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1. Introduction

Recently, the optical communication at the 2 pm band has
attracted wide attention for its eye-safe characteristic and high
transmittance in the atmosphere!"?!. According to Mie scatter-
ing, the scattering intensity of near-infrared laser transmission
in the atmosphere is inversely proportional to the square of the
wavelength; hence, the 2 pm laser has higher potential in free-
space optical communication than the conventional 1.55 pm
laser’®’. In particular, the thulium-doped fiber amplifier
(TDFA) exhibits ultra-broad bandwidth around 2 pm, which
can be used as a promising waveband to tackle the problem
of the overloaded information transmitted in the conventional
communication band. However, limited by the performance
of 2 pm band lasers, it is still a challenge to achieve high-speed
signal processing such as wavelength division multiplexing and
all-optical switching at this band. It also increases the difficulty
of high-speed information transmission in this waveband. As a
significant optical communication device for wavelength divi-
sion multiplexing and all-optical switching, the all-optical wave-
length converters have been widely concerned. Wavelength
conversion allows better utilization of the network resources
under a dynamic traffic pattern'®). Therefore, the technology of
wavelength conversion can be used to effectively ease wave-
length blocking. There have been many methods to achieve
all-optical wavelength conversion such as four-wave-mixing
(FWM), cross-gain modulation (XGM), and cross-phase
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We fully demonstrate the special requirements of a mid-infrared all-optical wavelength converter. The construction mecha-
nism of a 2.05 um all-optical wavelength converter based on the single-wall carbon nanotube (SWCNT) is proposed.
Systematic experiments are carried out, and the converter device is successfully developed. With the assistance of
SWCNT-coated microfiber, the conversion efficiency up to —45.57dB is realized, and the tuning range can reach
9.72 nm. The experimental results verify the correctness of the proposed mechanism and the feasibility of the converter
device so that it can be a new technical approach for all-optical wavelength conversion beyond 2 um. We believe the
research can extend the application of this composite waveguide in the field of all-optical communication.

Keywords: all-optical wavelength conversion; single-wall carbon nanotube; 2.05 pm; microfiber; fiber laser.

modulation (XPM)“*?], Among these, the FWM method is an
attractive way because it is transparent to modulation format,
capable of transmitting high bit-rate signals, with virtually
instantaneous response of the Kerr nonlinearity of fused silica,
and multi-channel conversion characteristics compared with the
other methods'®. As a result, the all-optical wavelength con-
verter based on the FWM effect has irreplaceable advantages.
Unfortunately, conventional all-optical wavelength conver-
sion mechanisms such as highly nonlinear fiber, semiconductor
optical amplifier, and semiconductor laser have shown insuffi-
cient nonlinearity or large loss at the 2 um band, which are not
adequate to support the high-efficiency FWM. To solve this
problem, researchers have explored all-optical wavelength con-
version media with a broadband response such as a waveguide of
silicon and optical fiber components made of chalcogenide glass
to realize all-optical wavelength conversion at 2 pm, and the tun-
ing range can reach more than 100 nm!°'*, However, the
above methods have poor integration and a complex prepara-
tion process, which are not suitable for real high-speed commu-
nication systems. The two-dimensional (2D) materials such as
graphene!'”), topological insulators (TIs)"®'”), transition metal
dichalcogenides (TMDs)!#2% black phosphorus (BP)?Y and
MXenes'??), have been exploited ceaselessly. The 2D materials
have special electronic and optical properties and have impor-
tant applications in the field of all-optical signal processing!**'.
In 2012, with the help of a thin film of mechanically exfoliated
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graphene, Xu ef al. demonstrated a wavelength converter that  to play a role as the pump laser. The SWCNT-coated microfiber
can reach the conversion efficiency of —27 dB under the power  is prepared, which can be used as a highly efficient wavelength
of 34 dBm, and the tuning range is 12 nm'**. Moreover, in 2018, ~ conversion medium. The conversion efficiency can reach up to
Song et al. obtained the wavelength conversion efficiency of =~ —45.57 dB, and the tuning range can reach 9.72 nm. To the best
—63dB and a 4.5 nm tuning range via the antimonene®®’.  of our knowledge, it is the first time that all-optical wavelength
Right after that, in 2019, the wavelength conversion of up to ~ conversion beyond 2 pm is realized with SWCNT-coated
—59.3dB was achieved by their team. The wavelength tuning  microfibers.

