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Deposition of two-dimensional (2D) MoS2 materials on the tapered fiber allows various photonic applications
including saturable absorbers and four-wave mixing. Ethanol catalytic deposition (ECD) of MoS2 on the optical
tapered fiber was proposed and demonstrated in this work. Different from the conventional optical driven
deposition using water or organic solvent, the ECD method utilized the high volatility of the ethanol solvent,
which significantly increased the movement speed of the MoS2 nanosheets and thus boosted the deposition rate
and reduced the minimum power threshold to drive the deposition. We believe the ECDmethod should be able to
be applied to other similar 2D materials such as other types of transition metal chalcogenides. © 2015 Chinese
Laser Press

OCIS codes: (160.4330) Nonlinear optical materials; (310.1860) Deposition and fabrication; (230.4320)
Nonlinear optical devices.
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1. INTRODUCTION
With the discovery of graphene, two-dimensional (2D)
materials have received intense interest for their abundant
electronic and photonic properties [1–4]. These materials
include graphene, graphene oxide, topological insulators,
and transition metal dichalcogenides (TMDs). The tunable
bandgap and absorption of the 2Dmaterials have been utilized
for optical intensity modulation [5]. The wideband absorption
spectrum has been reported to allow the operation of a broad-
band polarizer [6]. Among various applications, the nonlinear
properties of the materials have been paid special attention.
One nonlinear property is the saturable absorption, which
means the transmission of the material is dependent on the
incident optical intensity [3]. The beam with higher intensity
would experience higher transmission; i.e., the absorption is
saturated. This effect is due to the Pauli block, which means
that the conduction band of the materials can be fully filled by
the optoelectrons and no more light would be absorbed after
the saturation. Saturable absorption is key for the applications
of mode-locked lasers and Q-switched lasers. The demonstra-
tions of mode-locking and Q-switching operations based on
many different 2D materials have been extensively investi-
gated due to their advantages of wide operation wavelength,
compact size, easy fabrication, and controllable saturation
parameters [7–17]. Another important nonlinear property is
the optical nonlinearity, namely χ�3) or n2 [18,19]. Optical
nonlinearity allows the realization of four-wave mixing, which
has wide applications including wavelength conversion,
frequency comb generation, and microwave photonic filtering
[20]. It has been reported that graphene has optical nonline-
arity much higher than that in a conventional silica fiber,
which indicates its potential to be a highly compact nonlinear

device [19]. Recently, molybdenum disulfide �MoS2� together
with other types of TMDs has been reported to exhibit
comparable optical nonlinearity with graphene, which further
extended the choice of nonlinear optical materials [9,18,21].

On the other hand, incorporation of the 2D materials into
the well-developed fiber systems is important because it
would explore the promising properties of the 2D materials
together with the mature technologies of the fiber systems.
Different incorporation methods have been developed, includ-
ing directly transferring the CVD grown 2D materials to the
fiber end [1,2], depositing to the fiber end [22,23], depositing
to the fiber waist of the tapered fiber or side polished fiber
[12,15], and embedding into the polymer thin film [16,24].
Among all these methods, deposition of the 2D materials to
the fiber waist of the tapered fiber has its own merit; that
is, the interaction length between the light beam and the ma-
terials can be very long, from a few hundreds of micrometers
to a few centimeters. This property enables the control of the
saturation parameters if used as a saturable absorber, and the
enhancement of four-wave mixing if used as a nonlinear
optical device. In the deposition process, a usual method is
to apply an optical field between the fiber and the material
dispersions so that the small material particles can be at-
tracted by the optical force and attached to the fiber waist
or fiber end [25]. Although there have been a few works dis-
cussing the deposition technology, we found that in all these
works the solvents of the material dispersions were only used
to disperse the materials and had little contribution to the dep-
osition process. Moreover, the power threshold for the depo-
sition was usually high, e.g., >10 dBm, because the optical
force has to be powerful enough to overcome the resistance
from the viscousness of the solvent such as N,N-Dimethyl
formamide (DMF) so that the material particles in the solvent
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can be given enough acceleration and movement speed to be
successfully attached to the fiber waist or fiber end.

