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Dark solitons, which have good stability, long transmission distance and strong anti-interference ability.
By using a coprecipitation method, the high quality indium tin oxide (ITO) were prepared with an
average diameter of 34.1 nm. We used a typical Z-scan scheme involving a balanced twin-detector
measurement system to investigated nonlinear optical properties of the ITO nanoparticles. The satura-
tion intensity and modulation depths are 13.21 MW/cm? and 0.48%, respectively. In an erbium-doped

fiber (EDF) lasers, we using the ITO nanoparticles as saturable absorber (SA), and the formation of
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dark soliton is experimentally demonstrated. The generated dark solitons are centered at the wavelength
of 1561.1 nm with a repetition rate of 22.06 MHz. Besides, the pulse width and pulse-to-pulse interval of
the dark solitons is ~1.33ns and 45.11 ns, respectively. These results indicate that the ITO nanoparticles is
a promising nanomaterial for ultrafast photonics.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In nonlinear systems, solitons can be divided into bright and
dark ones [1]. The formation of dark solitons is the same as that of
bright solitons, which is an intrinsic feature of the nonlinear light
propagation in the normal dispersion regimes [2,3]. Recently, dark
solitons as a unique optical phenomenon are widely investigated in
nonlinear and ultra-fast optics [4—10]. Compared with the bright
solitons, dark solitons have many advantages, such as high stability,
long transmission distance, small time jitter and strong anti-
interference ability [11]. Thus, dark soliton pulses have wide
application potential in the fields of precision measurement, all-
optical nonlinear communication and nonlinear optics [12—16].

Dark solitons formed in the erbium-doped fiber (EDF) laser were
obtained in Ref. [17] firstly, since then, researchers have explored
different saturable absorbers (SAs) based on various nanomaterials
for generating dark solitons in the EDF laser. For example, Wei et al.
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demonstrated dark solitons with WS,-based SAs in the EDF fiber
laser [18]; Liu et al. observed dark solitons in EDF lasers based on
SbyTe; saturable absorbers [19]; Zhao et al. indicated that the
generation of L-band bright and dark pulses can be achieved within
a graphene-oxide (GO) mode-locked EDF laser [20]. However, all of
these 2D materials have an inefficient light-matter interaction. This
becomes their bottleneck in the application of the optoelectronic
devices [21]. Therefore, a new SAs with strong light-matter inter-
action, broad saturable absorption region, ultrafast recovery time
and cost-effective fabrication for generation of dark solitons pulses
is highly desirable and yet to be developed. By analyzing the recent
developments on different SAs based on 2D semiconductors, gra-
phene and zero-gap materials of semimetals and topological
insulator, we can refer to the stable sequence below to select the
SAs: oxide plasmonic nanocrystals > graphene, transition metal
dichalcogenides (TMDs) > black phosphorus (BP) and other metal
compounds (selenide, telluride, etc.) [22]. Oxide plasmonic nano-
crystals will become promising nanomaterials because of their
unique properties, such as efficient light-matter interaction,
excellent optical nonlinearity, outstanding plasmonic absorption
characteristic and mature preparation process [23,24]. So, using
oxide plasmonic nanocrystals as SAs is the ideal choice for the
formation of dark solitons.
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In our work, indium tin oxide (ITO) as one of oxide plasmonic
nanocrystals was employed for dark solitons. To our knowledge,
this is the first demonstration that the ITO nanoparticles are used as
SAs for dark solitons pulses generation. There are three reasons for
using the ITO nanoparticles as SAs. First, the conductive oxides has
a lower carrier density, so the plasmonic absorption of ITO in the
near infrared region (NIR) has a strong peak and a broad bandwidth
[25]. Second, the peak of the plasmonic absorption can be adjusted
from 1600 to 2200 nm by changing the concentration of tin doped
in ITO [26]. This characteristic endow the ITO an even broader
saturable absorption region. Third, recent studies have showed that
thin films of the ITO demonstrate large optical nonlinearity. Be-
sides, they report that the ITO have a ultrafast recovery time of
about 360 fs [24]. High quality ITO nanoparticles with an average
diameter of 34.1 nm was prepared by using a coprecipitation

method. By directly dropping ITO colloidal liquid between two fiber
connectors in EDF lasers, the dark soliton formation is experi-
mentally demonstrated. A series of optical spectra of dark solitons
pulses based the ITO SAs are presented. These results will make
great significance for further studies of dark soliton. In addition,
this study shows that the ITO is a promising candidate for the ul-
trafast photonics.

