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To produce nanostructures of 2D 
materials, top-down techniques such as 
photolithography,[6] electron beam lithog-
raphy (EBL),[7] and ion beam lithography[8] 
are typically used. It has been recently 
observed that the lithographic techniques 
using electrons or ions may induce struc-
tural damage in 2D materials,[9] or add 
resist contaminations that need to be 
removed by plasma cleaning.[10] Laser 
ablation is a resist-free, one-step alterna-
tive,[11–13] but the optical diffraction limit 
prevents its use where sub-micrometer 
resolution is required. Bottom-up tech-
niques, like chemical vapor deposition 
and site-selective growth,[14,15] allow for 
scalability and high resolution. However, 
reproducible fabrication of complex device 
structures and device integration is still 
unsolved.

Scanning probe lithography (SPL) 
embraces a set of nanolithographic techniques that enable 
unique applications requiring ultrahigh resolution.[16] The 
working principle of SPL is based on various physical and 
chemical interactions between a nanoprobe and the surface 
and has also been applied to 2D materials for mechanical 
scratching,[17] local oxidation,[18,19] and dip-pen processes.[5] 
Specifically, thermal scanning probe lithography (t-SPL) is 
an emerging direct-write method that uses a heated nanotip 
for 2D and 3D subtractive/additive manufacturing.[20–22] The 
creation of patterns by t-SPL is accomplished by consecu-
tive indentation of the sample with the heated nanotip while 
simultaneously scanning the sample. In addition to ultrafast 
writing, the sample can be imaged with the cold tip similar to  
conventional atomic force microscopy (AFM), enabling closed-
loop lithography and pattern overlay. Here we show that the ther-
momechanical indentation technique that is typically applied 
to sublimable polymers also allows for the direct cutting of 2D 
materials. To do so, we use the t-SPL under ambient pressure 
and temperature to locally thermomechanically cleave the chem-
ical bonds of 2D materials with the heated nanotip. 20 nm reso-
lution patterns of monolayer MoTe2 are demonstrated, as well as 
its applicability to other 2D materials, such as MoS2 and MoSe2. 
With respect to EBL, the proposed technique does not require 
high vacuum and avoids electron-induced damage, therefore it 
can readily be implemented in a very cost-effective manner to 
prototype and fabricate high-quality 2D nanostructures.

For most applications, functional nanostructures of 2D 
materials have to be patterned by lithography techniques. 
Here, we developed a one-step lithography technique, also 
named direct nanocutting, for monolayer 2D materials using 
a thermomechanical indentation method, as illustrated in 
Figure 1a. To do so, we transferred a 2D material flake directly 
onto a 50  nm thick sublimable polymer layer that was spin 

Atomically thin materials, such as graphene and transition metal dichalcoge-
nides, are promising candidates for future applications in micro/nanodevices 
and systems. For most applications, functional nanostructures have to be 
patterned by lithography. Developing lithography techniques for 2D materials 
is essential for system integration and wafer-scale manufacturing. Here, a 
thermomechanical indentation technique is demonstrated, which allows for 
the direct cutting of 2D materials using a heated scanning nanotip. Arbitrarily 
shaped cuts with a resolution of 20 nm are obtained in monolayer 2D mate-
rials, i.e., molybdenum ditelluride (MoTe2), molybdenum disulfide (MoS2), 
and molybdenum diselenide (MoSe2), by thermomechanically cleaving the 
chemical bonds and by rapid sublimation of the polymer layer underneath 
the 2D material layer. Several micro/nanoribbon structures are fabricated 
and electrically characterized to demonstrate the process for device fabrica-
tion. The proposed direct nanocutting technique allows for precisely tailoring 
nanostructures of 2D materials with foreseen applications in the fabrication 
of electronic and photonic nanodevices.

