
tapping mode[61] AFM measurements postlithography showed 
raised features at a Vtip of −16 V (Figure 2a), which the authors 
proposed were the result of the formation of graphene oxide 
(GO) that possessed an increased volume due to the incorpora-
tion of oxygen. For Vtip magnitudes greater than −16 V, trench 
formation was observed (Figure  2a) that was consistent with 
the formation of volatile carbon oxides,[62] as noted above. To 
demonstrate the use of o-SPL to fabricate MLG flakes, the 
authors showed that a trench written across half of an MLG 
flake resulted in an increase in the resistance between the two 
ends of the flake from 6.3 to 7.5 kΩ; while extending the trench 
through the whole flake (Figure 2b) resulted in the loss of elec-
trical contact (infinite resistance) indicating that it had been 
completely cut.

Masubuchi et al.[40] have described lithography of SLG, BLG, 
and MLG in tapping mode with a Vtip of −35  V at RH in the 
range of 39% to 44% and a vtip ranging from 10 to 160 nm s−1. 
Under these conditions it was instead observed that the lithog-
raphy resulted in trenches with raised features on either side 
(Figure  2c–e). Postlithography resistance measurements per-
formed across a raised feature gave a large resistance (>1 GΩ), 
which authors thus proposed were GO. Subsequent lithography 

performed with various vtip showed that lower speeds resulted 
in wider trenches and raised features, although the relationship 
between the vtip and width of trench/raised features is found to 
be nonlinear (on SLG, Figure 3a).

In a follow-on study,[42] Masubuchi employed o-SPL in con-
tact mode on SLG with a lower Vtip in the range of 0 to −9 V 
to investigate the threshold voltage (Vthresh) required for the 
formation of GO (at 75% RH, vtip of 50 nm s−1). It was found 
that no features were observed until a Vtip of −5.5  V was 
applied, at which point raised features ≈20  nm in width were 
observed. An increase in the magnitude of Vtip to −9 V led to 
an increase in the width to 50  nm (Figure  3b). Subsequent 
Raman spectroscopy of these features gave spectra compa-
rable to those observed in chemically produced GO.[63] Based 
on these observations, authors concluded that o-SPL at this 
lower voltage range leads to the formation of GO features. A 
parallel report by Park and co-workers[44] on the o-SPL of SLG 
and BLG followed by Raman analysis also came to the similar 
conclusions, but they additionally studied the effect of Vtip and 
vtip (at 20% RH) on the width of the GO line features on SLG. 
At a fixed vtip of 100 nm s−1, the Vthresh was found to be −5 V 
and led to the formation of ≈45 nm wide lines, while −7 V gave 
features of 55 nm. Conversely, the line width was found to be 
82 and 61 nm for vtip of 100 and 1000 nm s−1, respectively at a 
Vtip of −10 V.

A comparative analysis of SLG o-SPL described by Masu-
buchi[42] and Park[44] shows that narrower lines are formed at 
a higher RH and lower vtip. This observation is notable since 
a lower RH and higher vtip would have been expected to give 
narrower features because of a smaller volume of the water 
meniscus and shorter interaction time. However, Masubuchi 
et  al.[42] employed lower contact force (<1 nN), whereas Park 
and co-workers[44] employed a contact force of 1 nN. Thus, the 
observed differences could be due to the difference in the con-
tact force used during the lithography.

o-SPL of graphene has also been studied using micro-X-ray 
photoelectron spectroscopy (µ-XPS),[50] whereby lithography 
was performed with Vtip in the range of −5 to −10  V at an 
RH of 30%. For graphene oxidized at −5  V, two peaks in the 
carbon region of the XPS spectrum corresponding to sp2 CC 
and COH functional groups were observed. At −7 and −10 V, 
the spectrum showed a reduction in the intensity of the CC 
peak and the emergence of peaks corresponding to COC 
and CO species. However, it was found that the oxidation of 
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Figure 2.  AFM topography images of graphene substrates post o-SPL 
showing a) three trenches (marked with dashed arrows) and one raised 
feature (marked with solid arrow), b) a trench cut through the entire flake. 
The four white bars in (b) are the metal contacts fabricated using EBL. 
AFM topography images of c) single layer, d) bilayer, and e) multilayer gra-
phene after the lithography was carried out in the direction indicated by 
the white arrows at the vtip of 160, 80, 40, 20, and 10 nm s−1 (left to right). 
Reproduced with permission.[40] Copyright 2009, AIP Publishing.

Figure 3.  a) Graph of the width of the trench and raised feature against 
vtip for SLG and b) width of the oxidized region against the lithography 
Vtip (at a vtip of 50 nm s−1). b) Reproduced with permission.[42] Copyright 
2011, American Chemical Society.
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graphene (ratio of area under the peaks corresponding to CO/
CO vs CC bonds) at a Vtip of −10 V was similar (≈90%) for 
SLG, BLG, and three-layer graphene (TLG). This result suggests 
that all layers were equally oxidized regardless of the thickness 
of the graphene, and the degree of oxidation was higher than 
graphene oxidized by the conventional solution-phase Hum-
mers method (79.0%).[64]

In a similar study[60] (with approximately the same Vtip and 
RH), but when graphene with non-Bernal stacking of the layers 
was used, it was found that the µ-XPS intensity of the peaks 
corresponding to oxide functional groups increased by ten-
fold compared to unpatterned graphene, but did not change 
between SLG, BLG, and TLG. This result suggested that the 
amount of oxygen incorporated in the BLG and TLG was no dif-
ferent compared to SLG, since oxygen incorporation uniformly 
across all layers would result in increasing CO/CO signal 
(but constant CO/CO to CC ratio, as noted with the Bernal 
stacked material noted above). Authors proposed that the most 
plausible reason for the limited oxygen incorporation was due 
to the negligible electronic interactions between the layers of 
the non-Bernal stacked graphene, which therefore resulted in 
only the topmost layer being oxidized.

