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The number of excellent 2D materials is finite for nano optoelec-

tric devices including transistors, diodes, sensors, and so forth,

thus the modulation of 2D materials is important to improve the

performance of the current eligible 2D materials, and even to

transform unqualified 2D materials into eligible 2D materials. Here

we develop a fine laser doping strategy based on highly controlla-

ble laser direct writing, and investigate its effectivity and practic-

ability by doping multilayer molybdenum ditelluride (MoTe2).

Power-gradient laser doping and patterned laser doping, for the

first time, are presented for designable and fine doping of 2D

materials. The laser-induced polar transition of MoTe2 indicates

good controllability of the method for the carrier concentration

distribution in MoTe2. Multiple devices with finely tuned energy

band structures are demonstrated by means of power-gradient

laser doping and patterned laser doping, further illustrating the

design capability of a precise energy band in 2D materials.

1. Introduction

Fast-developing information technologies such as big data,
internet of things, etc., expect faster computing speed and
lower power consumption,1 resulting in a further decrease in

transistor channel in length and thickness. But when the
channel is reduced to a few nanometres, a significant increase
in surface and internal defects in transistors will hinder the
movement of electrons and reduce the gate capacitance, thus
causing a low carrier mobility and large gate voltage.2

Although these can be improved by different structures using
double gates, nanowire gates, and fin gates, the carrier mobi-
lity and gate voltage are still limited due to the defects. As a
result, the channel width, so far, cannot break through 5 nm.3

The new-type materials adopted might be an efficient solution.
As emerging materials, two-dimensional materials (2D
materials) with atomic thin layer thicknesses less than 1 nm
can greatly reduce surface and interface defects, enhance
carrier mobility, and decrease power consumption, due to
their high crystal quality and superthin thickness. Therefore,
2D materials have great potential as promising materials for
use for nano optoelectric devices including transistors, diodes,
sensors, and so forth.4 However, the number of excellent 2D
materials suitable for applications remains finite, thus modu-
lation of 2D materials is important to improve performance of
the current eligible 2D materials, and even to transform
unqualified 2D materials into eligible 2D materials.

Doping, as an important means of modulating semi-
conductor materials and devices, is a critical issue in almost
all semiconductor fabrication. At present, thermal diffusion
doping and ion implantation doping are widely used in indus-
tries to modulate the properties of traditional semiconductor
devices.5 However, for 2D materials, these mature doping strat-
egies will lead to lattice distortion and unfavorable defects,6

which might not be fully compatible with 2D materials. In
recent years, studies have shown that plasma, chemical reac-
tion, and heating can also induce doping in 2D materials,7 but
these doping methods realize designable and local modulation
in 2D materials with difficulty, and some might even induce
annoying contamination. Photothermal doping, as a newly
developed method, is a pollution-free method and can com-
plete doping in the desired area. For 2D materials, the photo-
thermal effect will merge the O2 and H2O in the atmosphere
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into the material,8 which is quite similar to heating in the
atmosphere.9 Based on this route, it is possible to control the
hole carrier concentration and even the polarity shift in 2D
materials to develop high-performance junctions, memory,
low-contact barriers, and logic devices.10

The laser direct writing (LDW) technique has gathered
plenty of attention and made great progress because of its
flexibility and compatibility in nano–micro fabrication.11 LDW
not only ensures high precision, but also has the advantages
of low cost and low practical operation difficulty with electron
beam doping. More importantly, LDW can be photothermally
doped according to the designed pattern, and can remove the
pollutants attached to the surface. Therefore, LDW provides a
feasible tool to perform ultrafine photothermal doping on 2D
materials.12 At the same time, it is critical for 2D-material-
based electronics13 to explore the LDW doping of 2D materials,
including the doping features and mechanism, and detailed
composition variation in ultrafine doping.

In this work, a modified LDW system with super-resolution
fabrication ability is adopted to perform ultrafine photother-
mal doping. Here, taking MoTe2 as an example, ultrafine laser
doping has been deeply investigated with regard to modu-
lation controllability, doping features, and mechanism. The
results show that the local p-doping level in MoTe2 can be well
controlled by modulating laser parameters such as laser
power, irradiation time, etc. Moreover, for the first time, we
present power gradient laser doping and patterned laser
doping of 2D materials. The corresponding ultrafine tuning of
the carrier distribution and energy band structure is also clari-
fied through simulation and calculation. Owing to the simpli-
city and flexibility of our LDW doping method, it will provide a
powerful means for ultrafine photothermal doping, and will
open many new application opportunities for 2D-material-
based nanoelectronics.