2D materials such as molybdenum disulfide (MoS2), black  
phosphorus, and molybdenum ditelluride (MoTe2) are 
considered viable key components for diverse nanoelectronics 
applications. This is mainly due to their atomically thin struc-
tures and extraordinary properties beyond bulk counterparts, 
enabling applications where for instance flexibility and stretch-
ability are important.[1,2] The increasing diversity of the 2D 
material family with emerging unique and remarkable proper-
ties has led to consider them to be part of the next generation of 
flexible nanoelectronics and nanophotonics.[3] The capability of 
producing high-quality 2D material nanostructures with well-
defined geometries at high resolution is a critical requirement 
for fostering 2D material-based applications. For instance, pat-
terning atomically thin materials into finite structures with 
nanometer-scale confinement is important for tuning their 
electronic transport properties[4] but remains a major chal-
lenge. Scaling of electronic devices to smaller dimensions also 
increases the device density and reduces power consumption.[5]
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coated on a SiO2/silicon substrate. The cutting is performed 
by approaching the heated nanotip to the 2D material surface 
and by applying a sufficiently high force (or pressure) such that 
the chemical bonds in the 2D layer are broken. The resulting 
cut exposes the underlying polymer to the heat emitted by 
the nanotip, which results in sublimation of the polymer and 
thereby creating a deeper indent (Figure  1b). The sublimation 
of the polymer in fact facilitates the tip to physically break the 
chemical bonds. This is very different with respect to earlier 
work describing the mechanical scratching of 2D material on 
an inelastic SiO2 surface using an AFM tip.[17] The polymer we 
use is polyphthalaldehyde (PPA) with a glass transition tem-
perature of ≈150 °C. Above this temperature, the PPA polymer 
chains break and simultaneously unzip into small volatile 
molecules.[23] Consequently, PPA does not melt, but directly 

sublimates and thus enables the localized depolymerization at 
sub-10 nm scale and at high speed.[24] It is currently our under-
standing that the combination of both the heat and the force 
is central for the cutting of 2D materials. Indeed, the thermo-
mechanical indentation enables the tip to displace the 2D layer 
sufficiently deep into the PPA layer until the chemical bonds of 
the 2D layer break, allowing the PPA to sublimate. Thus, the 
scanning nanotip creates nanocuts in the order of the tip diam-
eter and thereby delineates any required layout in the 2D layer 
to yield ribbons with variable geometries.

We systematically studied the cutting capability on several 
2D materials (MoTe2, MoS2, MoSe2, and graphene), having dif-
ferent number of layers, in particular, monolayer (1L), two layers 
(2L), and three layers (3L). These 2D materials have breaking 
strengths ranging from 3 to 42 N m−1.[25–29] Depending on this 
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Figure 1.  Thermomechanical indentation technique for 2D materials and fabrication results. a) Conceptual schematic of the t-SPL applied to 2D 
materials which can be cut and locally removed at nanoscale. For clarity, the size of the tip is not to scale. b) Cross-sectional view of 2D material cut-
ting using t-SPL. c) A monolayer/multilayer (1L/ML) MoTe2 flake is dry transferred on a 50 nm thick PPA layer spin coated on a SiO2/Si substrate.  
d) AFM topography of the fabricated MoTe2 nanosquare structures with 50 nm side (top right and bottom left) and 70 nm (top left and bottom right). 
e) Magnified 3D topography of the selected area in (d). f) Depth profile of the selected line in (d). The cutting depth is around 20 nm. g) Pattern used 
to create the 2D material labyrinth. The feature size is 50 nm. h) AFM topography of the MoTe2 labyrinth nanostructure showing the capability of on-
demand cutting. The feature size of the fabricated labyrinth structure is around 55 nm. i) The corresponding 3D topography of (h). j) Depth profiles 
of the selected cross-sections in (h).
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value, the cutting can be performed, or not, at a given writing 
temperature and indentation force. We first designed a test pat-
tern consisting of nanosquare arrays and a labyrinth pattern 
in a 1L MoTe2 flake (Figure  1c). Figure  1d shows nanosquare 
arrays in the 1L MoTe2 flake with side lengths of 50 and 70 nm. 
The number of layers is identified by Raman spectroscopy 
(Section S1, Supporting Information). The patterning speed 
of the probe is 0.5  mm  s−1 and the total time of writing and 
imaging spent on the 2.5 ×  2.5 µm2 area in Figure 1d is 45 s. 
The 3D topography, as measured by AFM (Dimension FastScan 
AFM system, Bruker) (Section S2, Supporting Information), 
shows that the PPA polymer has well-defined 3D nanopatterns 
(Figure  1e). Figure  1f shows the cross-section profile of the 
selected area in Figure 1d with nanosquares having an average 
width of 50 nm and a uniform depth of 20 nm. The indentation 
depth of these structures corresponds to straining the 2D layer 