In this paper, we proposed and demonstrated a new
concept of deposition; i.e., the solvent participates in the dep-
osition process, called ethanol catalytic deposition (ECD), be-
cause ethanol was found to be an optimal choice of solvent in
the demonstration. The demonstration of deposition of MoS2–
ethanol dispersions to the tapered fiber exhibited a much
faster deposition rate than the conventional solvents such
as water with surfactant and organic solvent. Moreover, the
ECD method allowed a much lower threshold of minimum in-
jected optical power of only 4 dBm to drive the deposition.
The key difference was in the high volatility of the ethanol,
which significantly enhanced the Brownian motion of the
material particles in the dispersions. The randomly oriented
Brownian motion became highly oriented toward the tapered
fiber with the existence of optical field, which led to a much
faster deposition rate and a lower deposition power threshold.
Not limited to MoS2, we believe that the ECD method should
also benefit the deposition of other 2D materials such as other
types of TMDs.

2. PREPARATION OF MoS2 DISPERSIONS
Optical driven deposition of MoS2 on tapered fiber requires
the preparation of MoS2 dispersions. The liquid-phase exfoli-
ation (LPE) method was utilized, which can produce mono-
layer and few-layer MoS2 nanosheets with large quantity.
Moreover, LPE requires no chemical processing on the
material and thus can produce chemically pristine MoS2 nano-
sheets. In the experiment, ∼0.02 g MoS2 powder was mixed
with 20 mL 95% ethanol and was sonicated for 1 h to generate
MoS2 nanosheets. Then the MoS2–ethanol mixture was centri-
fuged for 90 min to separate the nanosheets with unexfoliated
large-size flakes. The top 2/3 dispersions were collected for
experimental use. Figure 1(a) shows the procedures of prepa-
ration of MoS2–ethanol dispersions. Figures 1(b) and 1(c)
show the transmission electron microscope (TEM) images
of MoS2 nanosheets with two different scales. It can be seen
that the typical size of MoS2 nanosheets was a few hundreds
of nanometers, and in a region a few tens of nanometers wide
the nanosheets showed good uniformity.

3. EXPERIMENTAL RESULTS
The experimental setup for MoS2 deposition on the tapered
fiber is shown in Fig. 2. The experiments were all performed
under the room temperature of 25°C. The light near 1550 nm
was generated from a continuous wave (cw) laser source and
amplified by a commercial erbium-doped fiber amplifier
(EDFA) to near 15 dBm. The tapered fiber was placed inside
a slot of a customized slide glass and immersed in the pre-
pared MoS2–ethanol dispersions. The light was injected into
one side of the tapered fiber, and the output on the other side
of the tapered fiber was monitored by an optical power meter
after a 20 dB attenuator. The use of attenuator was to meet the
measurement range of the power meter. A long-focal-length
microscope with a resolution of ∼1 μm and a view of field
of ∼2 cm was vertically placed on the top of the tapered fiber
to monitor the deposition process. Although this setup was
very similar to a conventional setup for optical driven depo-
sition, the difference lay in the use of ethanol as a solvent.
Conventional optical driven deposition mainly utilizes the
optical force to attract the material particles, whereas the sol-
vent itself does not contribute to the deposition process.
However, in our experiment, ethanol is highly volatile.
The volatile process of ethanol can significantly increase
the Brownian motion of the MoS2 nanosheets in the disper-
sions. With the existence of optical force, i.e., when the optical
power was injected into the tapered fiber, the randomly ori-
ented Brownian motion became highly oriented toward the
tapered fiber, which resulted in the increase of deposition rate
with nearly no effect on the deposition quality.

When the deposition process began, the output power de-
tected by the optical power meter continuously decreased,
which meant the loss of the tapered fiber gradually increased
due to the deposition. A typical evolution of the optical loss
with respect to the deposition time is shown in Fig. 3(a) for a
tapered fiber with 10 μm diameter and 15 dBm input optical
power. The loss was normalized to 0 dB before the deposition.
The MoS2 deposited tapered fiber did not show polarization-
dependent loss, and the thermal damage threshold is
∼500 mW tested by a high-power EDFA. The tapered fiber
was adiabatic with a typical loss of less than 0.5 dB. A micro-
scope image of the deposition is shown in the inset of
Fig. 3(a). It can be observed that the materials have been
successfully deposited onto the tapered fiber. To confirm
the deposition of MoS2, the Raman spectral measurement
was performed, shown in Fig. 3(b). It should be mentioned
that the tapered fiber was moved onto a clean slide glass
for the Raman spectral analysis so that the residual MoS2
in the slot would not affect the measurement results. For com-
parison, the MoS2 nanosheets in the dispersions were also

Fig. 1. (a) Procedures of preparation of MoS2–ethanol dispersions.
(b) TEM image of MoS2 nanosheets with 50 nm scale bar. (c) High-
resolution TEM image with 10 nm scale bar.