Overall, for o-SPL on graphene, these reports suggest that 
Vtip with magnitudes greater than −16  V leads to ablation of 
the graphene and the formation of trenches. At smaller Vtip GO 
is instead produced, though there exists a critical Vthresh ≈−5 V 
below which no oxidation occurs. Increasing the magnitude of 
Vtip from −5 to −10 V leads to an increase in the width of GO 
features for a fixed RH and vtip. Further, at fixed Vtip, increase in 
vtip leads to a decrease in the width of line features. The struc-
ture of GO features formed are also dependent on the type of 
graphene material, with non-Bernal stacked graphene giving 
rise to preferential oxidation on the topmost layer.

2.1.2. Reduction of Graphene and Graphene Oxide

Park and co-workers[44] have also employed reductive SPL 
(r-SPL) to demonstrate reduction (in contrast to oxidation in 
o-SPL) by the hydrogenation of SLG and BLG. Raman spectro-
scopic analysis of the features produced with a positive bias (Vtip 
of +7  V) showed the presence of a Raman mode ≈1116  cm−1 
corresponding to CH bonds along with G, D, and 2D peaks. 
Here, the authors proposed that the application of positive Vtip 
led to the electrolysis of water and the formation of reactive 
hydrogen atoms (H•) on the graphene surface that is acting as 
the cathode, which in turn led to the hydrogenation. On SLG, 
it was found that at an RH of 33% and a vtip of 100  nm s−1,  
a Vtip of +6  V (the Vthresh) or +10  V gave line features with a 
width of 107 or 125 nm, respectively. No significant change in 
the width (110  nm) was found for various vtip in the range of 
100 to 1000 nm s−1 at a Vtip of +7 V.

SPL-induced hydrogenations have also been studied with 
µ-XPS.[50] Here, hydrogen coverage on SLG (as determined 
by the intensity of peak the corresponding to the CH group 
divided by intensity of sp2 CC peak) was estimated to be 
32.2%, 40.1%, and 49% at Vtip of +6, +10, and +20  V, respec-
tively (at 100 nm s−1 vtip and 30% RH), which is higher than that  
observed for graphene hydrogenated using H2 plasma (16.6%).[65]

r-SPL has also been used to reduce GO to create pat-
terns of reduced GO (rGO).[66–69] Faucett and Mativetsky[67] 
have reported the use of SPL to pattern electrically conduc-
tive spots of rGO on single layer, bilayer, and multilayer GO 
(SLGO, BLGO, and MLGO, respectively). It was found that a 
Vthresh of +2.5  V was required to generate features on SLGO  
(at 1000  nm s−1 vtip and ambient humidity). Conductive AFM 
(c-AFM) measurements on patterned BLGO subsequently 
displayed a threefold increase in current through the rGO fea-
ture compared to the surrounding GO, and spot features with 
a full width at half maximum (FWHM) of 4 nm could be pro-
duced. Notably, under the same lithography conditions, the 
FWHM of the rGO spot increased to 40 nm for MLGO, which 
the authors suggested was due to the shorter tip–Au substrate 
distance in BLGO that curtailed the lateral spread of the electric 
field between the tip and GO leading to smaller rGO spot sizes.

Further, the effect of RH on the r-SPL of MLGO was inves-
tigated and an increase in FWHM from 19 to 120  nm of the 
rGO spot was observed with increasing RH from <20 to 80%. 
In investigating the effect of material thickness on the rate of 
reduction at an RH of 40%, it was also found that the conduc-
tivity of the features on SLGO reached the maximum value 
after 1 s, whereas, in MLGO the current maximum was reached 
only after 10 s suggesting that film thickness is an important 
parameter in the reduction kinetics. Authors proposed that the 
observed effect was due to weakening electric field strength 
between the probe and substrate with increasing distance, 
leading to slower diffusion of H+ ions into the deeper layers of 
MLGO.

In general, r-SPL can be used for the local hydrogenation of 
graphene to give features of increased resistivity, or the reduc-
tion of GO to give features of increased conductivity. For the 
hydrogenation of graphene, a Vthresh of +6 V is needed. On the 
other hand, the reduction of GO to rGO occurs at a Vthresh of 
+2.5 V and increasing Vtip leads to an increase in feature size 
and conductivity of the resulting rGO features, while increasing 
RH gives rise to larger features due to an increase in the area 
of the water meniscus. In comparing the r-SPL of graphene 
and graphene oxide, it appears that a smaller Vtip (+2.5  V) is 
required to initiate the reduction of graphene oxide at sim-
ilar RH. However, it is difficult to be definitive as one of the 
reports[67] did not give the vtip, which may have an effect on the 
observed results.

2.1.3. Fabrication of Graphene-Based Devices by 
Electrochemical-SPL

SPL has been used to fabricate graphene-based devices and the 
first example of this approach was demonstrated through the 
fabrication of a field effect transistor (FET). In this regard, FETs 
employing graphene channels have been proposed because 
of this material’s high carrier mobility (≈15  000 cm2 V−1 s−1 
at room temperature).[70] However, devices fabricated using 
purely graphene channels are not suitable for logic applications 
because graphene has no energy gap between the valence and 
conduction bands. One strategy to open a bandgap in graphene 
(i.e., to convert it into a semiconductor) is to perform a partial 
oxidation of the material.

Adv. Mater. Technol. 2019, 4, 1900181
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Masubuchi et  al.[42] were the first to have demonstrated 
the use of o-SPL to generate GO features within a graphene 
channel of an FET. In their experimental setup (Figure  4a), 
two terminal metal electrodes were fabricated on SLG by EBL, 
and o-SPL was then performed on the exposed SLG with Vtip 
between −5.5 and −9 V (vtip of 100 nm s−1), leading to the gen-
eration of GO lines from 20 to 50 nm in width (Figure 3b). In 
order to test the performance of these FETs, the voltage between 
the drain and the source electrodes (Vds) and the resulting cur-
rent was measured as a function of an applied bias on the 
underlying Si substrate that acted as the gate (Vg). The pristine 
graphene exhibits a typical V-shaped ambipolar field effect in 
its bandgap structure, with a minimum conductance (Gmin) 
achieved near a Vg of 0 V. Postlithography, conductance meas-
urements of the fabricated device showed systematic decreases 
in Gmin from 136 to 0.3 µS with increasing GO line width. The 
transport gap (Eg) showed an increase from 0.2 to 7 meV as 
the Vtip was varied from −5.5 to −7  V in line with increasing 
line width (Figure 4b). In the second series of experiments, by 
maintaining the Vtip at −8 V and varying the vtip between 5 to 
200  nm s−1, GO line widths of 115 to 48  nm were produced. 
However, in this case the G was completely suppressed to near 
zero across the entire Vg range and the Eg (4 eV) was found to 
be independent of width of the GO lines.