twice as high as the calculated breaking strength.[25] Although 
it is difficult to experimentally determine the strain at which 
the 2D material breaks, these results clearly show that a cut has 
been achieved. Nanocutting of continuous lines in 1L MoTe2 is 
also successfully conducted in a labyrinth pattern (Figure  1g) 
with a linewidth of 50 nm as shown in Figure 1h–j.

To investigate the patterning capability at various scales we 
performed nanocutting experiments to create square patterns 
that have feature sizes ranging from 20 to 200 nm (Figure 2). 
The smallest feature we were able to cut is about 20 nm, which 
is the smallest reported for a direct cutting method and is sim-
ilar to the resolution in EBL. Our direct nanofabrication tech-
nique is not limited to monolayer MoTe2 but can be also used 
to cut other 2D materials, certain multilayers and, most inter-
estingly, also heterostructures. To break the 2D layer apart, the 
indenting tip has to induce sufficient deformation to reach the 
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Figure 2.  Versatility of the t-SPL nanocutting technique. a) AFM topography of nanosquare arrays in 1L MoTe2 with feature sizes in the range from 20 to 
200 nm and corresponding profile (Line 1). b) AFM topography of 1L and 2L MoTe2 nanoribbon array with a linewidth of 50 nm (above) and the profiles 
corresponding to 1L–2L boundary (Line 2) and the selected cut area (Line 3) (below). c) AFM topography of 2L and 3L MoTe2 nanoribbon array with 
a linewidth of 70 nm (above) and the profiles of 2L–3L boundary (Line 4) and a selected patterned area (Line 5) (below). d–g) Evaluation of effects of 
indentation voltage and temperature on the nanostructure generation on the same 1L MoTe2: d) 500 °C and 4.5 V; e) 500 °C and 8.5 V; f) 900 °C and 
4.5 V, and g) 900 °C and 8.5 V. The indicated temperature refers to the heater temperature. The temperature of the tip is a monotonic function of the 
heater temperature but difficult to estimate accurately.
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failure strain of about 10% for MoTe2,[25] 10% for MoS2,[26] 2.6% 
for MoSe2,[27] and 12% for graphene,[28,29] respectively, as con-
firmed by our experiments. For instance, a 1L MoS2 concentric 
nanostructure and a 1L MoSe2 nanoribbon array are also readily 
fabricated (Section S3, Supporting Information). Besides these, 
1L MoS2/1L MoTe2 heterostructures were successfully cut with 
the highest indentation force that the used t-SPL system can 
provide. On the contrary, and as expected, graphene, even at 
monolayer thickness, cannot be fractured as the intra-layer 
bonding exceeds the force that can be applied with the t-SPL 
tool.[28,29] This could be eventually overcome with a t-SPL can-
tilever that can apply larger contact forces. In addition, under 
the same parameters described in Figure  2g, we performed 
the nanocutting experiments on poly(methyl methacrylate) 
(PMMA). Unlike in the case of PPA the PMMA as supporting 
polymer layer does not sublimate but only softens. By means of 
the probe indentation the 2D film is thereby locally strained but 
not cut (Section S4, Supporting Information).

