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The pulse energy in the ultrafast soliton fiber laser oscillators is usually limited by the well-known wave-breaking
phenomenon owing to the absence of a desirable real saturable absorber (SA) with high power tolerance and large
modulation depth. Here, we report a type of microfiber-based MoTe, SA fabricated by the magnetron-
sputtering deposition (MSD) method. High-energy wave-breaking free soliton pulses were generated with pulse
duration/pulse energy/average output power of 229 fs/2.14 nJ/57 mW in the 1.5 pm regime and 1.3 ps/13.8 nJ/
212 mW in the 2 pm regime, respectively. To our knowledge, the generated soliton pulses at 1.5 pm had the
shortest pulse duration and the highest output power among the reported erbium-doped fiber lasers mode locked
by transition metal dichalcogenides. Moreover, this was the first demonstration of a MoTe,-based SA in fiber
lasers in the 2 pum regime, and the pulse energy/output power are the highest in the reported thulium-doped fiber
lasers mode locked by two-dimensional materials. Our results suggest that a microfiber-based MoTe, SA could be
used as an excellent photonic device for ultrafast pulse generation, and the MSD technique opens a promising
route to produce a high-performance SA with high power tolerance and large modulation depth, which are

beneficial for high-energy wave-breaking free pulse generation. © 2018 Chinese Laser Press

OCIS codes: (140.3510) Lasers, fiber; (140.4050) Mode-locked lasers; (140.7090) Ultrafast lasers; (160.4330) Nonlinear optical
materials.
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1. INTRODUCTION

High-power ultrafast pulses at 1.5 pm and 2 pm have attracted
enormous attention in recent years because of their many im-
portant applications in materials processing, micromachining,
medicine, metrology, and nonlinear optical conversion [1].
However, the energy of ultrafast pulses is generally limited
by optical wave breaking, which is a consequence of excessive
nonlinearity [2]. It has been demonstrated that a saturable
absorber (SA) with a large modulation depth could suppress

Among these SAs, TMDs possess outstanding position with
the superior properties of non-zero band gap and layer-
dependent third-order optical nonlinearity. MoTe,, a new
member of the TMDs, has a smaller direct band gap of about
1.1 eV (indirect gap of 1.0 eV in its bulk form) [22] compared
with other TMDs (e.g., the direct band gaps of monolayer
WS,, MoS,, WSe,, and MoSe, are 2.1, 1.8, 1.65, and 1.57 €V,
respectively) [1,23], making the MoTe,-based SA more suit-
able in the near-infrared wavelength regime. Most recently,

the wave-breaking effect and support ultrafast pulse generation
with higher single pulse energy [3]. Therefore, an excellent SA
with high power tolerance and large modulation depth was de-
sired to realize high-power ultrafast pulse generation. Recently,
different kinds of materials [e.g., carbon nanotubes, graphene,
topological insulators, transition metal dichalcogenides (TMDs),
and black phosphorus] [4-21] have been utilized as SAs.

2327-9125/18/060535-07 Journal © 2018 Chinese Laser Press

Mao et al. reported the nonlinear optical properties of few-layer
MoTe, fabricated by a liquid exfoliation method, and achieved
soliton mode-locking operations in an erbium-doped fiber
(EDF) laser with pulse duration of 1.2 ps [17]. Bulk-structured
WTe, microflakes as another counterpart were also demon-
strated as a fast mode locker to achieve soliton pulse generation
with pulse duration of 770 fs in the 1.5 pm regime [11].
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Unfortunately, because the modulation depths of the SAs were
1.8% and 2.85% in the above two works, the reported output
powers of the soliton pulses were limited to a small level of
0.04 mW. From this viewpoint, it is still challenging as to
how to achieve high-energy soliton pulse generation by the
state-of-the-art nanomaterial-based SAs.