The authors proposed that in the case of moderately oxidized 
GO, the transport gap of GO (0.2 to 7 meV) is relatively small 
and the conductance of the device is regulated by localized states 
in GO. In the case of strongly oxidized GO (achieved with the 
higher Vtip of −8  V) where the energy gap is sufficiently large 
(4 eV), formation of Schottky barriers at the graphene/GO inter-
face was proposed. This first example of engineering graphene-
based FETs using o-SPL thus demonstrates how the properties 
of the FET can be controlled by the lithography parameters.

Apart from purely graphene-based FETs, SPL has also been 
applied to devices consisting of heterostructured materials. Levy 
and co-workers[71] have employed SPL to engineer the electron 
transport in an FET consisting of a LaAlO3/SrTiO3 heterostruc-
ture with a graphene top gate. The LaAlO3/SrTiO3 interface is 
of interest as it exhibits a sharp insulator to conductor transi-
tion when the LaAlO3 layer thickness is ≥4 unit cells of this 
material.[72] Just below this thickness, the interface is insulating 
but can be reversibly switched, either by local electrochemical-
SPL, or by a bias applied through a top gate electrode. For the 
device fabrication, a positively biased tip (Vtip  ≈  +10 V: r-SPL) 
scanned in the contact mode at a vtip of 1000 nm s−1 can be used 
to produce a conducting “nanowire” channel (width ≈ 10 nm) at 
the LaAlO3/SrTiO3 interface, which passes under the graphene 
gate (Figure 5a). The nanowire segment directly underneath the 
graphene thus serves as the active region of the device, where 
electrons accumulate locally at the interface during the lithog-
raphy process. It was found that application of Vg led to a steady 
increase in the conductance (source to drain) with an abrupt 
increase in the conductance at 6 V indicating the metallic tran-
sition of oxide interface. This transition was reversible and thus 
represented robust FET gating behavior. This report therefore 
demonstrates the ability to create LaAlO3/SrTiO3 conducting 
nanostructures “under” the graphene, which would not be 
possible if a conventional metal top gate was used.

o-SPL on SLG has also been used to create devices with a 
FET design that can act as nonvolatile memory.[53] Here, an SLG 
flake with a 72 nm FWHM GO line written by o-SPL (at a Vtip 
of −9 V, RH of 35%) showed an abrupt lowering in resistance 
with Vds values >3  V. The device maintained this low resist-
ance state subsequently even when a minimal bias was applied, 
demonstrating this state was stable. Furthermore, when the Vds 
was increased to ≈11  V, the device was able to switch back to 
its original high-resistance state and also maintained this state 
subsequently. This switching between the two states could be 
performed repeatedly, demonstrating an example of nonvolatile 
memory.

The use of o-SPL to fabricate graphene capacitors has also 
been reported by Seo and co-workers[45] based on SLG on a Si 
substrate with a thick (300 nm) oxide layer (Figure 5b). Lithog-
raphy with the Vtip applied as a square wave of −8 to −40 V at 
a frequency of 100  Hz, and a vtip of 400  nm s−1 was used to 
create trenches on graphene and produce isolated “cells” of 
varying size (Figure  5c). This Vtip was much higher than that 
when graphene layer was grounded directly as mentioned in 
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Figure 4.  a) Schematic diagram illustrating o-SPL of a single layer gra-
phene on SiO2/Si(n++) giving rise to linear features of graphene oxide and, 
b) a graph of transport gap energy (Eg) against lithography Vtip.

Figure 5.  Schematic diagram illustrating a) a top gated graphene and two interface-connected metal source (S) and drain (D) electrodes, the conducting 
channel fabricated using SPL is indicated by the dotted green line and b) o-SPL of graphene used to fabricate a graphene-based capacitor. c) An EFM 
image of the substrate postlithography showing charge storage in cells with a range of sizes. (c) Reproduced with permission.[45] Copyright 2012, 
Elsevier.
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the reports above, due to the need to produce sufficient cur-
rent to initiate the oxidation through the SiO2 layer. Subsequent 
electrostatic force microscopy (EFM) imaging measured with a 
tip bias of 2 V showed a contrast between the graphene outside 
the patterned areas and the closed cells, showing that each cell 
was insulated from the bulk surface by the trenches produced 
through o-SPL. Time dependent EFM measurements also 
showed that the smaller cells were able to retain a charge for up 
to ≈70 min, thus demonstrating charge storage.

These reports, therefore, show that o-SPL can provide an 
alternative and readily accessible method for producing a variety 
of electronic devices on graphene. By varying the lithography 
parameters, it is possible to engineer/tune device characteris-
tics, because it is possible to controllably alter the conductivity 
of the graphene component by altering the degree of “doping” 
with oxygen through SPL.