2. Experimental

A super-resolution laser direct writing system (HWN LDW-L4)
has been adopted for conducting photothermal doping. The
laser wavelength is 405 nm with a laser spot diameter of
approximately 300 nm. Multilayer MoTe2 is mechanically exfo-
liated from bulk 2H-MoTe2 crystals using tap (NITTO, 224S)
and polydimethylsiloxane (Gel-Pak, PF). The crystal structure
of multilayer MoTe2 was characterized by transmission elec-
tron microscopy (TEM, JEM-2100). During doping, the laser
pulse width was set at 2000 ns, the spatial scanning step
length was 100 nm, and the laser power varied from 0 mW to
25.8 mW. The surface morphology of the MoTe2 after laser
action was characterized using optical microscopy (Olympus,
LEXT-OLS4000) and scanning electron microscopy (SEM,
Hitachi-SU8220), and the elemental variation of Mo and Te
was analyzed using X-ray energy dispersive spectrometry (EDS,
Hitachi-SU8220). MoTe2 processed under different laser
powers was characterized using a Raman spectrometer
(Renishaw, inVia Plus). The thickness and surface potential

changes of the MoTe2 were measured using atomic/Kelvin-
probe force microscopy (AFM/KPFM, Multimode 8HR).

The Au (25 nm)–Cr (5 nm) bottom electrode was prepared
on SiO2 (300 nm)/Si substrate by magnetron sputtering (Kurt
J. Lesker PVD 75) for the 2D-material devices. The multilayer
MoTe2 was mechanically transferred onto the electrodes and
then photothermally doped using LDW. Heat transfer simu-
lation of laser treatment was performed using “COMSOL
Multiphysics Software”, and modelling and parameters were
referenced from experiments. The electrical measurements of
the devices were performed using a four-probe electrical test
system with a three-channel sourcemeter (Keithley 2635 and
2602). Density functional theory (DFT) was performed using
the Vienna ab initio Simulation Package (VASP).

3. Results and discussion
3.1 Characterization of laser-irradiated MoTe2

To systematically analyze the photothermal doping effect on
MoTe2, a 25-layer 2H-MoTe2 (approximately 15 nm, the
number of layers of the sample was roughly determined by an
optical microscope), whose crystal quality and thickness had
been verified by TEM and AFM (Fig. S1 and S2†),14 was trans-
ferred onto a SiO2 wafer and irradiated using a laser under the
atmosphere. The laser, with power ranging from 0 mW to
25.8 mW and a pulse width of 2000 ns, scanned from right to
left (Fig. S3†). An obvious change in morphology of the MoTe2
can be observed after the laser doping in the SEM image, as
shown in Fig. 1a. The results indicate that the doping effect is

Fig. 1 Device fabrication and characterization of MoTe2 after laser
irradiation. (a) Schematic picture of the device. (b) EDS analysis of the
MoTe2 along the yellow line in (a) after laser scanning of the area. (c)
SEM image of MoTe2 irradiated under four typical powers: I, 0 mW; II,
4.4 mW; III, 8.3 mW; and IV, 25.8 mW. (d) Raman spectrum of MoTe2 at I,
II, III and IV after laser treatment in figure (c). (e and f) The surface
potential of the MoTe2 after laser irradiation from 0 to 6.6 mW is
measured by KPFM, which can reflect the variation of the Fermi level.
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stronger with increasing laser power, but when the power is
over 8.3 mW, the material structure starts to be destroyed
accompanied by holes and clusters appearing on the surface.
The thickness of the MoTe2 does not change obviously with
laser power less than 8.3 mW, while the MoTe2 surface
becomes obviously rough for power higher than 8.3 mW, as
shown in Fig. 1a.