In this paper, aiming to generate high-energy soliton pulses,
we fabricated a type of MoTe, SA with high power tolerance
and large modulation depth by the magnetron-sputtering
deposition (MSD) method. The deposited MoTe, film covered
tightly over the microfiber with a length of up to several cen-
timeters. As a result, it could provide strong modulation of light
in the laser cavity via evanescent wave interaction even at a
high-power level, which is in favor of generating a high-energy
pulse. The modulation depth of the MoTe, SA was measured
to be 25.5% at 1.5 pm and 22.1% at 2 pm, respectively. By
inserting the SA into the EDF and thulium-doped fiber (TDF)
laser cavities, high-energy soliton pulses were demonstrated
with pulse duration/pulse energy/average power of 229 fs/
2.14 nJ/57 mW at 1.5 pm and 1.3 ps/13.8 nJ/212 mW at
2 pm, respectively. To our knowledge, the generated soliton
pulses at 1.5 pm had the shortest pulse duration and the highest
output power among the reported EDF lasers mode locked by
TMDs. Moreover, this was the first demonstration of a
MoTe,-based SA in fiber lasers in the 2 pm regime, and the
pulse energy and the output power are the highest in the
reported TDF lasers mode locked by two-dimensional (2D)

materials.

2. FABRICATION AND CHARACTERIZATION

The preparation process of the microfiber-based MoTe, SA is
briefly explained as follows. First, the microfibers with effective
fused zone length of about 1 cm and waist diameter of about
20 pm were obtained by stretching single-mode fibers (SMF-
28¢) on a taper drawing machine. Then, MoTe, film was
deposited onto the waist of the microfibers by MSD technique.
In brief, the microfibers and the MoTe, target with purity of
99.99% were placed into the vacuum chamber. The vacuum
degree was pulled to 9 x 1074 Pa by using a vacuum pump.
After that, ionized Ar was excited to bombard the MoTe, tar-
get. The inspired MoTe, plasma plume was then deposited
onto the microfibers gradually. During the depositing process,
the microfibers were rotated with the speed of 20 r/min to
ensure the uniformity of MoTe, film around the waist of
the microfiber. The scanning electron microscopy (SEM) im-
age of the as-prepared MoTe, SA was shown in Fig. 1(a). It can
be seen that a compact layer of MoTe, film was indeed grown
onto the whole microfiber. The SEM image of the cross section
of the microfiber shown in Fig. 1(b) was utilized to detect the
exact thickness and surface morphology of the MoTe, film
coated on the microfiber. The magnified SEM image in the
inset revealed that the thickness of the as-prepared MoTe, film
was about 11.6 nm. The MoTe,-coated areas were clearly seen
from the scattered light by guiding a 650 nm visible light
through the microfiber, as shown in Figs. 1(c) and 1(d).
Figure 1(e) shows the field intensity of the guided mode in
the microfiber. It can be seen that the energy has penetrated
into the cladding in this case, which could efficiently decrease

Fig. 1. (a) SEM image for microfiber coated with MoTe, film.
(b) SEM image of the cross section of microfiber. The inset is a mag-
nified SEM image. Optical microscope images of the waist region of
sample (c) without and (d) with the guiding red light. (e) Field inten-
sity of the guided mode in the microfiber.

average nonlinearity and is helpful for matter—light interaction
through the evanescent wave-coupling effect.

X-ray photoelectron spectroscopy (XPS) was measured with
an in situ XPS device (PHI 5000 VersaProbe II) to analyze the
elemental composition and the bonding types of the prepared
MoTe, film. Figure 2 presents XPS analysis of the MoTe,. All
spectra were calibrated by using the C 1s peak at 284.6 ¢V as a
reference. Figure 2(a) shows the full spectrum of MoTe, film.
As shown in Figs. 2(b) and 2(c), for the high-resolution Mo 3d
and Te 3d spectra, the prominent Mo 3ds/,, Mo 3ds),,
Te 3ds/,, and Te 3d;/, peaks appeared at 228.49, 231.87,
573.25, and 583.62 eV, respectively. The weak peaks of
232.99 eV and 236.12 ¢V in Fig. 2(b) correspond to Mo-O
bonds, and 576.99 ¢V and 587.37 ¢V in Fig. 2(c) correspond
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Fig. 2. (a) XPS spectrum of MoTe;, film. (b) XPS core level spec-
trum of Mo 3d. (c) XPS core level spectrum of Te 3d.
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to the Te-O bonds, respectively. The small shoulder peaks of
Mo-O and Te-O may come from the oxidation products
of MoTe, [24]. In this case, the small shoulder peaks indicated
that the surface of the MoTe, film was slightly oxidized due to
its air-sensitive properties and exposure to air [24]. The
observed binding energies agree with the values measured over
the years for the binding energies of Te 3d and Mo 3d [24,25].
The XPS spectra revealed the existence of Mo and Te core elec-
tron peaks, indicating that MoTe, film was indeed deposited
on the microfiber.