range can be broader than 3 nm!”\. Currently, 2D materials

applied on the wavelength converters are mostly reported to

be utilized at the traditional communication band of 1.55 pm. 2. All-Optical Wavelength Conversion Mechanisms,

It may be limited by the higher attenuation of the optical device Preparation of Pump Laser, and Conversion Medium
at 2 pm than at 1.55 pm and the insufficient nonlinearity of the '

wavelength conversion medium. As a result, there are few  The working mechanism of the SWCNT-based 2.05 pm all-opti-
reports focusing on the 2 pm band!*®!. cal wavelength converter is as follows. A 2.05 pm band laser with

Nevertheless, these materials that are mentioned above have a fixed wavelength is used as the signal laser (frequency f ), and
some disadvantages when they are regarded as the medium of ~ another tunable laser at this band is used as the pump laser
the converter. For instance, although the nonlinear refractive  (frequency f,). Two lasers are simultaneously input to the
index of n, ~# 107> cm* W~! can be achieved, graphene and  all-optical wavelength conversion medium based on SWCNT-
BP are easily oxidized, which may lead those performances  coated microfibers. When the signal and pump laser are trans-
not being stable enough!*”**\. The relatively wide band gaps  mitted in the all-optical wavelength conversion medium, if the
of TMDs, antimonene'*®), and MXenes'**?"! delimit their appli- ~ phase matching condition (Ak = Akyy, + Aky + Akyy =0) is

cations at the optical communication band!®?!, Single-wall car- satisfied, the FWM effect will be generated, resulting in two con-
bon nanotubes (SWCNTs) can easily be produced in the form of ~ verted lasers with frequencies of f, = 2, — f, and f, =2f , = f,
thin films, including three steps of nanotube growth, dispersion,  on both sides of the signal laser and the pump laser, as shown in

and deposition processes[”]. Compared with other materials, it Fig. 1. To achieve a high-efficiency FWM effect in the 2.05 pm
allows a strong electric field, long interaction length, and high  band, the following two technical difficulties need to be solved.
optical damage threshold”*). It exhibits a fast recovery time,  One is to construct a tunable pump laser with a high side mode
chemical stability'**~”), and broad spectral range. SWCNTs also suppression ratio (SMSR), and the other is to prepare SWCNT-

possess large modulation depth and wide operation bandwidth  coated microfibers with low loss and high nonlinearity.
when samples with a large diameter distribution are used**!. On

the one hand, SWCNTSs can be manufactured in relatively sim-
ple and cost-effective ways by employing spin-coating and
spray-coating methods. On the other hand, SWCNTs exhibit =~ The experimental setup of the tunable HDFL as the pump laser
a large third-order nonlinearity!*>*°! and relatively high optics,  is shown in Fig. 2. A distributed feedback (DFB) laser, which
which is an advantageous characteristic for a wavelength con-  works at 1564 nm, is amplified by an erbium-ytterbium co-
verter. Therefore, it is of great significance to explore all-optical ~ doped fiber amplifier (EYDFA). The amplified laser from the
wavelength conversion media with higher nonlinearity and ~ EYDFA is injected into a 2.5 m thulium-holmium co-doped
lower loss in the 2 pm band and realize high-efficiency all-opti-  fiber (THDF) via a 1550/2000 nm wavelength division multi-
cal wavelength conversion. plexer (WDM) 1 and operates as the source of the pump laser.

In this work, an all-optical wavelength converter based on ~ The 20% port of the 20/80 optical coupler (OC) 1 is set to output
SWCNT-coated microfibers is proposed via the FWM effect.  thelaser, and the 80% port serves as the feedback of the ring cav-
A homebuilt holmium-doped fiber laser (HDFL) is established  ity. The tunable filter (TF) 1 is used to adjust the wavelength of

2.1. Pump laser setup
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Fig. 1. Schematic diagram of all-optical wavelength conversion based on FWM.
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Fig. 2. (a) Schematic of Ho-doped fiber laser and (b) output spectrum.

the laser. The output laser amplified by the TDFA is considered
as the pump laser and is injected into the 3 m holmium-doped
fiber (HDF) through a 1950/2000 nm WDM. The polarization
insensitive isolator (PI-ISO) makes sure the laser can propagate
unidirectionally. TF 2 is also installed to select the wavelength of
the output laser. The 90% port of a 10/90 OC is considered as the
feedback of this ring cavity, and the 10% port is used for tunable
laser output around 2050 nm. The experimental laser spectrum
is shown in Fig. 2(b), and its SMSR can reach 60.88 dB.