The TMDCs with lower bond strength than graphene such 
as monolayer and bilayer MoTe2 flakes have been readily cut 
(Figure 2b) into nanoribbon array. As expected, increasing the 
number of layers renders the cutting increasingly difficult, or 
impossible. For instance, the out-of-plane deformation of a 3L 
MoTe2 flake is only about 4 nm, which is less than the breaking 
limit (Figure  2c). Again, this could be overcome by a t-SPL 
system with a higher indentation force. To further elucidate 
the detailed and combined effect of the tip-induced indentation 
force and the tip temperature, we wrote a series of patterns in a 
1L MoTe2 flake (Figure 2d–g) varying both values. The indenta-
tion force is Fin = Fel – kcazoffset = kca (∆z – zoffset), where Fel is the 
electrostatic force between the cantilever and the 2D layer, kca is 
the spring constant of the cantilever, zoffset is the height offset 
of the cantilever, and ∆z is the deflection of the cantilever due 
to the combined effect of heating (bimorph effect) and applied 
voltage (electrostatic force).[24] Figure 2d shows the topography 
of the patterned 2D layer at 500 °C and 4.5 V. In these condi-
tions, the 2D layer is not broken and the PPA layer underneath 
cannot sublimate. When the voltage is increased to 8.5  V, the 
2D layer deforms downward out of plane by 5  nm for 70  nm 
wide patterns (Figure  2e). When the temperature is increased 
to 900  °C at 4.5  V, a similar out-of-plane strain occurs, which 
does not reach the failure strain (Figure 2f). Successful cutting 
of the 2D layer is achieved when the indentation voltage and 
the temperature are respectively increased to 8.5 V and 900 °C, 
(Figure  2g). This experiment demonstrates that high indenta-
tion force and high temperature are concurrently necessary to 
cleave the chemical bonds of the 2D material. During the cut-
ting, the temperature at the 2D layer is less than the heater but 
over 150 °C, the sublimation temperature of PPA, as discussed 
previously.[30,31] In the experiments performed here, the indenta-
tion force was estimated to be up to ≈310 nN for a heater temper-
ature of 900 °C and an electrostatic potential between cantilever 
and substrate of 8.5  V, as further discussed in Section S5  
in the Supporting Information. To determine the pressure 
exerted on the 2D material during the process, one has to take 
into account the contact area. If we assume a tip diameter of 
30 ± 20 nm we obtain a pressure up to about 3.9 GPa, which is 
in the order of the required pressure for cutting 2D materials 
as listed in Table S1 Section S3 in the Supporting Information.

To characterize the physical properties of the 2D material 
nanostructures before and after the t-SPL cutting, we compare 
the Raman spectra of the nanostructured MoTe2 flake patterned 
under different parameters. Figure 3a shows the three Raman 
spectra of the pristine, edge and cut areas, respectively. The 
Raman spectra of the edge area has the same peak positions at 
around 169 and 235 cm−1 as the pristine area, but with 1/3 less 
intensity as expected from the ratio of patterned and pristine 
area within the observation spot (Figure 3b,c). The discrimina-
tive Raman peaks of MoTe2 disappear after cutting, indicating 
the complete removal of the 2D material. Figure 3d shows the 
Raman spectra of a 1L MoTe2 flake patterned at different inden-
tation voltages. There is no peak position shift between the pris-
tine material and the nanoribbon array, while there is a small 
but noticeable shift of 0.4  cm−1 between pristine and strained 
area. This indicates that an indentation-induced strain is gen-
erated in the 2D material already at the low indentation force 
and no oxidation of MoTe2 was observed as analyzed in wide-
range Raman spectra (Section S6, Supporting Information). 
The Raman mapping of a MoTe2 hexagonal microstructure 
(Figure  3g) shows that the intensities of the A1g- (Figure  3h) 
and E1

2g-band (Figure 3i) signals are clearly different in the cut 
areas (blue regions), edge areas (white regions), and pristine 
areas (red regions), further confirming the successful removal 
of the 2D material.

