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We have prepared the graphene/MoS, heterostructure by a hydrothermal method, and presented its
nonlinear absorption parameters and application as a nonlinear optical modulator in the mid-infrared region.
Using the nonlinear optical modulator, stable passively @Q-switched operation of an Er3*-doped
7rF-BaF,-LaF;-AlF;-NaF (ZBLAN) fiber laser at ~2.8 pm can be obtained. The Q-switched Er®*-doped
ZBLAN fiber laser can yield per-pulse energy up to 2.2 pJ with the corresponding pulse width and pulse rep-
etition rate of 1.9 ps and 45 kHz, respectively. Our results indicate that the graphene/MoS, heterostructure can
be a robust optical modulator for pulsed lasers in the mid-infrared spectral range.
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Two-dimensional (2D) materials offer a platform that
allows the creation of heterostructures with unique and
unprecedented properties to play an important role in
modern electronic devices, and optoelectronic devices,
etc.W. 2D nanomaterials, such as graphene and molybde-
num disulfide (MoS,), possess excellent nonlinear optical
response as a nonlinear optical modulator, which have at-
tracted considerable attention in pulsed laser generation'?.
To date, graphene as an optical modulator has success-
fully been used to generate (-switched and mode-locked
pulses in fiber lasers and solid-state lasers with the
operating waveband coverage from near-infrared to
mid-infrared®?. However, the relatively weak optical
response (2.3% absorption with monolayer graphene) in
a widely spectral region limits its application. Although
the absorption intensity in graphene can be enhanced by
various approaches, such as employing twisted bilayer
graphene, graphene plasmons”, and a microcavity?,
unwanted nonsaturable losses will rise. Motived by the
progress of graphene, many other graphene-like 2D
materials, such as a topological insulator®2, black phos-

phorus® gold nanorods®¥ and transition-metal

dichalcogenides (TMDCs)Z2) have been explored as
an optical modulator to achieve pulsed lasers.

MoS,, a typical TMDC, exhibits great potential in
optoelectronic applications for its tunable bandgaps and
strong light-matter interaction®). Unlike semi-metallic
graphene, MoS, is a semiconductor with the band gap

changing from indirect to direct when the thickness is
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reduced to a monolayer, and this indirect-to-direct
gap transition sparks off great enhancement in the
photo-response?. Moreover, MoS, exhibits strong
light—matter interaction in association with Van Hove sin-
gularities in the density of states?. Recently, using MoS,
as the optical modulator, researchers have realized
broadband @Q-switching (Q-S) and mode-locking222:53,
However, MoS, alone used as an optical modulator suffers
from the relatively long relaxation time of the intra-
band excitation in comparison with graphene! and the
rapid recombination of the photo-excited electron—hole
pairs?,

Fortunately, triggered by the progress of the nano-
composite, researchers have explored a new functional
material, namely, the graphene/MoS, heterostructure,
which succeeds in the advantages of graphene and
MoS,, while it overcomes their disadvantages2. Studies
have demonstrated that the advantages of ultrafast
relaxation, broadband response from graphene, and the
strong light-matter interaction from MoS, can be com-
bined together by the graphene/MoS, heterostructure2.
Moreover, photo-excited electron-hole pairs produced by
MoS, can be easily separated at the MoS, and graphene
interfaces in these heterostructures?. These excellent
photoelectric  properties make the graphene/MoS,
heterostructure a promising optical modulator. Recently,
Zhao et al.’Y and Jiang et al.Z2 have realized both Q-S and
mode-locking at 1 and 1.5 pm, using the graphene/MoS,
heterostructure as the optical modulator, respectively.
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However, their researches only focus on the near-infrared
region.

In this letter, we report the nonlinear absorption
parameters of the graphene/MoS, heterostructure, and
its application for an optical modulator in the mid-
infrared region. Using the graphene/MoS, heterostructure
as an optical modulator, stable passively @Q-switched
operation of the Er**-doped ZrF,-BaF,-LaF;-AlF;-NaF
(ZBLAN) fiber laser at ~2.8 pm can be obtained. At
an incident pump power of 4.1 W, the @Q-switched
Er**t-doped ZBLAN fiber laser yielded per-pulse energy
of 2.2 pJ with the corresponding pulse width and pulse
repetition rate of 1.9 ps and 45 kHz, respectively.

