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ABSTRACT: Two-dimensional monolayer and few-layer transition-metal dichalcogenides
(TMDs) are promising for advanced electronic and photonic applications due to their
extraordinary optoelectronic and mechanical properties. However, it has remained
challenging to produce high-quality TMD thin films with controlled thickness and desired
micropatterns, which are essential for their practical implementation in functional devices.
In this work, a self-limiting opto-electrochemical thinning (sOET) technique is developed
for on-demand thinning and patterning of TMD flakes at high efficiency. Benefiting from
optically enhanced electrochemical reactions, sOET features a low operational optical
power density of down to 70 μW μm−2 to avoid photodamage and thermal damage to the
thinned TMD flakes. Through selective optical excitation with different laser wavelengths
based on the thickness-dependent band gaps of TMD materials, sOET enables precise
control over the final thickness of TMD flakes. With the capability of thickness control and
site-specific patterning, our sOET offers an effective route to fabricating high-quality TMD
materials for a broad range of applications in nanoelectronics, nanomechanics, and nanophotonics.
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■ INTRODUCTION

Since the discovery of graphene,1 atomically thin two-
dimensional (2D) materials have attracted great interest,
owing to their extraordinary properties, such as large surface-
to-volume ratio, large exciton binding energies, and valley-
dependent photonics and optoelectronics.2−11 Unlike zero-
band gap graphene,12 monolayers of transition-metal dichalco-
genides (TMDs), such as MoS2, WS2, and WSe2, exhibit a
direct band gap ranging from visible to near-infrared light
frequency.5 Besides monolayers, few-layer TMDs also present
unique and intriguing phenomena, such as interlayer
excitons,13,14 piezoelectricity,15 and superconductivity.16,17

Additionally, 2D TMDs possess other excellent features,
including large surface-to-volume ratio, strong spin−orbit
coupling, and spin-valley locking, making them promising for
many applications in photodetection,18−20 valleytronics,21,22

sensing,23,24 biomedical imaging,25,26 and drug delivery.27−29

To fully unleash the potential of TMD materials, it is
essential to fabricate high-quality TMD flakes with controlled
thickness and microstructures. Mechanical exfoliation is widely
exploited to prepare high-quality monolayer and few-layer
TMD flakes. However, mechanically exfoliated TMD flakes are
usually in small lateral sizes and with poor thickness
control.30,31 In contrast, the liquid-phase exfoliation method
is more scalable, but it may result in poor quality and
unwanted contaminations.32−34 Alternatively, synthetic ap-
proaches, such as chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE), can produce TMD mono-

layers on a large scale.35,36 However, both CVD and MBE
require complex and expensive equipment, and the electrical
properties of the chemically grown TMDs are typically inferior
to the exfoliated ones.
Recently, laser thinning has emerged as a promising top-

down approach for low-cost and high-throughput fabrication of
TMD layers with site-specific control.37 For instance, on-
demand thinning of MoS2 with layer-by-layer precision was
demonstrated with a high-fluence laser beam (30−80 mW
m−2) to burn the top layers.38 Yet, this high optical power leads
to a notable temperature increase, which could induce the
phase transition of TMDs and affect the quality of the thinned
films.39 In another approach, Nagareddy et al. demonstrated
on-demand thinning of MoTe2 flakes by a much lower laser
fluence (0.3−4 mW m−2) with the assistance of adsorbed water
vapor on the flake surface.40 However, this thinning process
relies on the weak thermal and chemical stability of MoTe2,

41

which is not applicable to other TMD materials with strong
interatomic bonding, such as MoS2 and WS2.
Alternatively, optoelectronic thinning has been proposed to

realize the thinning of TMDs in aqueous solutions through
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optically controlled electrochemical etching. In comparison to
direct laser thinning via thermal sublimation, the electro-
chemical approaches typically require a much lower temper-
ature, which enables the removal of top layers without
sacrificing properties of the bottom layer.42 Optoelectronic
thinning of bulk MoS2 was demonstrated to prepare
monolayers on gold substrates.43,44 However, the reliable
production of the monolayer MoS2 was challenging due to the
reliance on the electrochemical reaction time, which would
demand high-resolution in situ monitoring of the number of
the layers and an effective method to terminate the reaction
once the monolayer is achieved. In addition, the capability to
precisely control the final thickness of the thinned TMD flakes
in a layer-by-layer fashion has remained elusive. Such a precise
control is critical to applications that require an exact number
of layers (i.e., one, two, or more layers).
Herein, we report a self-limiting opto-electrochemical

thinning (sOET) technique for on-demand thinning and
patterning of TMDs. The optically activated electrochemical
etching automatically stops once TMD flakes are thinned to
the targeted thicknesses (i.e., one, two or more layers), which
is accomplished by using the specific laser wavelength
depending on the band gap energy of the targeted number
of layers. No sophisticated engineering of thinning conditions
is needed. We further demonstrate the high-throughput
thinning of large TMD flakes down to the monolayer with
equivalent quality to pristine exfoliated monolayers. Together
with the low-power operation, general applicability, and
tunable thinning rates, our sOET provides new possibilities
in the reliable fabrication of high-quality TMDs for their
applications in advanced electronic and photonic devices.