To understand composition variations of MoTe2 after laser
action at different powers, EDS analysis along the horizontal
yellow line in Fig. 1a was performed, as shown in Fig. 1b. The
Te elemental mass (blue curve) gradually decreases with
increasing laser power and tends toward a stable value, while
the Mo elemental mass (orange curve) is almost constant. The
decrease in Te atoms should be attributed to the adsorption of
O2 and H2O due to an increase in thermal motion of the Te
atoms under laser action, and eventually leads to Te vacancy
defects. The four typical morphologies of the 2H-MoTe2 (I,
0 mW; II, 4.4 mW; III, 8.3 mW; IV, 25.8 mW) are shown in
Fig. 1c. Moreover, the Raman spectra (Fig. 1d and Fig. S4a†)
show 1T′-MoTe2, 2H-MoTe2 and Te for different powers. When
the laser power gradually increases from I to II, the intensities
of two characteristic peaks of 2H-MoTe2 at 171 cm−1 and
232 cm−1 gradually weaken, indicating the entrance of foreign
molecules. Te peaks also begin to appear at this stage at
90 cm−1, 123 cm−1, and 141 cm−1, corresponding to the E1, A1,
and E2 modes.15 Due to the high atomic number and large
electron polarization rate of Te, the peaks of Te are more pro-
minent, leading to the signal of the A1g peak of 2H-MoTe2 dis-
appearing. From II to III, holes (Fig. 1cIII) started to be gener-
ated on the surface of the MoTe2, the E2g peak of 2H-MoTe2
disappeared, and the Ag peak of 1T′-MoTe2 appeared at
248 cm−1, indicating that a phase transition occurred in the
MoTe2 and the intensity of the Te peak increased. As the laser
power further increased (from III to IV), the MoTe2 surface was
damaged severely (Fig. 1cIV), the Ag peak of 1T′-MoTe2 gradu-
ally weakened and eventually disappeared, and only the Te
peak remained. The peak intensity variation (Fig. S4b†) was
calculated through the Raman results, which indicated that
the 2H-MoTe2 was transformed into 1T′-MoTe2 under a low-
power laser, and the 1T′ structure was destroyed when the
power was over 8.3 mW, while Te gradually precipitated and
eventually formed a Te cluster on the MoTe2 surface.

These results present changes in morphology and elements
of the MoTe2 under laser irradiation. The destruction of the
material is unfavorable in doping, thus the doping power used
for laser doping is set beneath the threshold of the phase
change (4.4 mW). The surface potential of the MoTe2 after
laser irradiation from 0 to 6.6 mW was measured by KPFM,
which can reflect the variation of the Fermi level as shown in
Fig. 1e and f. The surface potential at the irradiated region
firstly remains steady and then increases with increasing laser
power. When the laser power is between 2.8 mW and 4.4 mW,
the surface potential increases (the Fermi surface moves down-
ward) linearly with the laser power.10 The result proves the
ability of laser doping to finely control the Fermi level and the
doping level. Based on this effect, planar MoTe2 devices with

various types of ultrafine doping modes were designed and
tested to verify their applicability in complex electronic
circuits.

3.2 Electrical transport properties of photothermal doped
MoTe2

Fig. 2a schematically describes the fabrication process of the
device (details see Fig. S5†). A simple verification experiment
on the resistance measurement of the device further identified
the laser doping validity (Fig. S6†), encouraging further investi-
gation of the electrical transport properties. As shown in
Fig. 2b, the electrical measurements indicate that the
mechanically exfoliated pristine MoTe2 in the device shows
n-type characteristics (MoTe2 is partially transformed to n-type
when it is larger than 5 layers),16 while MoTe2 appears bipolar
after the laser action of 3.0 mW and completely transforms
into a p-type semiconductor with a switching ratio of 104
under the laser action of 4.4 mW. It should be stressed that for
p-doping, the temperature induced by the laser is important
and thus the temperature distribution in this case was simu-
lated, where the highest temperature was around 500 K
(Fig. 2c).

