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Black phosphorus (BP), with thickness-dependent direct energy bandgaps (0.3-2 eV), shows an enhanced non-
linear optical response at near- and mid-infrared wavelengths. In this paper, we present experimentally multilayer
BP flakes coated on microfiber (BCM) as a saturable absorber with a modulation depth of 16% and a saturable
intensity of 6.8 MW /cm?. After inserting BCM into an Er-doped fiber ring laser, a stable dual-wavelength
Q-switched state with central wavelengths of 1542.4 nm and 1543.2 nm (with wavelength spacing as small
as 0.8 nm) is obtained with the aid of two cascaded fiber Bragg gratings as a coarse wavelength selector.
Moreover, single-wavelength Q-switched operation at 1542.4 nm or 1543.2 nm is also realized, which can be
switched between the two wavelengths flexibly just by adjusting the intracavity birefringence. These results
suggest that BP combined with the cascaded fiber gratings can provide a simple and feasible candidate for a
multiwavelength fiber laser. Our fiber laser may have potential applications in terahertz generation, laser radar,
and so on. © 2018 Chinese Laser Press

OCIS codes: (140.3510) Lasers, fiber; (140.4050) Mode-locked lasers; (160.4330) Nonlinear optical materials; (190.7110) Ultrafast
nonlinear optics.

https://doi.org/10.1364/PRJ.6.000198

1. INTRODUCTION

Multiwavelength fiber lasers, particularly switchable muldi-
wavelength fiber lasers, have widespread applications in envi-
ronmental sensing, optical communication, and microwave
radiation [1-5]. However, the homogeneous gain broadening
can not only cause inherent instability, but also enlarge the
wavelength spacing (usually greater than 1 nm) of their emit-
ting pulses [6,7], which makes it difficult to achieve stable mul-
tiwavelength pulse operation. Many efforts have been devoted
to stabilizing and narrowing the wavelength spacing of multi-
wavelength fiber lasers, such as via inhomogeneous loss mech-
anisms [8], the polarization hole burning effect [9], cooling Er-
doped fiber (EDF) in liquid nitrogen [10], and the four-wave

imaginary part, while the FWM effect is dominated by the real
part, of the third-order optical nonlinearity. Therefore, an SA
with high third-order optical nonlinearity is preferred to obtain
a stable multiwavelength pulsed fiber laser with a small wave-
length space [12].

Recently, it is no exaggeration to say that two-dimensional
(2D) materials, particularly graphene, have triggered a flood
of interest in the field of all-optical devices, ultrafast lasers,
and optical communication, etc., due to their excellent nonlin-
ear optical properties [13,14]. Some experimental results show
that both graphene and topological insulators exhibit broad-
band saturable absorption at 800 nm [15], 1064 nm [16],
and 1550 nm [17], and even at terahertz spectral region [18].

mixing (FWM) effect [11]. On the other hand, miniaturization
and integration of pulsed lasers have also drawn lots of atten-
tion. Inserting a saturable absorber (SA) is one of the most
effective methods of achieving a compact pulsed laser. As is
known, saturable absorption is mainly determined by the

2327-9125/18/030198-06 Journal © 2018 Chinese Laser Press

Their applications for multiwavelength pulsed-laser generation
(Q-switched/mode locking) have been extensively studied
[19-25]. Moreover, graphene has a giant nonlinear refractive
index of 7, ~ 107 cm? - W~!, almost nine orders of magni-
tude larger than that of bulk dielectrics [26], and topological
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insulators also reach 10714 m? . W~! [27], which may cause a
strong FWM effect and suppress mode competing, thus
improve the stability of a multiwavelength laser. By using a
2D-material-based SA, a stable multiwavelength, single-
longitudinal-mode fiber laser can be achieved [28,29]. All these
factors predict the potential applications of 2D materials in the
field of multiwavelength fiber lasers.