2.1.4. Electrochemical-SPL of Other 2D Materials

SPL on Black Phosphorous (Phosphorene): To date, there is 
only one report of o-SPL on black phosphorous (BP), wherein 
the lithography was performed on conducting and noncon-
ducting substrates to demonstrate patterning and thinning of 
BP.[73] On conducting substrates (n-doped Si), a DC bias was 
used to demonstrate the lithography of arbitrary patterns with 
resolutions down to ≈50  nm. For RH of between 20% and 
50% and at a vtip of 7.5  µm s−1, two regimes were reported: 
an increase in the magnitude of the Vtip from −1.3 to −2.0  V 
was found to produce features with heights from 4 to 80 nm; 
while Vtip from 0 to −1.2 V produced features from 0 to 6 nm 
when imaged by tapping mode AFM. However, these same 
features were observed as depressions by contact mode AFM. 
The authors explained that since imaging in tapping mode can 
track the interface of soft materials and fluids, the observed 
differences indicate the formation of a liquid-like layer in the 
patterned regions. Subsequent secondary ion mass spectrom-
etry imaging identified O, PO2, and PO3 chemical species in 
these features; and it was also found that these oxides could be 
removed by washing with water postlithography. These obser-
vations suggest the oxidation of the phosphorous to oxoacids 

that are hygroscopic. Further, authors showed the removal of a 
single layer of BP when SPL was performed at a Vtip of −0.8 V, 
as attested by the 0.58 nm feature depth (by contact mode AFM, 
Figure 6a). This use of o-SPL for thinning of BP flakes is signif-
icant since conventional solution processing[74,75] is incapable 
of giving such precise control over flake thickness and feature 
size.

This report also showed the patterning and thinning of BP 
flakes on a nonconducting substrate (Si substrate with a 300 nm 
SiO2 layer) using an AC bias. Here, the AC voltage amplitude 
was varied between 1.6 and 2.2 V at a frequency of 1 MHz and 
the etching depth was found to increases with the increase in 
the amplitude from ≈15  to 31  nm. AC patterning performed 
at different frequencies from 0.1 to 1  MHz (at 1.8  V and an 
8 s dwell time) also revealed that increased oxidation at higher 
frequencies, as the etching depth was found to increase 
from ≈10 to 31 nm. Here, the authors of that report proposed 
that the capacitive charging of the BP allows electron flow to 
and from the probe as the current alternates, which allows an 
electrochemical reaction to proceed. This aspect is particularly 
significant as it demonstrates the possibility of using electro-
chemical-SPL for nonconducting substrates and thus enhance 
the application of SPL for patterning and thinning of 2D mate-
rials on a wide range of substrates.

For the fabrication of a BP-based device (Figure  6b) on a 
nonconducting substrate (SiO2/Si) with AC patterning, a 
17  nm thick flake was patterned to produce a linear feature 
of ≈5 µm and a depth of 9 nm. This flake could then be used 
as the basis of an FET when connected with source and drain 
electrodes and the underlying substrate (SiO2/Si) acting as 
the gate. Such an FET was found to exhibit a hole mobility 
of 113 cm2 V−1 s−1, and an on/off current ratio of 104 (at a Vds 
of 2 V). By contrast, an FET produced from a pristine (17 nm 
thick) flake only gave a mobility of 96 cm2 V−1 s−1 and an 
on/off current ratio of 200; showing that the fabricated device 
gave superior performance.

SPL on Molybdenum Disulfide: In the case of MoS2, o-SPL 
has been shown to generate MoO3 oxides on five-layered and 
bulk MoS2 with resolutions down to ≈2  µm.[76] Here, lithog-
raphy was performed with a Vtip between −3  and −9  V, an 
RH of 50% and probe dwell times of 0.5 to 2 s on each spot 

Adv. Mater. Technol. 2019, 4, 1900181

Figure 6.  a) AFM topography image of monolayer patterning on BP, with a cross-section corresponding to the dashed line on the image; b) schematic, 
optical microscopy image, and AFM topography image of BP FETs fabricated with AC patterning (between electrodes A and B) and pristine BP (between 
electrodes B and C) on 300 nm Si/SiO2. c) AFM phase image shows the “dielectric barriers” labeled in the figure are MoO3 lines written by o-SPL on 
MoS2, and the “Au” are the source and drain contacts. (a,b) Reproduced with permission.[73] Copyright 2009, John Wiley and Sons. (c) Reproduced 
with permission.[78] Copyright 2015, AIP Publishing.
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feature. Notably, an analysis by XPS found that the last layer of 
MoS2 could not be oxidized even with 2 s dwell time at −9 V. 
The authors suggested this effect was due to the presence of 
the underlying Au conducting layer, though it is unclear how 
its presence retards the oxidation reaction. The MoO3 is water 
soluble and thus can be readily removed leaving the monolayer 
MoS2. The authors also showed that MoS2–MoO3 heterostruc-
tures showed enhanced photoluminescence intensity compared 
to pristine monolayer and multilayer MoS2, suggesting that 
o-SPL may be a useful method for the engineering of hetero-
structure properties.

Donarelli et al.[77] have described electrochemical-SPL of mul-
tilayer MoS2 with the application of Vtip between −6 and −12 V, 
a 50% RH and a 100  nm s−1 vtip, producing patterned spots 
of ≈550 nm in diameter. However, in this report XPS analysis 
indicated desulfurization (i.e., removal of sulfur) but no con-
comitant oxidation to MoO3, which the authors speculated was 
due to sulfur desorption induced by OH− ion “bombardment” 
of the molybdenite surface. This report is notable as it dem-
onstrates that, even with a lithography setup which is similar 
to o-SPL, an entirely different chemical outcome can result. It 
therefore suggests that there are experimental factors that are 
currently unaccounted for (and remain poorly understood) in 
the lithography literature.

In terms of device fabrication, Garcia and co-workers[78] have 
demonstrated the use of o-SPL to fabricate MoS2 monolayer-
based FETs. For this purpose, MoO3 lines ≈200  nm wide 
were written to reduce the electron path between the source 
and drain electrodes with a voltage pulse amplitude of −54  V  
at 45% RH (Figure  6c). Notably, the authors comment that 
enriching the local environment with ozone apparently  
facilitated the lithography. However, no further details were 
provided in this aspect. In terms of device performance, the 
current ratio between the FET fabricated using pristine MoS2 
and the patterned MoS2 was found to be 12.4 (at a Vg and Vds of 
20 and 0.05 V, respectively), which the authors concluded were 
consistent with the constriction of the channel from 2100 to 
200 nm after lithography.