To reveal the mechanism of the polarity shift of the MoTe2
induced by laser doping, energy band calculations of different
doping situations were conducted, as shown in Fig. 2d–f.
According to previous works, laser irradiation on MoTe2
mainly involves two types of doping, vacancy doping and O2

cluster doping.10 Raman measurement further proves that the
oxygen exists as clusters instead of MoO3 or other compounds
such as MoO2 (Fig. S7†), indicating that O2 was adsorbed into
MoTe2 and that no substitution doping of Te atoms occurred.
Thus, we followed the characterization results and built the
device model. To study the effect of the defect states, we took a
10 nm-length channel FET (with three layers of MoTe2 and six
layers of Au electrodes) as an example, and considered three
cases (Fig. S8†): (i) no vacancies in the channel region; (ii) Te
vacancies in all the three layers in the channel region; and (iii)
Te vacancies and O2 cluster absorption in the channel region.
The total local density of states (LDOS) in each case is illus-
trated in Fig. 2d–f. Metal hybridization in the band gap of the
pure Te defected case (ii) is obviously stronger in the channel
region compared with the no defect case (i) and obviously
lower than the O2 cluster adsorption case (iii). Moreover, the
position of the Fermi level relative to the valence band
maximum in the channel is obviously lower in cases (ii) and
(iii) compared with the original case (i). This is due to the Te
vacancies and exposure to air of the MoTe2 layers inducing
hole (p-type) doping. According to the LDOS of the channel
region from three layers of MoTe2 FETs with Au electrodes, the
effective SBH (0.24 eV) can be extracted (Fig. S9†). The simu-
lation results are well consistent with the measurements and
clearly demonstrate the mechanism of the doping effect,
which enables us to perform more complicated and delicate
tuning of MoTe2.
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3.3 Laser modulation to energy band of MoTe2

Generally, ultra-fine tuning of the band structure in 2D
materials can be implemented by controlling laser parameters
such as irradiation time, laser power, etc. But for a 2D-
material-based device, the ultra-fine tuning effect will also
depend on the laser-doping mode, doping shape and so on.
For further exploring these fascinating features, four typical
doping modes were designed and fabricated, as shown in
Fig. 3.

In the first case where the laser irradiates the whole
channel to produce doping (Fig. 3a), the energy band shifts
upward, and the device conductivity is slightly enhanced due
to the increased number of hole carriers, but no rectification
is observed (Fig. 3b). However, when the laser irradiates the
half channel rather than whole channel to produce doping
(Fig. S10†), the I–V curves of the device show that the rectifica-
tion ratio is sensitive to laser doping, and such strong rectifica-
tion is a direct demonstration of the laser-induced pn junc-
tion.10 In order to confirm the applicability of the laser-func-
tionalized p-doping, the excellent electrical features in devices
with integrated n–n, n–p, p–p, and n–p–n junctions (Fig. S11†)
were further demonstrated. The rectification ratio of the
MoTe2 in-plane p–n junction prepared by laser doping is 102,
which is much smaller than that of the traditional silicon-
based p–n junction. In addition, laser doping in semi-
conductor materials can be designed in pattern because the
LDW can controllably dope according to designed pattern.
Laser doping of two-dimensional materials to prepare p–n

junctions has the obvious advantages of no pollution, low cost,
strong designability and universality.

For the second situation (Fig. 3c), the laser still irradiates
the whole channel by adopting a gradient laser power to dope.
This will result in the hole concentration distribution of the
2D MoTe2 tending to be uphill and the energy band being
warped, so that a unidirectional barrier is introduced. The
device modulated using the method mentioned above exhibits
a rectification effect and the switching ratio reaches 102

(Fig. 3d).
In the third and fourth situations, shape-dependent local

laser dopings (rectangular and triangular) are carried out at
the center of the device channel (Fig. 3e and g). Rectangular
pattern doping forms a homogeneous junction with symmetric
energy band bending of potentials across the channel, introdu-
cing a transverse potential barrier difference between the elec-
trodes and thus lowering the conductivity, as shown in Fig. 3f.
Triangular pattern doping forms a unidirectional potential
barrier, leading the device to have a strong rectification effect
with a switching ratio of 102 (Fig. 3h).

These experiments show that band structure in 2D material
devices can be modulated flexibly by different laser doping
modes. And some new features we obtained in the devices
indicate that local and patterned laser doping as well as gradi-
ent-power laser doping are feasible and have great potential in
the energy band modification of 2D materials.