Unfortunately, the absence of bandgap and the low damage
threshold dramatically hamper applications where strong light—
matter interaction and special operating wavelength are
required [5,19]. Recently, another rising 2D material, black
phosphorus (BP), has attracted researchers’ efforts. As with
graphite, van der Waals interactions allow layers of phosphor-
ene to be stacked, and its direct bandgap can be tuned from
2 eV (bulk) to 0.3 eV (monolayer) by controlling its layers,
covering almost the whole band of IR and mid-IR [30,31].
The proper “gap” can effectively enhance the nonlinear absorp-
tion at a special wavelength. Some reports have also confirmed
that multilayer BP has excellent nonlinear absorption character-
istics and a strong FWM effect at IR and mid-IR wavelengths
[32-35]. However, under high-power laser irradiation, BP can
be chemically modified quite easily, which will deteriorate its
optical properties and prevent its use in high-power lasers [36].

This paper presents experimentally a stable switchable dual-
wavelength erbium-doped Q-switched fiber laser obtained
by using a BP-based SA. Here, multilayer BP flakes are coated
on a microfiber to fabricate an SA using the optical deposition
method. As the light interaction with BP is implemented
via long-distance evanescent waves, this device can guarantee
the saturable absorption characteristic and enhance the FWM
effect and tolerance for high-optical-power illumination. In our
laser cavity, two cascaded fiber Bragg gratings with a wavelength
spacing as small as 0.8 nm are used as a coarse wavelength
selector, while a BP-based SA is used to realize Q-switched
operation. As a result, stable dual-wavelength Q-switched laser
pulse operation has been obtained with central wavelengths
of 1542.4 nm and 1543.2 nm. Furthermore, by carefully
adjusting the polarization controller (PC), single-wavelength
Q-switched operation either at 1542.5 nm or at 1543.2 nm
is also achieved, which can be flexibly switched between the
two wavelengths.

2. CHARACTERIZATIONS OF THE BP SA AND
EXPERIMENTAL SETUP

In the experiment, a liquid phase exfoliation method is used to
fabricate multilayer BP flakes with an average thickness of
about 15-20 nm (a single layer of BP has a thickness of
~0.6 nm) [37]. As shown in Fig. 1(a), a single-mode fiber
(SMEF) is tapered to about 24 mm in length and 9 pm in diam-
eter using an oxyhydrogen flame. Through optical deposition,
the prepared BP flakes are then deposited on the polished side
of the tapered fiber to fabricate a BP flakes coated microfiber
(BCM) device. Figure 1(b) shows an optical image of the
tapered fiber after deposition; as can be seen, BP flakes were
well dispersed over the polished side of the tapered fiber. A bal-
anced twin-detector measurement device, as shown in Fig. 1(c),
is aligned to characterize the nonlinear optical property of the
BCM. Here, a 6.025 MHz, 1.8 ps, 1550 nm fiber laser is used

_ Vol. 6, No. 3 / March 2018 / Photonics Research 199

(a)

Eg e sl s cammpencrasa)

s N 0 20 40 60 80 100
e Input intensity (MW/em®)

Fig. 1. Optical images of (a) bare microfiber and (b) microfiber
coated with BP flakes, (c) experimental setup of the balanced twin-
detector measurement device, (d) the measured saturable absorption
and its corresponding fitting curve.