SPL on Tungsten Diselenide: Most recently, o-SPL has been 
reported on mechanically exfoliated multilayered WSe2 flakes 
with thicknesses ranging from 4 to 12  nm.[79] Here, a Vtip 
between −9 and −29 V, an RH of 50%, and probe dwell times 
of 0.2 to 2 ms were tested in order to generate dot features. It 
was found that dot features with an FWHM from 28 to 43 nm 
and heights ranging from 2  to 8 nm were observed (by AFM) 
at a Vtip between −9 and −15 V and probe dwell times of 0.3 to 
1.5 ms. The patterned features were found to be readily etched 
with water, and were thus proposed to consist of WO3 by the 
report’s authors.

The same report also subsequently described the use of 
o-SPL to fabricate a WSe2-based FET. To this end, photolithog-
raphy was used to pattern the source and drain electrodes at the 
opposite sides of the WSe2 flake by electron beam evaporation, 
with the underlying SiO2/Si substrate acting as the gate. WSe2 
layers were then treated with oxygen plasma (30 s) to remove 
any resist residues. o-SPL was then performed to pattern two 
lines perpendicular to the channel of the FET, to reduce the 
electron path in a similar manner to the MoS2 FET discussed 
above. Etching of the patterned region with deionized water 

led to formation of a WSe2 channel with a width of 240  nm. 
In order to improve the metal/flake contact and the overall 
electrical performance, the authors also subjected the device 
to thermal annealing (250  °C for 1 h). It was found that in 
comparison with an unpatterned WSe2 channel (width of the 
channel ≈ 1.3 µm) that had a subthreshold swing (i.e., the gate 
voltage required to change the drain current by one order of 
magnitude) of 8.2 V dec−1, the o-SPL patterned device showed 
a swing and 2.7  V dec−1; indicating superior on-off FET 
performance.

In further work,[80] the same authors studied the effect of 
oxygen plasma treatment of WSe2 on the subsequent o-SPL of 
this material. When a 15-layer WSe2 flake that had a native oxide 
layer was subjected to o-SPL at a Vtip of between −12 and −30 V 
at 35–50% RH and probe dwell times of 0.3 to 9.6 ms the for-
mation of raised dots centered within triangular features was 
observed. The size of these features increased with increasing 
dwell time from 0.6 to 1.8 ms for fixed Vtip of −16.2 V and 42% 
RH 42% (Figure 7). The authors proposed that the dot feature 
represented the formation of a large volume of oxide due to 
multilayer oxidation at the point of contact between the probe 
and substrate, whereas the triangular component resulted from 
the formation of a thinner layer of oxides whose growth is self-
limited along zig-zag edge orientation of the WSe2 lattice.

On the other hand, o-SPL performed on oxygen plasma-
treated WSe2 flakes showed isotropic (circular) dot features 
under similar SPL parameters. Analysis of the patterned sur-
face by Auger electron spectroscopy and AFM indicated that 
plasma treatment resulted in the formation of a 1  nm oxide 
layer. Subsequent o-SPL on this oxide layer then gave rise to fea-
tures consisting of a mixture of W and Se oxides. For example, 
a dot with a height of ≈1 nm above the surface was produced 
at a Vtip of −24  V, 45% RH and probe dwell times of 2.5  ms. 
The authors suggested that this oxide layer protected the under-
lying WSe2 lattice from the lateral oxidation that was observed 
in the native oxide-coated WSe2 surfaces. These results are 
thus consistent with the earlier paper reviewed above,[79] where 
triangular features were not observed during device fabrication 
since oxygen plasma treatment was applied prior to o-SPL.

Adv. Mater. Technol. 2019, 4, 1900181

Figure 7.  AFM topographic image of patterns fabricated at an RH of 42%, 
Vtip of −16.2  V and probe dwell times of 0.6, 0.9, 1.2, 1.5, and 1.8  ms 
(from left to right). The cross-section corresponding to the white dashed 
line is shown. Reproduced with permission.[80] Copyright 2018, American 
Chemical Society.
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Overall, these reports represent proof-of-principle examples 
of electrochemical-SPL on other 2D materials. In examples of 
BP, MoS2, and WSe2, the reaction products can be removed 
using water thus demonstrating how a combination of o-SPL 
and wet etching can be used to produce channels in these 
materials. The removal of layers of material in this manner 
gives more precise control of layer thickness (by the adjust-
ment of Vtip) compared to conventional exfoliation or solu-
tion processing. Nevertheless, in many cases detailed studies 
of the products of SPL are still required to better understand 
the observed physicochemical changes. It is clear that several 
distinct chemical processes have been observed in different 
reports, even though similar parameters of SPL were used. The 
results from the WSe2 studies have shown that the presence 
(and chemical composition) of the oxide layer above the 2D 
material can have a significant effect on the outcome of the SPL 
process, and could be one contributing factor to the differing 
outcomes.

2.2. Other Subtractive SPL Methods

Other subtractive-SPL methods have also been applied for the 
lithography of 2D materials in a number of reports, including 
thermochemical-SPL (tc-SPL),[81–83] and mechanical-SPL 
(m-SPL).[84–87]

2.2.1. Thermochemical-SPL

In broad terms, tc-SPL employs a heated probe to initiate a 
local thermally driven reaction. The first reported example[81] 
employed tc-SPL on a GO sheet to generate rGO lines with 
an FWHM of ≈25  nm. Using a heated probe under an inert 
(nitrogen) atmosphere at a vtip of 2000 nm s−1, different regions 
were pattered in the form of squares at different temperatures 
in the range of 100–700 °C. An analysis postlithography with 
lateral force microscopy showed that regions patterned at 
higher temperatures showed lower friction (−12 nN at 700 °C vs 
−1 nN at 130 °C). These results were supported by sheet resist-
ance measurements in the SPL-generated features (at 1200 °C) 
that gave values that were comparable to rGO films produced 
by overnight thermal annealing at 600 °C (18 kΩ) compared to 
the unmodified GO film (427 MΩ).