To further verify the capacity of patterned laser doping and
power-gradient laser doping, a triangular laser-doped junction
was adopted for further experiments. As shown in Fig. 4a, the

Fig. 2 Electrical behavior and mechanistic explanation of laser p-doped MoTe2. (a) Schematic diagram of MoTe2 irradiated by a laser. (b) Transfer
curve of MoTe2 after different power laser actions, where the illustration is the optical image of the device in the experiment. (c) Temperature distri-
bution of MoTe2 under laser irradiation, where the laser power is 4.4 mW and the pulse width is 2000 ns. (d–f ) Total local density of states (LDOS) in
the channel region of MoTe2 under intrinsic and defect states. The channel length is 10 nm.
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rectification ratio of the device can be regulated by the gate
voltage, and the corresponding diode model is also con-
structed in a simulation program with integrated circuit
emphasis (SPICE) based on the characteristic parameters of
the device at Vgs = 0, with an average relative error MRE of less
than 9.3%. Finally, the basic logic gates “OR” and “AND”
(Fig. 4c) are built and verified using this model. The input and
output of the logic gates show a steady performance (Fig. 4d),
which further proves the applicability of the laser doping
modulation. It should be stressed that there is often a large
voltage drop when two-dimensional materials are applied to
logic gate circuits. This means the performance of two-dimen-
sional materials for electronic devices needs to be improved
with regard to crystal quality and contact between electrodes
and 2D materials, and so on.

4. Conclusions

A laser-doping method of 2D materials has been investigated
deeply using a typical 2D-material MoTe2. The realization of
controlled p-type doping by a laser indicates the feasibility and
effectivity of the laser doping, and the mechanism of the
polarity transition of n-type MoTe2 has also been revealed by
applying energy band theory. Power-gradient laser doping and
patterned laser doping are presented for the first time and
their effectivity is also certified by the four typical energy band

Fig. 3 Laser doping modulates the electrical properties and energy band distribution of MoTe2. (a and b) Optical photographs and I–V character-
istics of uniform power laser-doped MoTe2, the inset in (b) is the corresponding band structure. The laser power is 4.4 mW and the laser pulse width
is 2000 ns. (c and d) Optical photographs and I–V characteristics of MoTe2 doped using the power gradient laser; the inset in (d) is the corres-
ponding band structure. The laser power ranges from 4.4 mW to 0 mW, and the laser pulse width is 2000 ns. (e and f) Optical photographs and I–V
characteristics of MoTe2 doped with a rectangular symmetric pattern laser in the center of the channel; the inset in (f ) is the corresponding band
structure. The laser power is 4.4 mW and the laser pulse width is 2000 ns. (g and h) Optical photographs and I–V characteristics of MoTe2 doped
with a triangular pattern (area gradient) laser in the center of the channel; the inset in (h) is the corresponding band structure. The laser power is
4.4 mW and the laser pulse width is 2000 ns.

Fig. 4 Gate voltage regulation and logic gate circuit simulation of
laser-doped MoTe2. (a) I–V characteristics of triangular pattern laser-
doped MoTe2 at different gate pressures, where the inset shows the rec-
tification ratio of the device at different gate voltages. (b) Diode model
built from the characteristic parameters of MoTe2 after laser doping of
the triangular pattern. (c) Schematic diagram of a logic gate ‘OR’ and
‘AND’. (d) Simulation results of the built logic gate circuit.
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modulations and the realization of an OR gate and an AND
gate.

Compared with other 2D material doping techniques, the
designability of laser doping is irreplaceable. Diverse and flex-
ible laser-doping modes can be realized by modulating the
laser power and laser irradiation time, and by gradient-power
doping and shape-dependent doping. In principle, the laser
doing method is suitable for any 2D materials, but the doping
effect may be different for the same laser parameters and the
same number of layers due to different crystal structures. It is
believed that the laser fine-tuning method of 2D materials pro-
vides not only new ideas for the development of doping strat-
egies but also many new application opportunities for 2D-
material-based devices including resistors, memristors and
diodes. In the future, capacitors and inductors will be realized
by changing the target materials, laser parameters and laser
direct writing methods, which is of significance for the devel-
opment of future electronics.
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