as a light source. As shown in Fig. 1(d), this BCM device has
obvious nonlinear saturable behavior with a modulation depth
of 16% and saturation intensity of 6.8 MW /cm?. The total
insertion loss of the BCM was measured at about 1.57 dB.
The proposed switchable dual-wavelength Q-switched fiber
ring laser is schematically shown in Fig. 2 with a total cavity
length of about 12 m. A 1-m-long highly doped fiber
(EDF, LIEKKI Er80-8/125) is used as a gain medium. All
the other fibers are standard SMF. The EDF was pumped
by a 975 nm laser diode coupled by a 980/1550 wavelength
division multiplexer (WDM) coupler. Two fiber Bragg gratings
with central wavelengths of 1542.4 nm and 1543.2 nm are cas-
caded as a coarse wavelength selector, and a PC is employed to
adjust the intracavity birefringence. The unidirectional opera-
tion of the fiber laser is ensured by a circulator. A 70:30 fiber
coupler is used so that 30% of the laser power outputs from the
laser cavity, while the rest works as feedback inside the cavity.
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Fig. 2. Schematic of the BP-based Q-switched fiber ring laser. LD,
laser diode; WDM, wavelength division multiplexer; OC, optical cou-
pler; EDF, Er-doped fiber; FBG, fiber Bragg grating; PC, polarization

controller.
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Between the fiber coupler and the WDM, the prepared BCM
is introduced as an SA. The laser output is monitored with an
optical spectrum analyzer (Ando AQ-6317B), a 500 MHz
oscilloscope (Tektronix TDS3054B), a 5 GHz photodetector,

and a 7 GHz electrical spectral analyzer simultaneously.

3. RESULTS AND DISCUSSION

A. BP-Based Dual-Wavelength Q-Switched Pulse
Laser

Once the pump power increases to 55 mW, the self-started
Q-switched state occurs. Dual-wavelength Q-switched outputs
at a pump power of 95 mW are shown in Fig. 3. In Fig. 3(a)
we can see that the output dual wavelengths are located at
1542.4 nm and 1543.2 nm, with a spacing as small as 0.8 nm.
Figure 3(b) shows the dual-wavelength Q-switched pulse train,
which has a repetition rate of 8.19 kHz, corresponding to a
time interval of 122 ps. From the profile of the single pulse
in Fig. 3(c), we can see that the output pulses have a full widch
at half-maximum of 17.92 ps, with a symmetric temporal pro-
file. Also, we have measured the corresponding radio frequency
(RF) spectrum, with a resolution bandwidth of 10 Hz. As
shown in Fig. 3(d), the central frequency is 8.13 kHz, which
agrees with the pulse repetition rate very well. The signal-to-
noise ratio (SNR) is over 40 dB, indicating the high stability
of the laser output. Figure 4 shows the evolution of the
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Fig. 3. Dual-wavelength Q-switched operation when the pump
power is 95 mW. (a) Output optical spectrum of the dual-wavelength
Q-switched fiber laser, (b) typical Q-switched pulse train, (c) single
pulse envelope, (d) the RF spectrum.
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Fig. 4. (a) Average output power and pulse energy versus pump

power, (b) the pulse repetition rate and duration versus pump power.

dual-wavelength Q-switched pulse performance as the pump
power increases from 55 to 140 mW with the PC unchanged.
As noted in Fig. 4(a), the average output power and the pulse
energy increase from 0.5 to 2.3 mW and from 5 to 140 nJ with
the pump power, respectively. Once the pump power exceeds
140 mW, the Q-switched operation becomes unstable. Further
increasing the pump power will result in the replacement of the
Q-switched state continuous-wave operation, but it can be re-
covered just by decreasing the pump power again. Figure 4(b)
shows the evolution of the repetition rate and pulse width with
pump power. When the repetition rate of the Q-switched
pulses increases from 5 to 13 kHz, the pulse duration decreases
from 45 to 5 ps consistently. To investigate the stability of the
dual-wavelength Q-switched pulse output, we have recorded
the lasing spectra at 10 min intervals over 1 h at room temper-
ature. As shown in Fig. 5, the spectra present high long-term
stability; neither wavelength shift nor jitter is apparent during
our measurements.