Luo and Wang et al.[82] on the other hand, demonstrated the 
generation of rGO patterns on SLGO at a lower temperature 
(≤115 °C) using a Pt-coated AFM tip in the presence of H2 gas. 
Here, the Pt-coated AFM tip acted as a catalyst for the reduc-
tion of GO, thus avoiding the need for the higher temperatures 
reported above. Best results were achieved at 100 °C and a vtip 
of 1 nm s−1, which led to the generation of 2 µm long rGO lines 
with an FWHM of ≈80 nm. The conductivity of this linear fea-
ture was determined to be ≈103 S m−1, within the same order 
of magnitude as that for chemically generated rGO.[88] The fact 
that this method relied on a catalytic reduction reaction was 
confirmed with control experiments, where the use of uncoated 
probes or in vacuum did not give rise to any features.

Based on these reports, it can be concluded that tc-SPL of 
graphene oxide leads to the formation of nanoscale features 

with properties that are consistent with rGO. The use of Pt as a 
catalyst to enable reductions under milder conditions is notable 
and a good example of “catalytic SPL,[30]” which is an emerging 
area of SPL research.

2.2.2. Mechanical-SPL

m-SPL perhaps represents the most rudimentary method of 
SPL, wherein the direct application of force by the probe induces 
removal of material from a surface (cf. “nanoscratching”). The 
first example of this approach as applied to 2D materials was 
by Zhang and co-workers,[84] on BLGO using a Si tip with var-
ious set points (SPs) in the range of 1 to 5 V. Complete removal 
of the GO film, resulting in a GO-free gap, was obtained at SP 
of 3  V. Whereas, smaller forces (equivalent to an SP of 1  V) 
did not lead to complete scratching of GO. By controlling the 
spacing between the parallel scratched lines, GO “nanorib-
bons” with varying widths from 56 to 110 nm were achieved. 
However, it is not possible to draw any relationships between 
the line width and the force applied, since the relationship 
between SP and force was not given in this report. Further-
more, the SP used for the particular feature widths was also 
not provided.

Besides generating nanoscale features of GO, m-SPL has 
also been used to fabricate structures for the study of charge 
transport along the SiO2 surface between isolated and grounded 
graphene sheets (Figure 8a).[86] In this experiment, a diamond-
coated AFM tip was scanned at a high load force (1000 nN) to 
cut a graphene sheet into separate isolated and grounded sec-
tions (Figure 8a–c) with gap widths from 40 to 2000 nm. How-
ever, the authors did not give any details of the experiment and 
how they achieved different gap widths between two graphene 
sheets.

Overall, subtractive SPL methods represent some of the ear-
liest SPL methods, as their equipment set up and operation are 
relatively straightforward. Their applicability has been demon-
strated on a wide range of 2D materials, including in the fabri-
cation of working devices. The sizes of the features generated 
can be tailored by varying Vtip, vtip, and RH in the case of elec-
trochemical SPL methods; probe temperature for tc-SPL; and 
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Figure 8.  a) Schematic diagram illustrating SPL setup used to study the 
charge transport. AFM topography image of b) the single rectangular 
isolated graphene sheet, and c) an isolated graphene sheet separated by 
the gap from grounded graphene. (b,c) Reproduced with permission.[86] 
Copyright 2018, American Chemical Society.
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contact force in m-SPL. A major advantage for tc- and m-SPL in 
comparison to electrochemical SPL is that they are not limited 
by the type of substrate material. Electrochemical-SPL using 
DC bias is constrained by the need for a conductive substrate 
to enable electron flow that drives the redox reactions, though 
electrochemical-SPL with an AC bias could be used for noncon-
ducting substrates, thus offering a route for the application of 
electrochemical-SPL for wider range of materials. In terms of 
its disadvantages, tc-SPL is performed as high temperatures 
(>100 °C), which obviously means that it cannot be used for 
heat sensitive applications. In m-SPL, the limiting factor in cre-
ating reproducible patterns is the stability of the tip, which is 
prone to deformation, breakage and contamination from the 
debris of the scratched material.

3. Additive (“Constructive”) Nanolithography  
on 2D Materials

3.1. Dip-Pen Nanolithography (DPN)

As noted above, DPN utilizes a water meniscus that forms at 
the point of contact between tip and surface to enable the capil-
lary transport of small molecules (Figure 1b). Thus, molecular 
transport in DPN depends on RH, vtip (or dwell time), tempera-
ture, and the physicochemical properties of both the ink and 
the surface.

As a first example of its application to 2D materials, DPN has 
been used to deposit Co nanoparticles on SLG, while preserving 
the properties of SLG.[89] The ink formulation in this case 
consisted of a colloid of oleic acid-stabilized Co nanoparticles 
(≈7.6 nm) in o-dichlorobenzene. In order to coat the probe with 
the nanoparticles, this ink was deposited on to a SiO2 surface, 
left to partially evaporate and the probe tip scanned across the 
droplet. This “inked” probe was then used to perform lithog-
raphy at an RH of 50%, and gave spot features ≈675  nm in 
diameter on SLG. However, the contact time of the probe on 
the spots during lithography was not reported. Nevertheless, 
Raman spectroscopy and electronic transport measurements 
suggests that graphene’s structure and conductivity were not 
altered after the deposition of the nanoparticles. This result  
therefore demonstrates that DPN enables the deposition of 
nanoparticles under mild ambient conditions that do not 
damage the underlying 2D material, which is difficult to achieve 
through conventional “hard” lithographic methods.

Mirkin and co-workers[90] employed DPN on SLG where line 
features were produced by the writing of rhodamine 6G (R6G), 
a fluorescent dye. In common with previous DPN experiments 
on non-2D materials, the treatment of the probes with O2 
plasma was necessary to render them hydrophilic, in order to 
facilitate molecular transport. When the appropriate amount of 
dye was present on the probes, it was found that the FWHM of 
the patterned line features was negatively correlated with the 
vtip; with line FWHM of ≈90, 130, and 180 nm being produced 
at vtip of 100, 50, and 20 nm s−1, respectively, at an RH of 75%. 
Further, lines with an FWHM as small as 45 nm could be pro-
duced, though the vtip was not reported. It was also found that 
the concentration of the R6G solution that was coated on the 
probes prior to the lithography also had an effect on the feature 

height. High concentrations (1000 × 10−6 m) resulted in heights 
of ≈1 nm (estimated to be the thickness of two dye molecules), 
while dilute solutions (10  × 10−6 m) gave features with a height 
of ≈0.4  nm (approximately one dye molecule). However, the 
pattern fidelity, stability upon storage and reproducibility or the 
dye monolayer features produced from these lower concentra-
tions of ink were generally poor, suggesting that the dye mole
cules deposited as monolayers were somewhat mobile on the 
surface.

