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gratings and electronic band modulations. 
Layers of reduced thickness that are rela-
tively free of defects could realize high-
density functional devices with reduced 
power consumption.[7]

Despite those advantages, the tech-
nological advancement in defining the 
thickness of TMDCs in nanoscale lateral  
resolution is still rudimentary. Conven-
tionally, TMDC thickness control has 
been demonstrated by plasma etching,[8,9] 
thermal or chemical etching by fur-
nace[10,11] or laser heating.[12–14] However, 
those methods possess drawbacks, 
including significant defect formation 
introduced by energetic particles or high 
temperature, contamination by incor-
poration of wet lithography process for 
defining nano features, and low lateral 
resolution imposed by optical diffrac-
tion limits, respectively. Alternatively, 

tip-based scanning probe lithography (SPL) methods have 
been considered as promising for manipulation of functional 
nanostructures[15] by introducing local heating,[16–19] chemical 
reactions,[20–22] or mechanical scratching.[23] Among various 
tip-based SPLs, the lightning rod effect by laser illumination at 
the plasmonic tip apex was first studied, inducing local heating 
by field enhancement.[16] On the other hand, the tip tempera-
ture can be raised by joule heating[15,18] or under laser illumi-
nation,[19] providing locally confined heat source to the sample  
surface upon contact with hot tip. These thermal approaches are 
advantageous over other SPLs that apply charged particles such 
as electrons or ions which can be detrimental to the properties 
of the processed 2D layers.[18] Recently, Liu et al. have shown 
patterning and deformation of TMDC materials transferred on 
polymer thin films using electrically heated hot tip.[24,25] How-
ever, the atomic layer precision thinning of TMDCs would 
be difficult to achieve using this method due to the thermally 
and mechanically vulnerable polymer sublayer. The thinning 
process requires thermally activated chemical reaction on top 
layer that should be subsequently removed by either thermal 
evaporation or physical removal, while the maximum induced 
temperature and mechanical force should be kept below the 
damage threshold of the sublayer. In addition, the joule heating 
with a complicated electrical circuit design limits the choice of 
the mechanical properties and functional coating materials of 
the tip that could be critical for the thinning process of TMDC 
materials.

Here, we introduce a laser-heated tip for atomic layer preci-
sion thinning of MoTe2 with nanoscale lateral resolution. The 

A key feature of 2D transition metal dichalcogenides (2D-TMDCs) is that 
their properties are strongly dependent on their thickness, typically appearing 
in ultrathin mono- or few- layers. Thus, precise control of functional nano-
structure is critical for fundamental research and applications in 2D-TMDCs. 
Here, atomic layer precision thinning of molybdenum ditelluride (MoTe2) at 
nanoscale lateral resolution by introducing laser irradiated hot tip is demon-
strated. The contact of the hot tip on MoTe2 surface promotes oxidation at 
nanoscale resolution which is simultaneously removed by thermomechanical 
scribing. This process completes the atomic layer precision thinning of MoTe2 
while maintaining the high crystallinity of thinned MoTe2 flake. Further, 
the electrical properties of the MoTe2 flake are intact after thinning, which 
proves that the thinned MoTe2 flake obtained by these methods can poten-
tially be utilized for device fabrication. It is believed that the work will enable 
applications of 2D-TMDCs that require nanoscale resolution with controlled 
thickness.
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1. Introduction

A unique range of properties of atomically thin TMDC semi-
conductors strongly depend on their thickness, and typi-
cally appear in ultrathin mono- or few- layers. The reduced 
physical dimension of TMDCs renders confined 2D electron 
profiles, thereby enabling relatively large direct band gap  
(1.1 eV ≈ 1.8 eV),[1] rich excitonic dynamics,[2] and various non-
linear optical properties,[3,4] while exhibiting high on/off ratio 
and moderately high mobility up to (200 cm2 V−1 s at room tem-
perature).[5,6] On the other hand, precise control of thickness 
at nanoscale lateral resolution could foster various nanoscale 
applications by taking virtue of thickness-dependent optoelec-
tronic properties of TMDCs, for instance in nanoscale optical 
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laser heating method allows the use of conventional silicon tip 
to rapidly control the induced temperature in MoTe2 surface. 
The contact of heated hot tip oxidizes the MoTe2 top layer, and 
the scribing of the hot tip with mechanical indentation force 
thermo-mechanically removes the oxidized top layer. This pro-
cess results in atomic layer precision thinning in nanoscale lat-
eral resolution, while maintaining high crystallinity of MoTe2. 
In addition, the thinned MoTe2 flake maintains its electric 
transport properties, which proves that our newly developed 
thinning process would enable various nanoscale applications 
based on TMDC materials.