The graphene/MoS, heterostructure was prepared by a
typical hydrothermal method. First, a graphene oxide
(GO) precursor was synthesized from 170 mg of graphite
powder by a modified Hummer’s method using a mixture
of HySO,, P»,Os5, and KMnO,. Secondly, the as-prepared
GO was dissolved in 40 mL of deionized water under vig-
orous stirring for 1 h to get a homogeneous suspension.
Next, 300 mg of Na,MoO, - 2H,0O was added into the
above GO aqueous solution with stirring for another
2 h at room temperature. Then, the solution was adjusted
to a pH of 6.5 with 0.1 M NaOH. 800 mg of L-cysteine was
dissolved in 80 mL deionized water and then transferred
into a 100 mL Teflon-lined stainless steel autoclave and
heated at 240°C for 24 h. The resulting black precipitates
were collected by centrifugation and were washed by
deionized water and ethanol for three times. The collected
powders were dried in a vacuum oven at 80°C for
24 h. The dried powders were annealed at 800°C for
2 h with a heating rate of 5°C/min in a stream of 10%
hydrogen in nitrogen flowing at 200 sccm to carbonize
the polydopamine and crystallize MoS,. Finally, the ob-
tained graphene/MoS, heterostructure with a 1:1 molar
ratio of MoS, to graphene was designated.

Figure 1(a) displays the typical scanning electron micro-
scope (SEM) image of the as-prepared graphene/MoS,
heterostructure sample. It is obvious that large scale
MoS, nanosheets with lateral dimensions are well sup-
ported on the graphene platform. To further characterize
the structure of the sample, X-ray diffraction (XRD)
and Raman spectroscopy measurements were performed.
Figure 1(b) shows the typical XRD pattern of the
as-prepared graphene/MoS, heterostructure sample, in
which the diffraction lines can be readily indexed to
those of the 2H-MoS, phase (JCPDF card No. 37-1492).
The consistency between them confirms the existence of
MoS, in the composite. Diffraction signals of graphene
can hardly be discerned in the present XRD pattern of
the graphene/MoS, heterostructure due to the weak
diffraction intensity and low crystallinity of graphene.
However, graphene in the composite can be identified
by the Raman spectrum, as shown in Fig. 1(c). Two strong
peaks located at 1353 and 1602cm™, which can be
indexed to the D band and G band of graphene, are char-
acteristic Raman signals of graphene. Additionally, the in-
plane Mo-S phonon mode (E%g), out-of-plane Mo-S mode
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Fig. 1. Characterizations of the graphene/MoS, heterostruc-
ture. (a) SEM image, (b) XRD pattern, and (¢) Raman spectrum
of the graphene/MoS, heterostructure sample. (d) The measured
nonlinear power-dependent reflectivity of the graphene/MoS,
heterostructure modulator.

(Ay,), and second-order Raman scattering 2LA(M) are
also observed at 380, 407, and 460 cm ™!, respectively.

In order to construct the graphene/MoS, heterostruc-
ture modulator, the as-prepared graphene/MoS, hetero-
structure sample was transferred onto a gold mirror
(reflectivity >95% at ~2.8 pm). We would like to mention
that the gold mirror acting as a substrate can ensure
efficient heat removal of the modulator since it has good
heat conducting properties. Based on a balanced twin-
detector measurement technique with a home-built opti-
cal parametric oscillator at around 2.8 pm acting as
a pump source, the nonlinear absorption of the con-
structed graphene/MoS, heterostructure modulator was
measured. Figure 1(d) shows the measured nonlinear
power-dependent reflectivity of the graphene/MoS, heter-
ostructure modulator. By fitting the data with the
formula,

R(I) =1- o - exp(_]/lsat) — Oy (1)

where R is the reflectivity, a, is the modulation depth, I is
the incident pulse energy, I, is the saturable energy den-
sity, and a,, is the nonsaturable loss, one can obtain the
modulation depth, saturable energy density, and nonsa-
turable loss, which are about 22%, 1.1 mJ/cm?, and
38.7%, respectively. The larger modulation depth and
larger saturable energy density compared to graphene in-
dicate that graphene/MoS, heterostructure modulator
has greater potential for obtaining stable and high-energy
pulsed lasers.

The schematic diagram of our constructed graphene/MoS,
heterostructure modulator @-switched Er®*-doped ZBLAN
fiber laser is depicted in Fig. 2. A commercially available
40 W fiber-coupled laser diode operating at 975 nm
with a core diameter of 105 pm and a numerical aperture
(NA) of 0.22 was employed to pump the gain fiber.
The pump beam was collimated by a lens L1 (N-BK7,
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Fig. 2. Experimental setup of the graphene/MoS, heterostruc-
ture @-switched Er®*-doped ZBLAN fiber laser. G/MoS,,
graphene/MoS, heterostructure.