In order to investigate the linear transmission of MoTe,
film, the MoTe, film was also prepared with the same grown
conditions as the one fabricated on the microfiber. The linear
transmission of the prepared MoTe, film grown on Al,O;
substrate was measured from 1000 nm to 2000 nm with a
spectrometer (Lambda 950). As shown in Fig. 3(a), it had
an average transmission of 73.4%@1550 nm and 77.6%
@1900 nm. The linear transmissions of the fabricated absorber
were also measured to be ~29.3% at 1550 nm and ~24.2% at
1900 nm by using the homemade amplified spontaneous emis-
sion (ASE) of Er-doped gain fiber and Tm-doped gain fiber,
respectively. The nonlinear optical absorption properties of
microfiber-based MoTe, SA were measured by using home-
made mode-locked fiber lasers with central wavelengths of
1572.4 nm (pulse duration: 642 fs, fundamental frequency:
50.12 MHz) and 1915.5 nm (pulse duration: 1.25 ps, funda-
mental frequency: 18.72 MHz), respectively. The nonlinear
saturable absorption curves are shown in Fig. 3(b). In our ex-
periment, the microfiber-based MoTe, SA exhibited remark-
able nonlinear properties. At 1572.4 nm, the modulation
depth (a,), nonsaturable loss (a,,), and saturable intensity
(I) were 25.5%, 19.1%, and 9.6 MW /cm?, respectively.
At 1915.5 nm, «,, a,, and [, were 22.1%, 21.3%, and
12.3 MW /cm?, respectively. The results indicated that the
nonsaturable loss at 2 pm was slightly higher than that at
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Fig. 3. (a) Linear transmission of MoTe, film. (b) Saturable

absorption properties of the MoTe, SA. (c) Normalized open-aperture

Z-scan traces with the excitation powers of 0.4, 0.6, and 0.86 mW,

respectively. (d) Pump—probe measurement of the carrier lifetime of

MoTe,.

1.5 pm, which was caused by higher transmission loss in silica
fiber at 2 pm. The modulation depths obtained at both
1572.4 nm and 1915.5 nm were about one order of magnitude
larger than that of previous MoTe,-based SAs [17]. The rela-
tively large modulation depth of our microfiber-based MoTe,
SA was mainly attributed to the long interaction length
between the microfiber and MoTe, film. The open-aperture
(OA) Z-scan technique was also carried out at 800 nm to
investigate the broadband saturable absorption properties of
MoTe, film. The Z-scan setup was based on a femtosecond
optical parametric amplifier (OPA) that was pumped by a
Ti:sapphire amplifier system. The excitation pulse duration
was 100 fs with the repetition rate of 1 kHz. Figure 3(c)
presents normalized OA Z-scan curves with the excitation
powers of 0.4, 0.6, and 0.86 mW, respectively. The inten-
sity-dependent transmission of the MoTe, film was clearly ob-
served, demonstrating the effective saturable absorption of
MoTe, film at 800 nm. Furthermore, pump—probe spectros-
copy was also used to investigate its temporal dynamics. The
excitation pulses were also from the OPA system used in the
Z-scan setup. Using 400 nm degenerate pump—probe measure-
ments, Fig. 3(d) showed the relationship between the pump-
induced change of probe transmission (A7) and the delay time.
Its dynamic relaxation process exhibited an exponential decay.
The process was fitted by exponential decay function of
y = A exp[-(x - x¢) /7] + 3, where 7 represents the fast relax-
ation time during dynamic relaxation. The recovery time was
calculated to be about 5 ps, showing the ultrafast response of
the MoTe, film.