2. Results and Discussion

Figure 1a shows schematics of the thinning of TMDCs by laser-
heated hot tip. For the TMDC sample, we chose MoTe2 as its low 
electronegativity difference between Mo and Te (Δχ ≈ 0.3)[26,27]  
renders relatively low oxidation temperature (≈470 K[28]), which 
justifies its choice as TMDC material for exploring our new pro-
cessing method. The MoTe2 flake was prepared by mechanical 
exfoliation on SiO2/Si substrate. For the processing, we imple-
mented a femtosecond laser beam (λ ≈ 800 nm, f ≈ 80 MHz,  

pulse duration ≈100 fs, focal spot size ≈10  µm), as we first 
explored the possibility of noncontact nanomachining by  
utilizing the “lightning rod effect” upon illuminating ultrafast 
pulses at the metallic tip apex (Supplementary Note 1). How-
ever, the floating tip operating in a non-contact mode could not 
efficiently remove the formed oxides. This limitation forced us 
to rely on thermomechanical thinning by scribing with a laser-
heated hot tip as described in Figure 1b,c.

We found that the pulsed laser at a high repetition rate can 
act as quasi-continuous heat source when illuminated at the 
tip, which rendered steady-state temperature at the tip apex. 
The laser-heated hot tip contacted the surface of the target spec-
imen, providing nanoscale localized heat source supplemented 
with mechanical force to remove the formed oxides. Once the 
local temperature of MoTe2 exceeded the oxidation temperature 
of MoTe2, the top-most layer of the flake reacted with ambient 
oxygen, possibly forming TeOx and MoO3. It has been reported 
that in the blanket annealing process (i.e., furnace annealing), 
the oxides remained at the top surface of MoTe2 without evapo-
ration due to the high boiling temperature of TeOx (1005 K).[28] 
In our experiment, we observed an etched pit with bump 
shape upon contact of laser-heated silicon tip on MoTe2 surface 
(Figure 1d). The width of the etched area was ≈20 nm as shown 

Figure 1. a) Schematics of nanoscale thinning of MoTe2 exfoliated on SiO2/Si substrate using laser-heated hot tip. b) The illustration of the top layer 
oxidized by contact hot tip under the ambient condition, and c) the illustration of simultaneous scribing of hot tip to remove the oxidized top layer of 
MoTe2. Topography images of MoTe2 after d) initial contact and e) scribing of hot tip. The scale bars in d) and e) indicate 100 nm. f) Line profiles of 
MoTe2 surface along the lines A and B indicated in panels d-e), which show 20 nm and 55 nm of widths and 0.9 nm of depths indicating monolayer 
thinning in nanoscale resolution. g) Topography image of MoTe2 flake after performing hot tip-induced thinning process. The scale bar indicates 1 µm. 
h) Line profile along the line in panel g) showing the thickness differences between the points B and C, and the points C and D are 0.9 and 0.7 nm, 
respectively, which implies that the monolayer thickness difference was preserved during the thinning process.
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in Figure  1f, which is comparable to the diameter of the tip, 
while the bump observed in the vicinity of the pit was due to 
the oxidation of the top surface. Then, the scribing of the hot 
tip on MoTe2 surface resulted in local removal of the top-most 
layer and the formation of stacked oxides (Figure  1e). Also, 
the depths of both etched pit and thinned area were 0.9  nm, 
which is close to the monolayer thickness of MoTe2. Mean-
while, the measured 55 nm width of the thinned line was larger 
than the diameter of the pristine tip (Figure  1f). We attribute 
this to increased tip diameter due to the tip degradation by the 
large contact force (Supplementary Note 3). Figure  1g,h show 
uniform thickness removal on multi-step structure of MoTe2, 
maintaining 0.9 nm and 0.7 nm height differences between the 
lines B and C, and C and D, respectively. This result indicates 
that the thinning process preserved the monolayer thickness 
difference after the thinning process.

Depending on the illuminated laser power, the thickness of 
MoTe2 flake can be controlled with atomic layer precision. As 
shown in Figure  2a–d, we started from penta-layer. The laser 
power for heating the tip was varied from 50 to 80 mW, while 
the hot tip was raster scanned over 2  µm by 2  µm of square 
area for three times. We performed large area thinning for the 
optical diagnostics including Raman and second harmonic 
generation (SHG) whose resolutions are limited in microm-
eter scale by optical diffraction. The speed of scribing of the 
hot tip was kept at 0.4  µm sec−1 with 15  nm gap between the 
lines, resulting 0.36 µm2 min−1 of area processing speed. After 
the thinning processes, the colors of thinned regions clearly 
changed depending on the thickness of thinned MoTe2. The 

line profiles obtained from the thinned flakes by AFM meas-
urement showed quad- tri-, bi-, and mono-layer thicknesses 
(insets of Figure 2a–d). Raman spectra using laser excitation at 
532 nm exhibited clear changes in their B2g and E2g