2.2. Conversion medium preparation

The SWCNT-coated microfiber is prepared by the optical dep-
osition method. The microfiber is tapered by the flame of oxy-
hydrogen. The length of the tapered region is about 30 mm, and
the waist of the microfiber is approximately 9 pm. We install the
microfiber behind the output of a fiber laser with 40 mW output
power. Afterward, the SWCNT liquid, which has been pre-
treated by the machine ultrasonic and centrifuge, is dropped
on the microfiber. When the materials of SWCNT are adhered
to the microfiber, the SWCNT-coated fiber is obtained success-
tully, which is displayed in Fig. 3(a). One detail that affects all-
optical wavelength conversion is the deposition amount of the
SWCNT mass on the microfiber. Excess SWCNT will increase

Wavelength (nm)

the attenuation and reduce the all-optical wavelength conver-
sion efficiency. In the experiment, the deposition amount of
SWCNT material can be controlled by adjusting the power of
the input light source and the concentration of SWCNT
dispersion. As shown in Fig. 3(b), the power via the SWCNT-
coated microfiber is recorded within 100 s. One can see that
the optical power instantly decreases at the beginning when the
SWCNT liquid is dropped on the microfiber. Subsequently, the
jitter of optical power comes soon after and later. The jitter
might be caused by the change of the index of refraction instan-
taneously and intensely. However, the optical power will return
to the level of the beginning finally, and the attenuation of 1 dB
can also be measured. To test its stability, we have plotted out a
figure of the relationship between the optical power and time,
which is displayed in Fig. 3(c). There is no doubt that the con-
verter has the capacity to operate steadily according to the mea-
sured results. Only +0.08 intensity vibration occurs in 2 h.
The SWCNT has large ¥® nonlinearity and extremely short
decay time so that it can be used as a highly nonlinear material
for generating FWM effect®*”). The evanescent wave on the
surface of the microfiber can interact with SWCNT to enhance
the effect of the FWM effect. The characteristic of the SWCNT
has been displayed in Fig. 4, which contains the figure of
the Raman shift, X-ray diffraction (XRD), and absorption.
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Fig. 3. (a) Microscope image of SWCNT-coated microfiber with the magnification of 100x, (b) the change of optical power through the SWCNT-coated fiber when
the SWCNT liquid is dropped, and (c) the optical power jitter of the SWCNT-coated microfiber in 2 h.
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Fig. 4. Relative characteristics of SWCNT: (a) the Raman shift of the SWCNT, (b) the X-ray diffraction of the SWCNT, (c) the absorption of the SWCNT, and (d) the

SEM of the SWCNT under the resolution of 100 nm.

In Fig. 4(a), the value of the primary peak is located at
1589.54cm™!, and the position of another secondary peak is
at 2671.73cm™!. The results of XRD show that the angle of
20is 21.76° in Fig. 4(b). In Fig. 4(c), the peak value of the absorp-
tion adheres to 262.5 nm. Moreover, the diameter of this
material has been displayed in Fig. 4(d), measured by the
scanning electron microscope (SEM). The length of SWCNT
is approximately 5-30 pm, and the outer diameter (OD) is
1-2 nm.

3. Experimental Setup

Based on the successful construction of the pump laser and the
preparation of SWCNT-coated microfibers, an all-optical wave-
length converter is experimentally set up, as shown in Fig. 5. The
HDFL mentioned above is used for the pump laser, and the
semiconductor laser operating at 2053 nm serves as the signal
laser. The polarization controllers (PC1, PC2, and PC3) domi-
nate the polarization of the pump laser and signal laser, respec-
tively, through being adjusted with paddles. The 50/50 OC
couples the pump laser and signal laser together inconveniently
to input the HDF amplifier (HDFA). HDFA can be responsible
for providing the gain amplification of the two bunches of the

0SA .

SWCNT-coated microfiber

Fig. 5. Schematic of the all-optical wavelength converter.

laser. The PI-ISO in the wavelength converter can ensure that
the lasers propagate unidirectionally and provide protection
for the HDFA. The all-optical wavelength conversion based
on the FWM effect can react at the SWCNT-coated microfiber.
The results can be observed by an optical spectrum analyzer
(OSA, AQ6375).

In the experiment, the TDFA is set up to 29.5 dBm to provide
sufficient pump power for HDFL, and the wavelength of THDF
laser is fixed at 1900 nm to match the wavelength of absorption
of Ho>*. The wavelength of the HDFL is firstly fixed at
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Fig. 6. Spectrum of the output laser from the 2 pm semiconductor laser.