The MoTe, film was examined by X-ray diffraction (XRD)
to estimate its quality. The XRD patterns were obtained by
using an X'Pert Pro X-ray diffractometer (Cu Ko radiation,
wavelength 1.5406 A, 1 A =0.1 nm) with an operation po-
tential of 40 kV and a current of 40 mA. As shown in Fig. 4(a),
the XRD pattern of the as-prepared sample showed only peaks
of pure MoTe,. The peaks in the XRD pattern were assigned
according to the Joint Committee on Powder Diffraction

Standards (JCPDS) reference No. 73-1650 [26] with a space
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Fig. 4. (a) XRD patterns of MoTe, film. The inset shows the film
quality with the scale bar of 400 nm. The SEM images with test energy
densities of (b) 5.7 mJ/cm? and (c) 10.8 m]/cm?, respectively.
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group of P63 /mmec (194). All of the observed strong and sharp
peaks can be readily indexed to hexagonal a-MoTe, with lattice
constants of 2 =352 A, b=352A, and ¢=13.97 A,
respectively [27]. Also, the relatively higher intensity of the
(002) peak was a signature of a well-stacked layered structure
[28]. The inset shows the corresponding film quality with the
scale bar of 400 nm. The scratch on the film was used to dis-
tinguish the MoTe, and the substrate. The continuous and
smooth surface indicated that highly uniform MoTe, film with
large areas was grown by the MSD technique. The laser-
induced damage threshold for MoTe, film was measured by
irradiating MoTe, film grown on the Al,O; substrate with
the same 800 nm light source as used in the Z-scan setup.
The test power was changed from 0 mJ/cm? to 10.8 mJ/cm?.
The damaged parts were marked with red dashed circles, as
shown in Figs. 4(b) and 4(c). The optical damage of the
MoTe, film appeared when the test power was 5.7 mJ/cm?,
about one order of magnitude higher than that of semiconduc-
tor saturable absorber mirrors (SESAMs) (500 pJ/cm?) [14].
The MoTe, film was completely damaged when the test power
reached 10.8 mJ/cm?.

3. SCHEMATIC OF PASSIVELY MODE-LOCKED
FIBER LASERS

The experiment setup schematic is shown in Fig. 5. For the
EDF laser, a commercial 980 nm laser diode (LD) with the
maximum output power of 400 mW was chosen as a pump
source. A 980/1550 nm wavelength division multiplexing
(WDM) coupler was used to couple the pump light into
the cavity, in which a 1.5-m-long EDF [Fibercore, 1-25
(980/125)] was used as the gain medium. The total cavity
length was about 9.3 m. For the TDF laser, a 1550/2000 nm
WDM coupler was utilized to deliver the pump light emitted
by a commercial 1550 nm LD with the maximum output
power of 1.4 W into the laser cavity. A piece of 3.2 m TDF
(Nufern, SM-TSF-9/125) was used, and the total cavity length
was about 11 m. In both fiber laser oscillators, the output cou-
pler (OC) has a large splitting ratio of 50/50. It is in favor of
extracting a large part of light out from the cavity. A polariza-
tion controller (PC) was used to adjust the state of the polari-
zation of the oscillating beam within the cavity, and a
polarization insensitive optical isolator (PI-ISO) was used to
prevent back reflection in the cavity and ensure unidirectional
laser operation. All components were polarization independent
to avoid the self-started mode-locking operation induced by

Pump Source

1 W
Medium PLIso

Fig. 5. Schematic of the passively mode-locked erbium- or
thulium-doped fiber laser.
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nonlinear polarization evolution (NPE). It should be noted that
in both fiber laser oscillators, the direction of the operating laser
was opposite to that of the pump laser so as to avoid the output
of residual pump power.

The characteristics of the output light were measured by an
optical spectrum analyzer (Yokogawa AQG6370 for 1.5 pm,
Yokogawa AQG6375B for 2 pm) and an oscilloscope (Rohde
and Schwarzr RT'02024) with a photo detector (EOT ET-
3500F for 1.5 pm, EOT ET-5000F for 2 pm), respectively.
A radio frequency (RF) spectrum analyzer (Rohde and
Schwarzr FSV13) was employed to record the RF spectrum.
In addition, the pulse duration was measured by using a com-
mercial autocorrelator (APE Pulsecheck).