2. Experimental step
2.1. Preparation of ITO nanoparticles
Nanocrystalline ITO powders were obtained by using a copre-

cipitation method. First, by adding indium into the sulfuric acid, the
Iny(S04)3 solution was obtained. And then the Iny(SO4)s3 solution
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Fig. 2. (a) TEM image of the ITO nanoparticles. (b) The particle size distribution of the ITO nanoparticles from the TEM image. (c) HRTEM image of the ITO nanoparticles. (d)

Absorption spectrum of the ITO dispersion solution.
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and the SnCly solution were mixed at In,03/Sn0O, = 9/1 (mass ratio)
and reacted at a constant temperature of 70 °C. The pH value of the
mixed solution is kept at 7 by adding 2 mol/L NaOH solution under
high speed stirring. Continue stirring for 30 min so that the
chemical reaction is complete. Finally, through a series of processes,
such as filtration, washing, drying, calcination, and grinding, the
coprecipitation precursor become ITO nanoparticles.

2.2. Fabrication of ITO SAs

The diagram of the fabrication of ITO SAs is shown in Fig. 1. First,
in order to obtain the ITO dispersion solution, 0.012g ITO

nanoparticles were added to 50 ml deionized water with ultrasonic
treatment for 3 h. Second, the 100 ml of 10% polyvinyl alcohol (PVA)
solution was added to the ITO dispersion solution. And the mixture
was treated with ultrasonic for 3 h to get the ITO colloidal liquid.
Finally, the ITO SAs was successfully prepared by directly dropping
ITO colloidal liquid between two fiber connectors.

2.3. Apparatus and characterization

The transmission electron microscopy (TEM) image of the ITO
nanoparticles was obtained by using a TEM system (Hitachi H-800).
Ultraviolet-visible spectrophotometer (UV—vis Spectrophotometer,
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Fig. 3. (a) SEM image of the ITO nanoparticles. (b) and (c) are the element distribution of tin and indium in (a), respectively. (d) EDX data of the ITO nanoparticles. (e) The XRD of the

ITO nanoparticles.
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Fig. 4. Nonlinear transmission of the ITO nanoparticles as a function of pump power
intensity.

U-4100) was used to measure absorption spectra of the ITO solu-
tion. X-ray Diffraction (XRD, Bruker D8) was used to characterize
the crystalline quality of the ITO nanoparticles. The chemical
composition of the ITO was analyzed by energy-dispersive X-ray
spectroscopy (EDX, Zeiss Gemini Ultra-55).

3. Experimental results and discussions

The characterizations of the ITO are shown in Fig. 2. Fig. 2(a)
shows the TEM image of the ITO nanoparticles. From this image, we
can see that the size of the ITO nanoparticles is uniform. According
to the statistical analysis of 100 ITO particles from the Fig. 2(a), the
average size of the ITO nanoparticles is about 34.7 nm, as shown in
Fig. 2(b). In order to observe more clearly, the HRTEM image of the
ITO nanoparticles was obtained, as shown in Fig. 2(c). We can
clearly see the lattice fringes of the ITO nanoparticles through this
image, indicating the high quality of the ITO nanoparticles. In order

to obtain the absorption spectra of the ITO, we used the UV/VIS/NIR
spectrophotometer to detect the ITO dispersion solution, as shown
in Fig. 2(d). The ITO dispersion solution has a wide absorption
bandwidth (from 1200 nm to 2000 nm) in the NIR. This is due to the
nanoscale size and lower carrier density of the ITO nanoparticles.
Besides, the absorption peak of the absorption spectrum is about
1642 nm. Thus, the ITO nanoparticles can serve as a promising
material for photonic technologies in the NIR range.

In order to obtain more information about the structure char-
acteristics of the ITO nanoparticles, we used EDX and XRD to
analyze the obtained ITO nanoparticles, as shown in Fig. 3. As
shown in Fig. 3(a), SEM image of the ITO nanoparticles was
measured. The EDX technique was used to detect the element
distribution of tin and indium in Fig. 3(a). Fig. 3(b) and (c) shows
the distribution of tin and indium in Fig. 3(a), respectively. Fig. 3(d)
shows the EDX spectroscopy from the ITO nanoparticles. The peaks
corresponding to the tin and indium elements can be clearly
observed from this figure. As shown in the inset of Fig. 3(d), the
atom ratio of Sn: In is 8.87: 91.13. In addition, we used XRD to
characterize the crystal structure of the obtained ITO nanoparticles,
as shown in Fig. 3(e). The XRD pattern does not show any diffrac-
tion peaks except for ITO, which represents that we have prepared
high quality ITO nanoparticles.