The authors then subsequently studied the electronic proper-
ties of graphene patterned with the bilayer features by Kelvin 
probe force microscopy and found that the lines exhibited a 
contact potential reduction of 22 mV between the surface and 
the probe, which indicated n-type doping of the patterned areas 
compared to pristine graphene. These results thus demonstrate 
how the deposition of small molecules on graphene by DPN 
can be used to engineer its electronic properties.

In another report, DPN has also been used to demonstrate 
the deposition of phospholipids on SLG.[91] Here, DPN was used 
to write mixtures of the lipid 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) with DOPC derivatives that were labeled 
with the fluorescent dye lissamine rhodamine or the biological 
cofactor biotin. It was previously known that such lipid mix-
tures could be deposited by DPN on to hydrophilic substrates 
such as SiO2.[92] However, when using the same conditions 
that gave well-defined features on SiO2, it was found that only 
large and poorly defined patches of lipids were deposited on to 
the graphene. AFM imaging of these patches revealed that the 
phospholipids diffused and assembled into monolayers on the 
graphene, which the authors proposed was due to the higher 
mobility of the phospholipids on the hydrophobic graphene 
surface. The effect of this spreading on feature size was then 
investigated and it was found to be dependent on the humidity 
of the environment. As expected, larger widths with increasing 
RH and decreasing vtip were observed, and are consistent with 
the diffusion of thiols that had been written on gold by DPN.[93] 
Subsequently, this report demonstrated the feasibility of using 
the physisorbed lipid patches on graphene for the selective 
binding of a protein. Here, the biotin-functionalized lipids were 
able to capture a fluorescently labeled streptavidin, which can 
then be observed by fluorescence microscopy.

In a follow-on study, the feasibility of using multipen DPN 
to functionalize isolated 1 × 1 µm2 graphene patches with dif-
ferent lipid mixtures in a single parallelized write cycle was 
performed by the same group.[94] In this case a linear series of 
cantilevers (a so-called “1D” array), each coated with different 
lipid mixtures was used. Due to the high mobility of the lipids, 
simply by bringing the probes into contact with each patch 
(at 40% RH) it was found that the lipids diffused from the 
probe to cover the entire patch in ≈10 s. Notably, the spread of 
the lipids was self-limited to the graphene patches and did not 
diffuse further on to the SiO2 substrates. The use of multipen 
DPN here is significant, as it represents an example of how par-
allelized SPL can be used for fabrication over large areas.

In terms of device fabrication, Bao and co-workers[95] have 
described the use of DPN to template the etching of SLG and 
the subsequent of deposition of metal contacts. To demon-
strate the procedure, a Au film was first thermally deposited 
over exfoliated SLG flakes and DPN was then used to write 

Adv. Mater. Technol. 2019, 4, 1900181
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16-mercaptohexadecanoic acid (MHA) features on to the film. 
Here MHA acts as an etch resist, such that subsequent wet 
etching resulted in the MHA-masked Au remaining only in 
the areas defined by DPN. The pattern can then be transferred 
to the underlying SLG as the Au film in turn acted as a resist 
against O2 plasma etching. Using this procedure, SLG features 
of sizes as small as 1  µm could be produced. Subsequently, 
the Au electrical contacts could be defined on the etched SLG 
through a similar process of Au film deposition, DPN of the 
MHA and wet etching of the bulk unpatterned Au. The SLG 
flake fabricated and wired in this manner gave a sheet resist-
ance of ≈4.6 kΩ, which was comparable to reported values 
(≈6.5 kΩ) of SLG-based devices fabricated by standard methods 
that included EBL.[2] This result therefore suggests that DPN 
may offer a low-cost approach for SLG fabrication.

Shin et al.[96] have described the use of DPN to deposit poly-
styrene (PS) as a resist material for the fabrication of graphene 
nanoribbon (GNR)-based FETs on a SrTiO3/Nb-doped SrTiO3 
substrate. Using a solution of polystyrene in toluene as the 
ink and a vtip from 50 to 300 nm s−1, rod-shaped features with 
widths of 150 to 30 nm were written on SLG sheets. These PS 
features thus acted as a resist for the subsequent O2 plasma 
treatment, and could afterward be removed by dissolution in 
organic solvents to leave the underlying (unetched) GNRs. In 
order to fabricate the FET source and drain contacts, DPN was 
then used to deposit a PbCl2 solution at each end of the GNR, 
which upon thermal annealing produced a Pb dot feature. 
These Pb dots were then wired to the external circuit by Au 
wires, which were produced by the thermal annealing of AuCl4 
lines that was also written by DPN.

Characterization of an FET fabricated in this way (based on 
a GNR 150 × 50 nm2 in size and using the Nb-doped substrate 
as the gate) demonstrated bipolar FET behavior with a high 
electron mobility (3150 cm2 V−1 s−1 at 300 K) and a low oper-
ating voltage (Vg ≈ 0.1 V), which was attributed to the flat sur-
face and large dielectric constant of the insulating SrTiO3 layer, 
respectively. However, this report fails to disclose many of the 
experimental details for the DPN (including the RH, molecular 
weight, and concentration of the PS), which makes it difficult to 
draw any meaningful insights into general applicability of this 
procedure.

Nonetheless, these latter two reports are noteworthy as 
examples where all the lithography steps (both for the tran-
sistor material and the connections) were performed by DPN 
alone, thus circumventing the need for any steps that involved 
conventional “hard” lithographic methods.