4. EXPERIMENTAL RESULTS AND DISCUSSION

For our EDF laser, the self-starting mode-locking operation was
observed when the pump power reached 40 mW. The mode-
locking operation was stably maintained as we increased the
pump power gradually. The maximum average output power
was 57 mW at the pump power of 400 mW. The relationship
between the pump power and output power is presented in
Fig. 6(a). The output power kept a nearly linear increase with
the slope of 15.4% when the pump power reached the
maximum. The mode-locking performances were characterized
at the maximum pump power of 400 mW. Figure 6(b) shows
the typical spectrum of mode locking centered at 1559.57 nm
with a 3 dB spectral bandwidth of 11.76 nm. The presence of
Kelly sidebands on the spectrum confirmed that the mode-
locked laser was operating in the soliton regime. The image
in Fig. 6(c) shows the RF spectrum with a resolution of
10 Hz. The fundamental repetition rate was 26.601 MHz with
a signal-to-noise ratio (SNR) of 93 dB, which was well matched
with the cavity roundtrip time. The corresponding pulse energy
is 2.14 n]. The inset shows the RF spectrum with 1 GHz span
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Fig. 6. Mode-locking pulse output characterizations for the EDF
laser. (a) Relationship between the pump power and laser output
power. (b) Optical spectrum with the bandwidth of 11.76 nm.
() Radio frequency spectrum at fundamental frequency of
26.601 MHz with 10 Hz resolution. The inset is the RF spectrum
of 1 GHz span. (d) Autocorrelation trace for output pulse with a pulse
duration of 229 fs with sech? fit. The inset shows the autocorrelation
trace with a large range of 50 ps.
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under a resolution of 500 Hz, indicating the low fluctuations
and the high stability of mode-locked pulse operation. The
autocorrelation trace of the mode-locked pulses is shown in
Fig. 6(d). The pulse duration was measured to be 229 fs.
The time-bandwidth product (TBP) was calculated to be
0.332. To our knowledge, this is the shortest soliton pulse
duration and highest output power among the reported values
by TMDs-based SAs.

For the TDF laser, the self-starting mode-locking operation
appeared at the pump power of 320 mW. As the pump power
increased, the mode-locking operation remained stable even at
the maximum pump power of 1.4 W. Figure 7(a) shows the
power characteristic curve. The output power kept a nearly lin-
ear increase with the slope of 18.67%, and the maximum aver-
age output power was measured to be 212 mW. Figure 7(b)
shows the typical output spectrum at the pump power of
1.4 W. The spectrum is centered at 1934.85 nm with a
3 dB spectral bandwidth of 3.2 nm. It is noted that the laser
still operated in the soliton regime because clear Kelly sidebands
were observed in the spectrum. Figure 7(c) shows the RF spec-
trum with a resolution of 10 Hz. The fundamental repetition
rate was located at 15.37 MHz with an SNR of 84 dB, and the
corresponding pulse energy was 13.8 nJ. The pulse duration,
shown in Fig. 7(d), was measured to be 1.3 ps with a TBP value
of 0.333. The pulse width was relatively bigger than that
obtained in the EDF laser system. It can be attributed to
the negative dispersion caused by both TDF (-86.8 ps®/km
at 1990 nm) and SMF (-80 ps?/km at 1990 nm). The total
group velocity dispersion was calculated to be about 0.9 ps?,
which was much larger than that in the EDF laser system.

To check the influence of the SA in our laser cavities, we
replaced it by another uncoated microfiber of the same size.
In that case, the mode-locking behavior could not be observed,
even though the PC and the pump power were adjusted
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Fig. 7. Mode-locking pulse output characterizations for the TDF
laser. (a) Relationship between the pump power and laser output
power. (b) Optical spectrum with the bandwidth of 3.2 nm. (c) Radio
frequency spectrum at fundamental frequency of 15.37 MHz with
10 Hz resolution. The inset is the RF spectrum of 1 GHz span.
(d) Autocorrelation trace for output pulse with a pulse duration of
1.3 ps with sech? fit. The inset shows the autocorrelation trace with
a large range of 50 ps.
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carefully. It indicated that the MoTe,-SA was responsible for
the mode-locked operation.

It is worth mentioning that the soliton pulse wave-breaking
phenomenon did not appear in either the 1.5 pm or 2 pm re-
gime. Once the mode-locking behavior was self-starting, the
laser operation was stably fixed at the fundamental frequency.
The insets in Figs. 6(d) and 7(d) show the measured autocor-
relation traces in a large range of 50 ps. No redundant pulse was
observed, confirming that no wave-breaking phenomenon ap-
peared in this process. Moreover, the output spectra in a large
range were also measured for the two laser oscillators, and no
signal was observed at the pump wavelength of 980 nm or
1550 nm. It indicated that there was no output of residual
pump power for the two lasers. With the above check, the
accuracy of the soliton pulse energy can be guaranteed in
our experiment.