Fig. 2. Experimental setup for ethanol catalytic MoS2 deposition on
tapered fiber.
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measured, shown in Fig. 3(b). It can be seen that the deposited
materials have nearly identical Raman spectra compared
with the MoS2 nanosheets in the dispersions, which clearly
confirmed the deposition of MoS2 nanosheets on the tapered
fiber.

To compare the effects of different solvents in the deposi-
tion process, four solvents with different evaporation rates
were used, i.e., water (62 with reference to butyl acetate),
DMF (17), ethanol (203), and acetone (1120). The diameters
of the tapered fibers were fixed to 10 μm, and the input optical
power was fixed to 15 dBm. The measurement results are
shown in Fig. 4. It can be observed that the deposition rate
of MoS2–ethanol dispersions was 2.6 times higher than that
of MoS2–DMF and 8.9 times higher than that of MoS2–water
dispersions, which clearly demonstrated the contribution of
ethanol as a volatile solution in the deposition process. The
higher deposition rate of DMF compared with water is prob-
ably due to the fact that DMF has closer surface energy to the
MoS2 and can disperse MoS2 more uniformly than water. This
results in stronger interaction between MoS2 and DMF mole-
cules in the evaporation process and thus a higher deposition
rate. It can also be observed that MoS2–acetone dispersions
had the fastest deposition rate due to the even higher volatility
of acetone. However, the high volatility made the Brownian
motion of the MoS2 nanosheets very fast, which can remove
the deposited MoS2 nanosheets when they collide with free-
moving MoS2 nanosheets. This effect resulted in fluctuation of
the readings from the power meter. Moreover, it became more
difficult to control the deposition to a specific loss level, e.g.,
10 dB loss induced by the deposited materials, due to the
over-fast deposition rate. The deposition rates of four differ-
ent solutions are summarized in Table 1. To further clarify, the
movement speeds of the MoS2 nanosheets in the different sol-
vents are also summarized in Table 1. The movement speed

was estimated by monitoring the movement of some large-size
MoS2 flakes in the dispersions using a microscope. The actual
speed of the nanosheets can be even faster, but the trend
should be unchanged. It can be clearly seen that a solvent with
higher volatility led to a higher movement speed of the MoS2
nanosheets. Based on the above analysis, it can be concluded
that, from the view of deposition, ethanol is an optimal choice
of solvent compared with the other three solvents.

In addition, we have studied the different concentration of
ethanol aqueous solution and found that the reduction of the
ethanol concentration indeed reduced the volatility and
resulted in a lower deposition rate. In fact, a mixture of
two liquids, such as ethanol and water, can lead to a time-
dependent deposition rate, which makes deposition difficult
to control, because two liquids have different evaporation
rates and the concentration of the mixture changes with time.
This is the reason why we used nearly pure liquid in the ex-
periment to guarantee a stable deposition process.

Another important parameter in the deposition is the
optical power injected into the tapered fiber. To show the in-
fluence of different optical power levels on the deposition
process, we decreased the optical power from 15 to 0 dBm
with the step of 1–2 dB during a deposition process, shown
in Fig. 5(a). The diameter of the tapered fiber was 6 μm.
The change of the deposition rate could be clearly observed
when the optical power was changed. The dips on the curve at
the deposition times of 400, 500, 600, and 700 s were due to the
properties of the EDFA when its output power was changed.
The inset of Fig. 5(a) shows the evolution of the optical loss
when the EDFA was turned off and turned on again, and the
supplementary medium shows the movement of MoS2 nano-
sheets with the light on (time: 0–2.5 s) and off (time: 2.5–5 s).

Fig. 3. (a) Typical evolution of the optical loss during the deposition
of MoS2. Inset: microscope image of the deposited MoS2. (b) Raman
spectra of MoS2 in the dispersions and deposited on the tapered fiber.

Fig. 4. Deposition process using water, DMF, ethanol, and acetone
as solvent.