In the following, we describe the fabrication of two test 
devices to observe the evolution of the electrical resistance 
when the 2D material is progressively cut (Figure 4 and  
Section S7, Supporting Information). First, a 30 nm thick PPA 
layer is spin coated on a SiO2/Si substrate with prefabricated 
30 nm thick Au microelectrodes as shown in Figure 4b. Then, 
the laser direct-write head (a recently added feature of the 
NanoFrazor instrument) is used to remove the PPA polymer 
from the top of the electrodes (Figure 4c). A 1L MoTe2 flake is 
dry transferred on this area resulting in electrical contact with 
the electrodes (Figure 4d). The t-SPL is then used to cut the 2D 
material at nanoscale as described earlier (Figure  4e). A sche-
matic of the 2D material nanocutting is shown in Figure  4f. 
Figure  4g,h presents optical stereomicroscopy images of the 
devices corresponding to the step in Figure 4d, including the Au  
electrodes without PPA on top and the 1L MoTe2 across the 
electrodes (colors have been enhanced for better visualization). 
Two-terminal resistive tracks have been created by successively 
cutting the side bands away to decrease the width of the conduc-
tion paths. Figure 4i presents topographies of the 2D layer on 
the substrate respectively before cutting and successively after 
the 1st, 2nd, 3rd, and final separation cut. This operation was 
performed under N2 atmosphere to avoid oxidation. In order to 
demonstrate the capability of creating “sharp” cuts in 2D mate-
rials, I–V measurements were performed between each sub-
sequent cut. The resistance of the conductive track increases 
from 25.4  GΩ for the uncut resistor up to infinite after the 
final cut, and scales accordingly with the dimension changes 
(Section S8, Supporting Information). Figure  4j shows the 
measured sheet resistance as a function of the channel width at 
the pristine condition and after the 1st, 2nd, 3rd, and final sepa-
ration cut. As expected, the change in measured sheet resist-
ance for the pristine and patterned flakes is negligible (a 6.7%  
maximum difference between the narrower microribbons and 

Adv. Mater. 2020, 32, 2001232
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the pristine 2D material is observed). Furthermore, cutting of 
a 200 nm wide nanoribbon array is demonstrated under the 
same condition as shown in Figure  4k. The measured sheet 
resistance of the monolayer nanoribbon array is also inde-
pendent of the number of the nanoribbons (Figure 4l), and has 
a value comparable to that measured on SiO2

[32] and about one 
order of magnitude larger than that measured on dangling-
bond-free hexagonal boron nitride (h-BN).[33] Such an increase 
in measured sheet resistance has been reported previously and 
it is presumably due to the trapped electronic states between 
the 2D material and the PPA polymer that modulate the con-
ductivity.[34] A possible solution to reduce the effect of PPA on 
the sheet resistance of the 2D material is to engineer the inter-
face by adding an ultrathin dangling-bond-free material such 
as a monolayer or a few layers of h-BN between the PPA and 
the 2D film.[35–39] Depending of the mechanical properties and 

thickness of separating layer, the cutting might not be possible 
with the maximum indentation force of the specific commer-
cial t-SPL cantilever used in this work, but it is within the reach 
of dedicated t-SPL cantilevers with larger spring constants.

Herein, we have demonstrated a high-resolution one-step 
nanolithography process for the direct nanocutting of 2D mate-
rials. Our approach is based on the use of a nanoscale hot tip 
that induces the rapid sublimation or plastic deformation of 
a polymeric layer and results in the breaking or stretching of  
the supported 2D materials. We demonstrated the cutting  
of monolayer MoTe2, MoS2, and MoSe2 into various geome-
tries including nanoribbons, nanosquares, and other arbitrary 
test patterns with resolution down to about 20 nm. This direct 
nanocutting process has potential applications in tailoring 
nanostructures of 2D materials for micro/nanoscale devices by 
a clean, one-step thermomechanical technique.