As we all know, nonlinear effects will cause wave breaking
at higher energies, which leads to multiple pulse operation.
According to the soliton area theorem [29], the soliton energy
is inversely proportional to the average nonlinearity of a laser
cavity. Compared to other reported soliton lasers by 2D mate-
rials, our laser oscillators demonstrate a great improvement of
the soliton pulse energy. The high soliton energy obtained in
our systems could be illustrated as follows. (i) The microfiber-
based MoTe, SA with evanescent wave interaction can avoid
the transmission of light through the SA material directly,
which is attractive for high power tolerance. The damage
threshold of the MoTe, film is as high as 5.7 mJ/cm? by
the direct focus of high-energy testing pulses onto the film.
Considering that the interaction between the light and
MoTe, film is in a manner of evanescent wave interaction,
the damage threshold of the MoTe, SA is expected at a higher
level. Also, since the light modulation behavior appears along
the whole tapered region of the microfiber, the SA would pro-
vide sufficient modulation on the lasing light in the cavity even
at a high pump level. (ii) The low-doped EDF (absorption co-
efficient of 25 dB/m@980 nm) and TDF (absorption coeffi-
cient of 10 dB/m@1560 nm) in the experiment have large
core diameters and reduced refractive indices, which are critical
factors to decrease the nonlinearity in a laser cavity. (iii) The
usage of the OC with high splitting ratio (50/50) in both laser
cavities could also effectively reduce the intracavity nonlinearity
and increase the output soliton pulse energy. It is believed
that the soliton pulse energy could be further improved by op-
timizing the laser cavity design and the MoTe,-SA properties.

For the SMFs operated in the 1.5 pm and 2 pm regimes, the
latter one has a larger fundamental mode area and possesses
smaller nonlinearity value [18]. Besides that, the soliton energy
is proportional to the absolute value of average cavity dispersion
according to the soliton area theorem [29]. The average cavity
dispersion in the TDF laser (0.9 ps?) was much larger than
that in the EDF laser (-0.12 ps?). As a result, the mode-locked
fiber lasers at 2 pm could support a higher energy soliton pulse
than that obtained in the 1.5 pm fiber laser.

It is worth noting that MoTe, exhibited broadband satu-
rable absorption at 1.5 pm (0.83 ¢V) and 2 pm (0.62 eV),
although the photon energies were lower than its direct band
gap of 1.1 eV [22]. The sub-band gap saturable absorption at
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0.83 ¢V and 0.62 €V could be interpreted with the defect-state
theory, which has been experimentally and theoretically dem-
onstrated in other TMD nanoflakes [30,31]. For example, the
broadband saturable absorption of WSe, has been demon-
strated with the introduction of the tungsten defects [30].
The introduction of such defects in these TMDs could
significantly reduce their band gaps, which are beneficial to
broadband saturable absorption. In view of similar lattice struc-
tures and photonic properties for these TMDs, sub-band gap
saturable absorption of MoTe, could be inferred similarly from
that of WSe, [30] and MoS, [31], reported previously.

5. CONCLUSION

In conclusion, aiming to enhance the soliton pulse energy, we
prepared a type of MoTe, SA with the ability of large modu-
lation on light and high damage threshold. By applying the
SA into the laser oscillators, high-energy soliton pulses were
demonstrated with pulse duration/pulse energy/output power
of 229 fs/2.14 nJ/57 mW in the 1.5 pm regime and 1.3 ps/
13.8 nJ/212 mW in the 2 pm regime, respectively. To our
knowledge, the generated soliton pulses at 1.5 pm had the
shortest pulse duration and the highest output power among
the reported mode-locked EDF lasers by TMDs. Moreover,
the MoTe,-based SA was first applied in fiber lasers in the
2 pm regime, and achieved the highest output energy of
13.8 n] among the reported mode-locked TDF lasers by 2D
materials. Our results suggest that a microfiber-based MoTe,
SA could be used as an excellent photonic device for ultrafast
pulse generation, and the MSD technique opens a promising
route to produce high-performance SAs with large modulation
depth and high power tolerance, which are beneficial for high-
energy wave-breaking free pulse generation.
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