Table 1. Deposition Rates and Movement Speeds of
the MoS2 Nanosheets for Different Solvents

Solvent Water DMF Ethanol Acetone

Deposition rate (dB/s) 0.0018
�0.0003

0.006
�0.004

0.016
�0.004

0.139
�0.047

Movement speed (μm/s) ∼210 ∼470 ∼980 ∼11200
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The difference of the movement speed and movement orien-
tation can be clearly observed. Based on the experimental
results, the minimum injected optical power to drive the
deposition can be as low as 4 dBm, and the power range to
drive the deposition can be as wide as 11 dB. In contrast,
the minimum injected power for the conventional optical
driven deposition was typically more than 10 dBm, whereas
the power range was also narrow, e.g., a few decibels. This
means the ECD method allows the deposition to be more
easily realized. To understand the origin of this power-
dependent deposition rate, we estimated the movement speed
of the MoS2 nanosheets under different optical power levels
from the microscope, shown in Table 2. The deposition rate
exhibited a nearly synchronous increase of the movement
speed of the nanosheets when the injected power (EDFA out-
put power) was increased, shown in Fig. 5(b). Therefore we
can reasonably reach the conclusion that the deposition rate

was monotonically dependent on the movement speed of
the nanosheets, which further demonstrated the influence
of ethanol as a volatile solvent to increase the deposition rate.

4. DISCUSSION
To optimize the deposition process, it is important to investi-
gate how different diameters of the tapered fiber affect the
deposition results. Five different diameters of the tapered
fiber, 4, 6, 8, 10, and 12 μm, were chosen for comparison.
The optical power was fixed to 15 dBm, and MoS2–ethanol
dispersions were used. The measurement results are summa-
rized in Fig. 6.

It can be observed that the deposition rate became faster
with the decrease of the diameter. This was reasonable
because more optical field was leaked outside the tapered fi-
ber when the diameter was smaller. Thus MoS2 nanosheets
experienced stronger optical force during the deposition.
When the diameter was larger than 12 μm, no deposition effect
was observed. It is also interesting to observe that the evolu-
tion of the optical loss became more fluctuated with the
decrease of the diameter. This was due to the fact that when
the diameter was small, the scattering loss from the MoS2
nanosheets became stronger and the deposited nanosheets
were easier to remove when they collided with free-moving
nanosheets. This fluctuation would make the deposition
process difficult to control in the practical applications.
The deposition rates for different diameters are summarized
in Table 3. An optimized range of the diameters of the tapered
fiber is 6–10 μm.

Furthermore, we have investigated the saturable absorp-
tion of MoS2 deposited tapered fiber with a loss of 4.1 dB,
shown in Fig. 7(a). It has a modulation depth of 2.3%, a

Fig. 5. (a) Deposition process under different injected optical power
levels. Inset: evolution of optical loss when the EDFA was turned off
and turned on again (see Media 1 in detail). (b) Deposition rate and the
movement speed of the MoS2 nanosheets with respect to the injected
optical power.

Table 2. Deposition Rates and Movement Speeds of the Nanosheets for Different Optical Power Levels

Optical power (dBm) 15 14 12 10 8 6 4 2 0

Deposition rate (dB/s) 0.087
�0.021

0.063
�0.020

0.057
�0.016

0.038
�0.009

0.017
�0.005

0.009
�0.002

0.004
�0.002

0.001
�0.001

0.000
�0.001

Movement Speed (μm/s) ∼8200 ∼6740 ∼3740 ∼1790 ∼1020 ∼480 ∼240 ∼100 ∼70

Fig. 6. Deposition process using different diameters of the tapered
fiber.
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saturable intensity of 60 MW∕cm2, and a nonsaturable loss of
63%. This result indicated the validity of the prepared MoS2
deposited tapered fiber as a nonlinear device in photonic ap-
plications such as mode-locked lasers and Q-switched lasers.
A demonstration of the MoS2-based Q-switched laser was also
provided. The laser output properties under 120 mW pump
power are shown in Fig. 7(b) for optical spectrum and
Figs. 7(c) and 7(d) for oscilloscope trace. The center fre-
quency is 1560.2 nm, and the pulse duration is 7.49 μs.

5. CONCLUSIONS
In this paper, we have investigated the ECD of MoS2 disper-
sions on the tapered fiber. The high volatility of the ethanol
significantly increased the movement speed of the MoS2 nano-
sheets and led to a deposition rate 2.6 times higher than that of
DMF and a power threshold to drive the deposition as low as
4 dBm, whereas the deposition quality was nearly unaffected.
Our findings demonstrated the effectiveness of the ECD
method for a fast, easy, and controllable high-quality deposi-
tion. We believe our findings would also benefit the deposition
of other similar materials on the tapered fiber, such as other
types of TMDs.
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