1 peak inten-
sities after the thinning process, while all pristine and thinned 
flakes indicate 2H phase MoTe2 (Figure  2h). Raman spectra 
of pristine 2H-MoTe2 upon 532  nm excitation show clear fea-
tures depending on thickness.[29] The thinner the MoTe2 flake, 
the higher the peak intensity ratio between B2g and E2g

1 peaks 
( /2 2

1I IB Eg g
) should be observed, except for monolayer where 

B2g intensity abruptly drops. The thinned MoTe2 flake by our 
method also showed the same trend, indicating layer controlled 
thinning process. The /2 2

1I IB Eg g
 mapping image obtained from 

Figure 2a showed clear enhancement over the thinned region 
(Figure  2g). Previous reports observed phase transition of 
MoTe2 from 2H to 1T’ by laser thinning, which was attributed 
to the lattice pinning due to the defect formation by laser abla-
tion process.[30] However, there was no evidence of phase transi-
tion in our experimental results. Further, the azimuthal angle 
plot of optical SHG obtained from the thinned area proved the 
high crystallinity of the thinned flake without phase transition 
as shown in Figure 2e. The clear sixfold symmetricity observed 
from the thinned MoTe2 implies high-quality 2H phase crystal-
line structure,[3] whereas 1T’ phase should exhibit a butterfly 
shape.[31]

To estimate the induced temperature at the tip apex by laser 
heating, we obtained the relation between the tip temperature by 
laser heating and the resonance frequency of the tip, based on 
heat transfer and solid mechanics simulations (Supplementary 

Figure 2. Demonstration of atomic layer precision thinning of MoTe2 by laser-heated hot tip. a–d) Microscope images and AFM line profiles (insets) 
along the dashed lines showing a large area (2 µm by 2 µm) thinning of penta-layer MoTe2 flakes by thermomechanical thinning process, resulting 
in a) quad-layer, b) tri-layer, c) bi-layer, and d) mono-layer thinned area. The scale bars indicate 1 µm. e) Angle-resolved second harmonic generation 
(SHG) plot obtained from the tri-layer thinned region in panel b), showing six-fold symmetricity, manifesting preserved crystalline structure of 2H-phase 
MoTe2 after the thinning process. f–g) Raman E2g

1 peak intensity and peak intensity ratio ( /2 2
1I IB Eg g

) mapping images obtained from the red-dashed 
box in panel b). h) Raman spectra obtained from the pristine (blue) and thinned (red) quad-, tri-, bi-, and mono-layer MoTe2 flakes, indicated by the 
numbers in the right side.
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Note 5). Here, we modeled the laser heating as a quasi-
continuous heat source, due to the use of the high repetition 
rate (80  MHz) of laser pulse trains and the low heat dissipa-
tion through the cantilever body that rendered the heat transfer 
approximately one-dimensional. In addition, despite the long 
optical penetration depth (≈10  µm) of silicon at 800  nm, the 
strong multiphoton absorption effect of silicon by femtosecond 
pulse enhanced the absorption of laser power. The simulation 
result showed that the temperature of the tip apex can reach 
1230 K at steady-state under the illumination of 80  mW laser 
power (Figure 3a). Meanwhile, due to the resulted non uniform 
temperature distribution through the cantilever and the tem-
perature-dependent Young's modulus of silicon,[32] the solid 
mechanics simulation showed the downshift of the mechanical 
resonance frequency of the tip from 274.74 to 273.89 kHz. The 
experimentally observed drop in resonance frequency upon the 
laser illumination of 80 mW was ≈0.8 kHz, which corresponds 
to ≈1200 K of the temperature of the tip apex (Figure 3c).

Despite such high temperature of the tip, our nanoscale thin-
ning process maintained the high crystallinity of the thinned 
flake as shown in SHG and Raman studies (Figure  2), indi-
cating a large temperature difference between the tip and the 
MoTe2. We expect that the induced temperature at MoTe2 should 
be high enough for oxidation (≈470 K[28]), but smaller than the 
thermal decomposition temperature of MoTe2 (≈670 K[28]).  
The abrupt temperature drop can be ascribed to the low thermal 

boundary conductance (TBC) at the interface between TMDC 
materials and bulk flat substrate as illustrated in Figure 3d due 
to the limited coupling of flexural phonon mode of TMDCs 
with bulk substrates.[33,34] In addition, the nanoscale heat 
source provided by the tip apex could result in a larger tem-
perature drop due to the 3D heat diffusion. However, we should 
note that the TBC in our experiment was hard to estimate as it 
could be readily altered by surface chemistry, roughness, and 
pressure[18] during the thinning process. Further studies would 
be required for a better understanding of the heat transfer at 
the interface.