■ RESULTS AND DISCUSSION
Basic Concepts of sOET. The general concept of sOET is

shown in Figure 1a. Briefly, a thick TMD flake, such as MoS2,
is transferred onto an indium tin oxide (ITO) substrate.
Meanwhile, the flake is immersed in deionized (DI) water and
biased with a suspending electrode in the liquid (see Figure S1
for experimental setup, Supporting Information). To enable
the light-directed electrochemical thinning of MoS2, we direct
a laser beam onto the flake to excite electrons from the valence
band to the conduct band and generate electron−hole pairs.
Under an electrical bias, electrons are conducted to the
suspending electrode, leaving excessive holes in the flake. At
the edge or defect of the flake, MoS2 can be oxidized in the
presence of holes and hydroxide ions via the electrochemical
reactions44,45

+ + → + +− + −MoS OH h MoS SO H O2 3 4
2

2 (1)

As a proof-of-concept demonstration, we show the laser
thinning of a pristine thick MoS2 flake prepared by mechanical
exfoliation (Figure 1b). After being illuminated by a 785 nm
laser with a power density of 69.6 μW μm−2 under 0.2 V bias,
the scanned area was successfully thinned (Figure 1c). The
atomic force microscopy (AFM) measurement reveals that the
flake was thinned from ∼10.2 to ∼1.2 nm, which indicates a
monolayer (Figure 1e,f). After laser scanning, the as-thinned
region showed dramatically enhanced photoluminescence
(PL) at 673 nm (Figure 1d), confirming its monolayer feature.
In addition, the difference between E2g

1 and A1g Raman modes
was reduced from ∼25.5 to ∼20.6 cm−1 (inset in Figure 1d,
also see Figure S3 for spatial mapping of Raman scattering and
PL signals, Supporting Information), which agrees well with
the Raman spectra of the monolayer MoS2.

46,47 This opto-
electrochemical thinning will not affect the quality of the
thinned monolayer, which is highly stable and shows no

Figure 1. General concept of sOET. (a) Schematic of sOET. A 785 nm laser leads to the thinning of a thick MoS2 flake to monolayers, while a 532
nm laser removes all the flakes. (b) Optical image of a thick MoS2 flake on ITO before thinning. (c) Same flake in (b) after being partially thinned
by a 785 nm laser. The laser scanned area is indicated by the white dashed square. (d) PL spectra of the flake before (blue) and after (red) thinning.
The inset shows the Raman scattering spectra before (blue) and after (red) thinning. (e) AFM image of the thinned flake. (f) AFM height profile of
the red line in (e) from top right to bottom left. All scale bars are 20 μm.
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degradation in PL intensity after laser excitation for 30 min
(Figure S3, Supporting Information).
Exploring Mechanism of sOET. To fully understand the

underlying mechanism of sOET, we conducted the thinning
experiments in different solutions and monitored the current
change during the thinning process. In non-conductive liquid
(e.g., ethanol), the electrochemical reactions were inhibited
(Figure 2a,b) since the optically activated electrons could not
be extracted from MoS2 to the electrode (the gate current is
zero, Figure 2c). In an ion liquid (i.e., 1-butyl-3-methyl-
imidazolium hexafluorophosphate, BMIM-PF6) with low
electrical conductivity, a stable gate current of ∼10 nA was
observed (Figure 2f). However, the electrochemical thinning
still did not happen (Figure 2d,e), which indicates the essential
role of water (hydroxide ions) in the reaction. In contrast, with
the existence of hydroxide ions, the MoS2 flake was rapidly
thinned in DI water (Figure 2g,h), which is weakly conductive
to support the electron transfer. An increase in gate current
was observed synchronously during the thinning process
(Figure 2i), which indicates electron transfer during the
thinning and proves that sOET is based on electrochemical
reactions.

It should be noted that sOET preferably starts from the edge
of TMD flakes with a high density of defects, while it cannot be
initiated at the center region with limited detects. Defects at
the flake edge could provide a large quantity of dangling bonds,
which are important active sites for electrochemical reac-
tions.48 However, we could still initiate the laser thinning from
the center of the flake via Ar+ plasma treatment to increase the
defect density. In addition, the photothermal effect in the
sOET process is negligible. We experimentally measured the
temperature of a MoS2 flake in DI water under irradiation of a
785 nm laser using a phase camera (see the Methods section
for more details). The temperature incease was not obvious
under a typical operational power density (0.102 mW μm−2)
(Figure S4, Supporting Information). We also demonstrated
successful thinning of TMD flakes on other conductive
substrates, such as gold thin film and monolayer graphene,
with the same configuration (Figure S5, Supporting
Information). Interestingly, sOET could take place with no
electrical bias on the gold film or graphene, which resulted
from the spontaneous electron transfer from MoS2 to the gold
film or graphene,49,50 similar to applying a bias voltage.