coating-B, f = 25.4 mm) and focused by another lens 1.2
(CaF,, uncoated, f = 50 mm), with the spot diameter of
about 207 pm on the fiber end face. The gain fiber is a
3 m double clad Er**-doped ZBLAN fiber (FiberLabs,
Japan) with the dopant concentration of 6 mol. %
and has a core diameter of 32 pm with a NA of 0.12.
The first cladding configuration of the fiber is octagonal
with a diameter of 300 pm across the circular cross sec-
tion, and a NA of >0.5 to guarantee efficient pump cou-
pling. The second cladding diameter of the fiber is
425 pm. The intrinsic loss of the fiber at 980 nm is
3-4 dB/m. One fiber end at the pump incident side
was perpendicular-cleaved, and its facet functioned as
an output coupler with the aid of 4% Fresnel reflection.
The other end of the fiber was cleaved at an angle of 8°
to avoid parasitic lasing. The intracavity laser was
collimated by a lens L3 (CaF,, uncoated, f = 20 mm)
and focused by another lens L4 (CaF,, uncoated,
f =254 mm) with a spot diameter of about 207 pm
on the graphene/MoS, heterostructure modulator.
The output laser beam is separated from the pump beam
by a 45° placed dichroic mirror M1 (high reflectivity at
the lasing wavelength of 2.8 pm and high transmission at
the pump wavelength of 975 nm). To ensure efficient
heat removal, both ends of the fiber were mounted in
a V-groove engraved aluminum heat sink. The output
pulse trains were recorded by a 500 MHz digital oscillo-
scope (Tektronix, DP03054) together with an infrared
InAs detector with a rise time of ~3 ns. The output spec-
tra were monitored by a high-resolution monochromator
(Princeton, Acton SP2300). The signal-to-noise ratio
(SNR) was analyzed by a radio-frequency (RF) spectral
analyzer (Agilent, N9322C).

When the incident pump power was lower than 1.9 W,
the Q-S was chaotic. Beyond this value, it shifted to a sta-
ble Q-S regime. In order to confirm that the @-switched
operation actually resulted from the modulation of the
graphene/MoS, heterostructure modulator, we deliber-
ately substituted the graphene/MoS, heterostructure
modulator with a pure gold mirror, and no self-Q-S was
observed. Figure 3 shows the recorded oscilloscope traces
under different incident pump powers. As shown in Fig. 3,
one can see the pulse repetition rate became gradually
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Fig. 3. Oscilloscope traces of the Q-switched pulses with differ-
ent incident powers. (a), (b), (c), and (d) with an incident pump
power of 1.9, 2.7, 3.4, and 4.1 W, respectively.

larger, as the incident pump power increased. This typical
feature of passive Q-S further verifies the role of the
graphene/MoS, heterostructure modulator.

The specific pulse width and pulse repetition rate
with respect to the incident pump power are shown in
Fig. 4(a). The pulse width decreased from 3.0 ps at an in-
cident pump power of 1.9 W to 1.9 ps at an incident pump
power of 4.1 W, while the corresponding repetition rate
increased from 23 to 45 kHz. Figure 4(b) shows the aver-
age output power and per-pulse energy versus incident
pump power. At an incident pump power of 4.1 W, the
average output power reached up to 100 mW with the cor-
responding per-pulse energy of 2.2 pJ and the optical-
optical conversion efficiency of 2.4%. The low efficiency
could be attributed to the large insert loss of the
graphene/MoS, heterostructure modulator. At an aver-
age output power of 100 mW, the graphene/MoS, heter-
ostructure modulator @-switched Er®*-doped ZBLAN
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Fig. 4. Output characteristics of the graphene/MoS, hetero-
structure Q-switched Er**-doped ZBLAN fiber laser. (a) Pulse
width and pulse repetition rate and (b) output power and
per-pulse energy versus incident pump power; (c) output spec-
trum and (d) RF spectrum at the average output power of
100 mW.
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fiber laser operated at a 2791 nm wavelength with the
SNR of 33 dB, as shown in Figs. 4(c) and 4(d), respec-
tively. The large SNR indicates that the laser operated
in a stable Q-S regime. We would like to mention that op-
tical damage of the graphene/MoS, heterostructure satu-
rable absorber (SA) was observed when the incident pump
power was beyond 4.1 W.

In conclusion, nonlinear absorption parameters of
the graphene/MoS, heterostructure and its application
for an optical modulator in the mid-infrared region are
reported. Nonlinear absorption measurement indicates
that the constructed graphene/MoS, heterostructure
modulator has a large modulation depth of ~22% and a
large saturable energy density of ~1.1 mJ/cm?, which
are beneficial to obtaining stable and high-energy pulsed
lasers. Using the graphene/MoS, heterostructure as an
optical modulator, stable passively @-switched operation
of the Er**-doped ZBLAN fiber laser at ~2.8 pm with an
SNR of 33 dB was achieved. At an incident pump power of
4.1 W, the @Q-switched Er**-doped ZBLAN fiber laser
yielded per-pulse energy of 2.2 pJ with the corresponding
pulse width and pulse repetition rate of 1.9 ps and 45 kHz,
respectively. These results show the potential of the
graphene/MoS, heterostructure for pulsed lasers in the
mid-infrared spectral range.
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