The MoTe2 flake obtained by the thinning process maintained 
its electrical properties, which was investigated based on MoTe2 
field-effect transistor (FET) devices. The pristine MoTe2 flake on 
SiO2 (50 nm)/Si was patterned to a strip shape by lithography 
and channels were fabricated by deposition of metal electrode. 
Source drain current (Id) curves were obtained while back gate 
voltage (Vg) was swept from −20 V to 20 V, which showed p-type 
behavior (Figure 4a). The thinning process was performed on 
MoTe2 channel area. After the hot tip induced thinning process, 
the thickness decreased by ≈1−2 nm according to the line pro-
files in Figure  4b. Id-Vg curve obtained after the thinning pro-
cess yielded current level and on-off ratio comparable to the 
results from the flake prior to the thinning process, as shown in 
Figure 4a. Hence, the remaining MoTe2 flake after the thinning 
process was not damaged and kept its electrical performance 

Figure 3. Heat transfer and solid mechanics simulation of the tip under the illumination of the laser beam at the tip body. a) Calculated temperatures 
at the tip apex and corresponding mechanical resonance frequencies depending on the input laser power. b) 3D temperature profile of the tip under 
the illumination of the laser at 80 mW of power. The scale bar indicates 50 µm. c) Experimentally measured frequency response of the amplitude of 
the tip with and without laser illumination of 80 mW. d) Schematical illustration of the heated hot tip in contact with the surface of MoTe2 on SiO2/Si 
wafer with the thermal boundary conductance (TBC) of the MoTe2/Si tip and MoTe2/SiO2 substrate interfaces.
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characteristics, confirming that our developed thermomechan-
ical nanothinning process can be applied in the fabrication of 
various nanoscale device applications.

3. Conclusion

We demonstrated atomic layer precision thinning of MoTe2 in 
nanoscale lateral resolution by laser-assisted thermomechan-
ical thinning process. Raman and SHG analysis showed that 
the thinned flake maintained high crystallinity with minimal 
damage. We attribute this process to the oxidation of MoTe2 
promoted by the hot tip contact, and the subsequent removal 
process by thermomechanical scribing. Heat transfer and solid 
mechanics simulations as well as the tip resonance frequency 
measurement upon the laser illumination confirmed that high 
steady-state temperature can be induced at the tip apex. More 
importantly, the electrical performance characterization revealed 
enhanced current level and on-off ratio, manifesting high-quality 
thinned MoTe2 flake. We believe that the presented nanoscale 
thinning process is applicable to other TMDC materials and will 
enable future nanoscale device applications.

4. Experimental Section
Thinning Process: The thinning process was performed based on 

Molecular Vista (Vistascope) AFM system. A Ti:sapphire femtosecond 
laser (Tsunami, Spectra Physics, λ ≈ 800 nm, f ≈ 80 MHz, pulse duration 
≈100 fs) was utilized. For the noncontact mode processing (lightening rod 
effect), the laser beam was focused on the Pt-coated Si tip (PPP-NCHPt, 
Nanosensors) apex. For the contact mode thermomechanical process, the 
laser beam was focused on the side of the uncoated PPP-NCH Si tip with 
≈45 N m−1 of spring constant. The top surface of the cantilever was coated 
with Pt film to improve the reflectivity for positioning of the cantilever. 
Then, the thinning process was performed by the contact scanning mode 
with 360 nN ≈ 720 nN of contact force (Supplementary Note 2).

Materials and Characterization: 2H-MoTe2 flake was mechanically 
exfoliated on SiO2 (300  nm)/Si wafer. For Raman study, commercial 
Raman system (inVia, Renishaw) was utilized with a CW 532 nm laser 
focused by a 100X objective lens and 1800 cm−1 grating. Details of SHG 
measurement are in Supplementary Note 4.

Device Fabrication: The mechanically exfoliated MoTe2 flake on 
SiO2 (50  nm)/Si wafer was defined in its shape using electron 
beam lithography (EBL) using PMMA (Poly (methyl methacrylate), 
MicroChem) as a positive resist, followed by XeF2 etching to remove 
the area outside the channel. The metal electrode was subsequently 
patterned by the same EBL process with Cr/Au electrode (5/30  nm) 
formed by evaporation and lift-off process.

Heat Transfer and Solid Mechanics Simulation: Details of 
heat transfer and solid mechanics simulation are described in 
Supplementary Note 5.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. Demonstration of the effect of hot tip-induced thinning process 
on electrical properties of MoTe2 based on field-effect transistor (FET) 
device. a) Drain current (Id) -gate voltage (Vg) curves of MoTe2 FET device 
obtained from before and after thinning process. The inset image shows an 
optical microscope image of the MoTe2 FET device. The scale bar indicates 
1 µm. b) topography line profiles and topography images (inset) of MoTe2 
FET device before and after thinning process. The scale bars indicate 1 µm.
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