In order to study the nonlinear absorption properties of ITO, we
used the ITO colloidal liquid to prepare a thin interface and
measured it with a typical Z-scan scheme involving a balanced
twin-detector measurement system. As shown in Fig. 4, the abso-
lute transmissions of the ITO nanoparticles as the varied pump
power intensity was obtained. We used a laser pulse of 480 fs with
a wavelength of 1562.3 nm. The gray hexagon is the experimental
data and the black line is the fitting result. We can observe that as
the pump power increases, the transmittance increases rapidly and
gradually saturates. The dependence of the transmittance and the
pump power confirmed that the existence of saturable absorption
of the ITO thin interface [27]. The relative parameters were fitted by
using the following equation [28]:

T(I) =1 — AT x exp( — I/Isat) — Ths (1)

0C 90/10

Fig. 5. Experimental configuration of the mode-locked EDF laser based on ITO SAs.
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Fig. 6. Experimental results of the mode-locked EDF laser based on ITO SAs. (a) and (b) are the oscilloscope trace of dark solitons in the time scales of 400 ns/div and 2 ns/div. (c)
Radio frequency (RF) spectrum of the mode-locked laser. (d) Optical spectrum of the dark solitons pulse. (e) Pump power dependence of the output power.

where T is transmission, I is input light intensity, T,s is non-
saturable absorbance, AT and Ig, are the modulation depth and
saturation intensity, respectively. The calculated modulation depth
and saturation intensity were 0.48% and 13.21 MW/cm?, respec-
tively. This result provides a good understanding of the nonlinear
optical properties of ITO and also indicate that the ITO nano-
particles could be potential candidates for optical limiting
applications.

Fig. 5 shows the schematic configuration of the mode-locked
EDF laser incorporating the ITO-based SA. The propagation direc-
tion of the laser in the ring cavity has been marked with black ar-
rows. A segment of erbium-doped fiber (EDF) is pumped by a
974 nm laser diode through a 980/1550 nm wavelength division
multiplexing (WDM). An isolator was employed to ensure the
unidirectional propagation of light in the ring cavity. By using a
90:10 optical coupler, the output from the laser cavity is extracted.
The fiber flange is used to connect the output coupler and WDM.
The ITO-based SA was successfully prepared by directly dropping
ITO colloidal liquid into the fiber flange. The total length of the ring
cavity is about 9.07 m. Beides, The total cavity group velocity
dispersion is estimated to be —0.188 ps? at 1561.1 nm. Two polari-
zation controllers (PC) are integrated into the ring cavity to opti-
mize birefringence of the cavity.

By directly dropping ITO colloidal liquid into inside the mode-
locked EDF laser cavity, the dark solitons pulse could be observed
at a pump power of 140 mW. A series of optical spectra of the dark
solitons pulses based the ITO SAs will be presented, as shown in
Fig. 6. The oscilloscope trace of the dark solitons pulses train is
shown in Fig. 6(a). By measuring, the pulse-to-pulse interval of the
dark solitons pulses is 45.11 ns with a repetition rate of 22.17 MHz.
For the fundamentally repetitive dark pulses, the pulse width was
~1.33 ns, as shown in Fig. 6(b). Fig. 6(c) shows the radio frequency
spectrum of the dark soliton mode-locked laser with a repetition
rate of 22.06 MHz. The signal-to-noise ratio is about 30.6 dB. The

optical spectrum of mode-locked pulses is centered at 1561.1 nm, as
shown in Fig. 6(d). The 3 dB spectral width is 0.169 nm. The spectral
resolution of the spectroscopy is 0.05 nm. The relation between the
average output power and the pump power of the laser is shown in
Fig. 6(e). It is noted that the dark soliton mode-locked laser output
power increases linearly with the increase of pump power. As the
pump power increasing from 140 to 360 mW, the output power of a
single dark soliton mode-locked is increased from 1.95 to 6.19 mW,
while the mode-locked operation is stable without any additional
adjustment. Finally, the dark solitons cannot be obtained no matter
how we adjust the pump power and PC after we remove the ITO
SAs. Because the ITO SAs shows a large nonlinear refractive index
[24], which can effectively induce the high nonlinear optical
response.

4. Conclusions

In this paper, the production of dark soliton in EDF laser based
on ITO SAs is proposed, for the first time to our best knowledge. The
high quality of the ITO nanoparticles has been fabricated by using a
coprecipitation method. By directly dropping ITO colloidal liquid
between two fiber connectors, a novel SAs based on ITO has been
obtained, which can deliver the generation of dark solitons pulse at
awavelength of 1561.1 nm with a frequency of 22.06 MHz in an EDF
laser. We believe that ITO SAs device could also be used in other
fiber and solid-state lasers to find important applications in the
fields of ultrafast photonics in the future research.
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