Adv. Mater. 2020, 32, 2001232

Figure 3.  Raman spectra of 1L MoTe2 micro/nanostructures fabricated using t-SPL. a) Raman signals for MoTe2 at different regions. The insets show 
AFM topography of the structures for measurement. b) A1g and c) E1

2g peak positions and intensities in MoTe2 for pristine, edge, and cut areas.  
d) Raman signals for MoTe2 nanopatterns fabricated using different indentation force. The insets show AFM topographies for measurement. e) A1g and 
f) E1

2g peak positions and intensities in MoTe2 with different indentation forces. g) AFM topography of MoTe2 hexagonal microstructures. h,i) Raman 
intensity mapping of A1g band (169 cm−1) and E1

2g band (235 cm−1), respectively. The circles in (a) and (d) indicate the regions illuminated with the 
laser of the Raman spectroscopy.
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Experimental Section
Material Preparation: PPA (Allresist) solution (3  wt% in anisole) 

is spin coated on SiO2 (200  nm thick)/Si (500  µm thick) substrate 
(conditions: 100 rpm for 5 s and then 6000 rpm for 60 s). MoTe2 flakes 
are exfoliated from 2H-MoTe2 bulk crystal onto poly(dimethylsiloxane) 
substrates then are transferred on the PPA substrate. The MoS2, 
MoSe2, and graphene flakes are obtained and processed with the same 
procedure. MoTe2, MoS2, and graphene crystals are purchased from HQ 
Graphene. MoSe2 crystal is purchased from 2D Semiconductor.

Nanostructure Cutting: Cutting 2D materials is performed using 
a commercial t-SPL (NanoFrazor, SwissLitho AG, Switzerland). The 
cantilever is made of n-doped silicon. The spring constant of the tip 
is around 0.9  N  m−1.[24] During the writing process, the tip is heated 
to reach a temperature above 150  °C at the 2D/PPA surface. The 
NanoFrazor has also an integrated 405  nm laser which is used to 
remove PPA on areas larger than a few square micrometers at a much 
higher speed than the hot tip.

Material and Structure Characterizations: AFM is performed to 
collect the topographies of the nanostructured or nanostrained 2D 

Figure 4.  Nanocutting process of MoTe2 micro/nanoribbon devices and their electrical characterization. a) Fabrication of Au microelectrodes on the 
SiO2 substrate by standard photolithography. b) PPA layer is spin coated on top of the substrate. The inset is the optical stereomicroscopy image of 
the device with PPA. c) Direct laser removal of the PPA on top of Au electrodes. d) Dry transfer of the 2D material. e) The 2D layer is cut by the hot tip 
of the t-SPL and the PPA polymer film partially sublimates when the 2D layer is broken. f) 3D scheme of the patterned 2D device. g,h) False-colored 
optical stereomicroscopy images of the devices used in (i) and (k), respectively. i) AFM topographies of the flake on the substrate and after the 1st, 
2nd, 3rd, and final cutting processes. The highlighted is the 3D profile of the cutting track. j) Measured sheet resistances (Rs) of the microribbon flake 
at the pristine condition, after 1st, 2nd, 3rd, and final cut. k) AFM topographies of the device in (h), after separation from the bulk flake and after suc-
cessive cutting processes. l) Corresponding measured sheet resistances of the nanoribbons in (k).
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materials. AFM is also used to verify the thickness of the nanoflakes. 
Images are collected using Bruker’s Dimension FastScan AFM 
system. The FastScan AFM scanner mode (contact mode) is used. 
Raman spectroscopy is performed to confirm the layer number of 
all the exfoliated MoTe2 flakes and to characterize the properties of 
the fabricated nanostructures. Raman spectra are collected using a 
confocal Raman microscope system (inVia Qontor, Renishaw) coupled 
with an Olympus inverted optical microscope, and using a laser source 
with an excitation wavelength of 532 nm. The laser power (84 µW) is 
adjusted to avoid sample damage. Raman spectra are acquired in the 
range from 0 to 1800 cm−1 with a 30 s exposure time and an average of 
three measurements. The peak at 520.7 cm−1 from the silicon substrate 
is used as a reference.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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