3.2. Polymer Pen Lithography (PPL)

PPL represents a method that combines the advantages of mul-
tiprobe DPN with the ease of use, cost and robustness of micro-
contact printing. Due to the deformability of the probes, an 
added facet of PPL is that the properties of the printed feature 
can also be manipulated through the amount of force exerted 
by the probes. Braunschweig and co-workers have explored the 
possibility of using PPL to print and covalently attach func-
tionalized cyclopentadienes on to SLG using the Diels-Alder 
reaction.[97] Here, PPL experiments were performed using a 

dye-functionalized cyclopentadiene that was printed with a 
force of 100 mN for 30  min, leading to the formation of dot 
features with a diameter of 10  µm. An analysis of these fea-
tures by Raman spectroscopy showed spectral changes to the 
SLG, which authors proposed were the result of a force-induced 
Diels–Alder reaction between the cyclopentadiene group and 
the SLG, consistent with previous observations for Diels–Alder 
reactions on SLG surfaces.[98]

In order to determine if the printed cyclopentadienes were 
able to electronically interact with the SLG, ferrocene-functional-
ized molecules were printed. These surfaces were then analyzed 
by cyclic voltammetry using the patterned SLG as an electrode 
and showed a strong redox peak at Eo = 590 mV (vs Ag/AgCl) 
confirming the presence of a ferrocene/ferrocenium reversible 
redox couple on the surface. These results therefore showed 
that electronic coupling was indeed achieved.

Overall, this report is interesting as it demonstrates how PPL 
can be used not only for the deposition of a molecular ink in a 
parallelized manner over large areas, but also to drive a chem-
ical reaction through the application of force. It thus represents 
an example of a mechanochemical reaction applied to SPL.

4. Conclusions and Future Perspectives

Graphene and other 2D materials are currently being studied 
extensively due to their unique physicochemical properties, 
which are promising for a wide range of applications. In terms 
of the fabrication of miniaturized devices, there remains a 
fundamental need for (nano)lithography tools that are more 
convenient in comparison to classical cleanroom-based “hard” 
methods, in terms of flexibility, energy, and capital inten-
siveness. In this regard, SPL as an alternative lithographic 
approach has drawn considerable attention, and a range of sub-
tractive and additive SPL techniques have been reported that 
operate through a variety of chemical and physical phenomena 
to modify 2D materials.

A survey of the literature to date shows that electrochemical 
SPL methods have been the most widely applied to 2D mate-
rials, and both oxidation and reduction reactions have been 
demonstrated. In the case of graphene, the ability to produce 
graphene with a range of oxidized or reduced states is extremely 
useful because it enables the fabrication of devices with a range 
of electronic properties, and in some cases with properties that 
cannot be achieved through conventional processing methods.

The versatility of additive molecular printing tools such 
as DPN and PPL makes them particularly interesting as 
they enable the deposition of “soft” materials such as com-
plex organic molecules and polymers, which would be useful 
for the fabrication of devices intended for biomedical use 
(e.g., biosensors and diagnostics). Significantly, DPN has not 
only been shown to enable the lithography of 2D materials, but 
also the metal electrodes needed to wire them to an external 
circuit. Combined with the fact that it can be carried out in a 
multiplexed manner, DPN (and PPL) thus offer the possibility 
of solely using SPL for the large-scale fabrication of devices. 
Indeed, since nearly all of the SPL methods reported so far are 
serial in nature, such demonstrations of high-throughput lithog-
raphy represent an important step toward practical applications 
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in manufacturing. Indeed, large arrays of scanning probes for 
DPN containing up to 55000 probes over a 1 cm2 area[99] and 
PPL probe arrays consisting of up to 11 million probes over 
182 cm2 (on a 3″ wafer)[34] are documented, and represent a 
clear route toward scale-up.

The main limitation currently in this field is that all the above 
studies represent “proof-of-concept” examples that mainly aim 
to demonstrate feasibility. In many cases full and unambiguous 
experimental details have not been given, making it difficult to 
systematically correlate the observed results with the various 
SPL parameters used, and impossible to reproduce indepen-
dently. A related issue is the fact that many of the 2D materials 
used are poorly characterized (or their detailed characteristics 
not reported), and as a result what are superficially the same 
lithography conditions give very different outcomes (e.g., in the 
case of MoS2). Examples of characteristics that are almost never 
analyzed or reported, but which could affect the lithography, 
include the presence of impurities in the substrate, the presence 
of adsorbed materials, the nature of the overlying oxide layer, the 
crystal domain size, and the quantity and nature of any defects. 
Furthermore, there remains a lack of systematic studies aimed 
at gaining insights into physicochemical mechanisms of feature 
formation. Addressing the characterization and knowledge gap 
will be crucial toward the development of practical SPL methods.

The field of SPL encompasses a great variety of very different 
experimental methodologies and concepts, resulting in an 
equally wide range of outcomes. Combined with the fact that 
technical details are often incompletely described, this means 
that comparative analyses between the different types of SPL 
(and even between individual reports using the same technique) 
are difficult. Further research in this area would therefore 
benefit from the development of a set of community/industry 
standards and figures of merit, against which these SPL 
methods can be compared.

One possible future direction in the further development of 
SPL for 2D materials is the implementation of more advanced 
“chemical” methods.[100] For example, the application of scanning 
probes bearing catalysts (including organocatalysts and biocata-
lysts)[30,31,101] that are able to direct specific chemical reactions 
for the synthesis of more complex structures. Harnessing probes 
that are able to perform near-field optical lithography[102,103] to 
direct photochemical reactions are also a possibility. In practical 
terms, improvements in the user-friendliness of SPL equipment 
would also facilitate the uptake of this technology. For example, 
the development of automation for multiplexed SPL.[104,105]

The high level of interest in 2D materials means that there is 
likely to be continuing demand for methods that are accessible to 
nonspecialists in lithography and enable the implementation of 
arbitrary device designs for rapid prototyping. SPL-based methods 
and equipment are therefore uniquely suitable for the fast, 
flexible, and convenient “desk-top fabrication[106]” of 2D materials.
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