2050.2 nm by adjusting TF 2. To obtain stable wavelength con-
version states, the output power of HDFA in the wavelength
converter is adjusted to 500 mW, because the phase mismatch
of nonlinearity should balance the other phase mismatch of the
waveguide and material to satisfy the condition of phase match-
ing. Since the effect of FWM can be sensitive to polarization, the
paddles of PCs can be regulated carefully to ensure wavelength
conversion efficiency. It is worth noting that the wavelength of
the semiconductor laser contains many secondary peaks, as
shown in Fig. 6. This is related to the inherent properties of
the semiconductor laser itself. Therefore, the SMSR of the semi-
conductor laser is only 46.43 dB.

4 Results and Discussion

All-optical wavelength conversion occurs at the SWCNT-coated
microfiber. The FWM effect is attributed to the third-order non-
linearity of the medium, which exists in both optical fibers and
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nonlinear optical materials. The obtained optical spectrum is
plotted in Fig. 7(a), the newly generated wavelengths are
2046 nm and 2057 nm, respectively, and the conversion effi-
ciency up to —45.57 dB can be measured. We set a control group
to prove the function of materials. If the microfiber without
being decorated is added to the converter, the conversion effi-
ciency is —50.15dB. However, —4.58 dB improvement can be
assured when the SWCNT is attached to the microfiber. We
are inclined to set the different levels to show the obvious
differences among the data. The reason why the pedestal of
the spectrum is tilted is the non-center position of amplification
via HDFA for two bunches of lasers. As a result, the SWCNT-
coated microfiber can work successfully for applying to the all-
optical wavelength conversion. When the wavelengths of the
pump and signal lasers are fixed, the all-optical wavelength con-
version efficiency shows a certain dependence on the output
power of HDFA, as shown in Fig. 7(b). When the HDFA power
decreases to 260 mW, the conversion efficiency decreases to
—51 dB. At this time, if the power continues to decrease, the con-
verted light will be buried in the background noise.

The wavelength conversion efficiency of FWM is related to
the wavelength interval between the pump and the signal laser.
Generally, the smaller the wavelength interval is, the higher the
conversion efficiency is. In the wavelength domain, the relation-
ship of the signal laser 4, the pump laser 4,, and the two con-
verted lights (4, and 4,) is!”!

L1 (1)
As Ay Ao A

To further investigate the performance of the wavelength con-
verter, the relationship between the wavelength interval and the
conversion efficiency is also demonstrated. Figure 8 displays the
optical spectral evolution when the wavelength interval is tuned.
Obviously, with the wavelength interval increasing, the conver-
sion efficiency can decrease simultaneously. For a given signal
laser with a fixed wavelength, the maximum converted
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Fig.7. (a) Experimental optical spectra of the wavelength conversion signal of the SWCNT-coated microfiber and (b) conversion efficiency as a function of HDFA

power.
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Fig. 8. (a) Wavelength conversion with different wavelength intervals and (b) wavelength conversion efficiency as a function of wavelength intervals.

wavelength interval is proved to be 9.72 nm, as shown in
Fig. 8(a). When the wavelength interval decreases from 3.71 nm
to 9.72 nm, the conversion efficiency decreases from —45.57 dB
to —51.5dB, as shown in Fig. 8(b). In the wavelength conversion
process of loading modulation information, a narrow wave-
length interval can introduce additional crosstalk. Therefore,
in practical application, the conversion efficiency and inter-
symbol crosstalk should be combined to select the wavelength
interval reasonably.

5. Conclusion

In conclusion, we have demonstrated an SWCNT-coated micro-
fiber-based all-optical wavelength converter at 2.05 pm. To solve
the problems of low efficiency and limited tuning range of the
all-optical wavelength converter, a homebuilt 2050.2 nm tunable
HDFL is used as the pump laser, and the SWCNT'-coated micro-
fiber is successfully obtained by an optical deposition method.
The converter can realize a conversion efficiency of
—45.57 dB, and the tunable wavelength interval of 9.72 nm
can be achieved. To the best of our knowledge, it is the first time
that the working band of an all-optical wavelength converter
based on SWCNT-coated microfiber is extended beyond
2 pm. We think the research on the wavelength converter can
be a reference for subsequent experiments and enrich the kinds
of optical devices in the 2 pm network. However, in our opinion,
the all-optical wavelength conversion efficiency needs to be fur-
ther improved to provide important support for high-speed
communication in the mid-infrared band.
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