Tunable Thinning Rate of sOET. Based on the
understanding of the thinning mechanisms, we achieved a

Figure 2. Opto-electrochemical thinning in different solutions. Thinning of a thick MoS2 flake in (a−c) ethanol, (d−f) BMIM-PF6, and (g−i) DI
water. Panels (a,d,g) show the optical images of the flake before laser scanning; panels (b,e,h) show the optical images of the flake after laser
scanning; and panels (c,f,i) show the gate current during laser scanning.
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highly tunable thinning rate of sOET. First, since sOET is
enabled by the optically activated electrochemical reactions,
the thinning rate can be controlled by the laser power and the
bias voltage. The thinning rate increased linearly along with the
laser power (Figure 3a) as the optically excited electron density
is proportional to the excitation power. Since sOET relies on
the directional electron transfer, no obvious thinning was
observed under a negative bias. When the bias increased from
zero to positive, the thinning rate rose sharply and saturated at
a bias of ∼0.75 V (Figure 3b). The increase in the positive bias
voltage can lead to more p-doping in TMD flakes and a faster

electron transfer rate, which enhances the thinning rate. The
saturation was ascribed to the limited optical pumping rate
under a fixed laser power. In addition to the optical power and
bias, the pH value and ionic concentration of solutions can
remarkably affect the opto-electrochemical thinning. Figure 3c
shows the thinning rate in sodium hydroxide/hydrochloride
acid (NaOH/HCl) solutions with the same total ionic
concentrations but different pH values (see the experimental
section for details). Along with the increasing pH value, the
concentration of hydroxide ions also increased, which provided
more reactants in reaction eq 1 and enhanced the thinning

Figure 3. Tunable thinning rate of sOET. Thinning rate tuned by (a) laser power, (b) bias voltage, (c) pH value, and (d) NaCl concentration.

Figure 4. Thickness selectivity of sOET. (a) Working principle of thickness-selective thinning of MoS2. By choosing excitation laser wavelength
between these discrete layer-dependent band gaps, the thinning will stop once the band gap of the remaining layers is larger than the laser photon
energy. (b) Thick MoS2 flake before thinning. (c) Same flake in (b) after being thinned by 532, 785, 850, and 980 nm lasers at the specific sites.
The laser-scanning paths are indicated by the green (532 nm), red (785 nm), gray (850 nm), and black (980 nm) lines. (d) PL spectra measured at
the laser-scanned areas. (e) PL and (f) Raman mapping of the thinned regions [indicated by the white dashed rectangle in (c)]. All scale bars are 10
μm.
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rate. In contrast, a higher concentration of other anions, such
as Cl−, could affect the thinning rate in a negative way (Figure
3d). This result is probably because nonreactive chloride ions
can compete with reactive hydroxide ions to be attracted to the
vicinity of the reactive sites.
Precise Thickness Control by sOET. Unlike the

previously reported optoelectronic thinning methods that
preferably thin bulk or few-layer TMDs to monolayers,
sOET allows on-demand thinning of TMD flakes to the
desired thickness. By selecting the laser photon energy
according to the layer-dependent band gaps, sOET can realize
the thinning of TMD flakes into different thicknesses. Taking
MoS2 as an example (Figure 4a), we show the thinning of a
MoS2 flake via sOET using 532, 785, 850, and 980 nm lasers.
After thinning, the different thicknesses could be easily
distinguished from the optical contrasts (Figure 4b,c), PL
signals (Figure 4d,e), and Raman spectra (Figure 4f). A 980
nm laser (1.26 eV) cannot thin the MoS2 flake since the
photon energy is lower than the band gap of bulk MoS2 (1.29
eV). In contrast, a 532 nm laser (2.33 eV) with the photon
energy higher than the band gap of monolayer MoS2 (1.84 eV)
can remove all the flake as no PL or Raman signals were
detected from the scanned area. Similarly, the use of a 785 nm
or an 850 nm laser can lead to the thinning of a thick MoS2
flake to a monolayer or bilayer. The PL and Raman
measurements also showed the strongest PL intensity (Figure
4d) and smallest distance between two Raman modes (Figure
S6, Supporting Information), which confirms the monolayer
MoS2 after thinning by a 785 nm laser. The bilayer MoS2
thinned by an 850 nm laser was also proved by the indirect
emission at ∼805 nm (inset in Figure 4d).
Thinning of Large-Area TMDs by sOET. Last, we

demonstrated the efficient thinning of large TMD flakes into
the monolayer to show the potential of sOET in the mass
production of the monolayer TMDs. A MoS2 flake with the
dimension of ∼100 μm × 100 μm was successfully thinned
into a monolayer by a 785 nm laser in less than 5 min (Figure
5a,b). The resultant monolayer showed strong and uniform PL
under the excitation of a 532 nm laser (Figure 5c). The PL and

Raman measurements showed comparable data with the
mechanically exfoliated monolayer MoS2 (Figure 5d,e),
confirming the high quality of the thinned monolayers. It
should be noted that the current thinning throughput is limited
by our laser beam size and line-by-line scanning, which can be
greatly improved with uniform large-area luminescence. In
addition to MoS2, our sOET also works for other TMD
materials. For instance, the thinning of WSe2 flakes into a
monolayer was demonstrated by a 785 nm laser (Figure S7,
Supporting Information), which proves the general applic-
ability of sOET.

■ CONCLUSIONS

In summary, we have developed sOET for on-demand and
high-throughput thinning of TMDs with excellent material
quality. sOET is enabled by optically activated electrochemical
reactions, where the thinning rate can be actively controlled by
optical power, electrical bias, pH value, and ionic concen-
tration. By rationally selecting laser photon energies based on
the layer-dependent band gaps of TMD materials, we realized
the precise control of the final thickness of the thinned TMD
flakes. As a general technique, sOET is applicable to a wide
range of TMD materials, which presents great potential for the
mass production of high-quality TMD monolayers and few
layers. With the low operational power, thickness-selective
thinning, and site-specific patterning capabilities, sOET will
provide new possibilities in the nanofabrication of TMD
materials to advance their applications in many fields, including
nanoelectronics and nanophotonics.

■ METHODS
Sample Preparation. ITO coverslips (SPI supplies) were cleaned

by ultrasonication in acetone and isopropanol for 10 min, respectively,
then rinsed by DI water and dried by nitrogen flow. TMD flakes were
exfoliated from bulk materials to polydimethylsiloxane (PDMS) with
the scotch tape. Then, the PDMS with TMD flakes was brought into
contact with cleaned ITO coverslips and pressed for 10 min. Finally,
the PDMS was removed by heating it up to 130 °C, and the TMD
flakes were successfully transferred to the ITO coverslip. The samples

Figure 5.Mass production of high-quality monolayer TMDs via sOET. (a) Optical image of a large thick MoS2 flake. (b) Optical image of the flake
in (a) after being thinned by a 785 nm laser. (c) Fluorescence image of the thinned flake in (b). (d) Normalized PL and (e) Raman scattering
spectra of the mechanically exfoliated and sOET thinned monolayer MoS2. All the scale bars are 25 μm.
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were annealed under vacuum at 180 °C for 3 h to make good contacts
between the TMD flakes and the ITO substrates.
sOET Procedure. The TMD flakes on ITO coverslips were

mounted on an inverted microscope (Ti-E, Nikon). A solution
(ethanol, DI water, NaCl solutions, or NaOH solutions) of ∼200 μL
volume was dropped on ITO to cover the TMD flakes. Electrical bias
was applied using a Keithley SourceMeter (Keithley 2612B) with one
electrode connecting the ITO and the other suspending in the
solution. Lasers were directed to the TMDs from the bottom by a
40× objective (NA 0.75). The 532 nm (Ventus 532, Laser Quantum)
and 785 nm (TEC 510, Sacher Lasertechnik) continuous-wave lasers
were used. In addition, the 850 and 980 nm lasers were filtered by
bandpass filters (Thorlabs) from a supercontinuum laser (SuperK
FIANIUM-15, NKT photonics). During scanning, the stage was
controlled by LabView programs. For the pH-dependent thinning
experiments, the solutions were prepared by mixing 0.1 M NaOH and
0.1 M HCl solutions. The pH values were tuned by changing the ratio
of NaOH and HCl and measured using a pH-meter. For the WSe2
thinning experiments, 0.1 M NaOH solution was used. For other
thinning experiments, DI water was used. After the thinning, the
sample was rinsed by DI water for 15 s and dried by nitrogen flow to
minimize the contaminants.
Optical Characterization. PL and Raman spectra were measured

by a spectrometer (Andor) with an EMCCD (Andor). The signals
were excited by a 532 nm laser and collected from a 100× objective
(NA 0.6, Nikon). The laser power was set to be 250 μW for PL
measurements and 755 μW for Raman measurements.
AFM Measurement. AFM measurement was carried out on a

Park NX10 AFM (Park). The scanned area was set to be 60 nm × 60
nm. The scanning rate was 128 Hz. After measurement, the data were
processed by Park XEI AFM data analysis software.
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