To further characterize the Q-switched pulse trains at each
wavelength from the dual-wavelength laser, a tunable narrow
bandpass filter is used to choose the output wavelength.
Also at a pump power of 95 mW, Figs. 6 and 7 present the
measured output spectra, pulse trains, and radio-frequency
spectra of each wavelength (at 1542.4 and 1543.2 nm,
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Fig. 5. Output spectra of dual-wavelength Q-switched operation
taken at a 10 min interval over 1 h.
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Fig. 6. Q-switched operation at a wavelength of 1542.4 nm filtered
from dual-wavelength output. (a) Output optical spectrum, (b) typical
Q-switched pulse train, (c) single pulse envelope, (d) the RF spectrum.
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Fig. 7. Q-switched operation at a wavelength of 1543.2 nm filtered
from dual-wavelength output. (a) Output optical spectrum, (b) typical
Q-switched pulse train, (c) single pulse envelope, (d) the RF spectrum.
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Fig. 8. Dual-wavelength Q-switched operation. (a) The average
output power, (b) pulse energy, (c) pulse duration, and (d) repetition
rate at the wavelengths 1542.4 nm and 1543.2 nm versus pump
power.

respectively). We can see that the pulse duration can be esti-
mated to be about 19.14 or 24.7 ps, while the repetition rate is
about 8.82 or 8.36 kHz at 1542.4 or 1543.2 nm, respectively.
The SNRs of the two wavelengths are both over 40 dB. To
compare the pulse performance of these two wavelengths,
we increase the pump power from 50 to 140 mW while keep-
ing the other conditions unchanged. As shown in Fig. 8(a),
the average output power increases from 0.1 to 1.1 mW at
1542.4 nm, and it increases from 0.1 to 0.9 mW at 1543.2 nm.
As seen in Fig. 8(c), the pulse duration decreases from 51 to
10 ps at 1542.4 nm, and from 49 to 18 ps at 1543.2 nm. The
duration at 1543.2 nm is lictle larger than that at 1542.4 nm,
which can be attributed to the different cavity lengths.
However, the repetition rates of the two wavelengths are pretty
much the same, as shown in Fig. 8(d), which explains why
no obvious walk-off between the pulse trains of the dual-
wavelength operation is observed.

B. BP-Based Single-Wavelength Q-Switched Pulse
Laser

By adjusting the PC, thereby causing the cavity birefringence to
form an equivalence filter, the output spectra can be flexibly
switched between 1542.4 nm and 1543.2 nm, as shown in
Figs. 9(a) and 10(a), at a pump power of 95 mW. Figures 9(b)
and 10(b) show that the pulse train typically has a repetition
rate of about 8.62 kHz at 15424 nm or 6.36 kHz at
1543.2 nm. In addition, Figs. 9(c) and 10(c) present the
real-time recorded single pulse profile with a pulse duration
of 12.02 ps at 1542.4 nm and 16.54 ps at 1543.2 nm. The
corresponding RF spectrum at 1542.4 nm with a central fre-
quency of 8.62 kHz is shown in Fig. 9(d), while that at
1543.2 nm with a central frequency of 6.36 kHz is shown
in Fig. 10(d). It is worth noting that both single-wavelength
operations have a relatively high SNR of 45 dB, suggesting that
they operate with high stability.
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Fig. 9. Q-switched operation at a single wavelength of 1542.4 nm.
(@) Output optical spectrum, (b) typical Q-switched pulse train,
(c) single pulse envelope, (d) the RF spectrum.
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Fig. 10. Q-switched operation at a single wavelength of
1543.2 nm. (a) Output optical spectrum, (b) typical Q-switched pulse
train, (c) single pulse envelope, (d) the RF spectrum.
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Fig. 11. Single-wavelength Q-switched operation. (a) The average
output power, (b) pulse energy, (c) pulse duration, and (d) repetition
rate at the wavelengths 1542.4 nm and 1543.2 nm versus pump
power.

To compare the pulse characteristics operating at each wave-
length, Fig. 11 summarizes their performance versus the pump
power. As shown in Figs. 11(a), 11(b), and 11(d), respectively,
when the pump power varies from 50 to 130 mW, the average
output power increases from 0.1 to 1.4 mW at 1542.4 nm and
from 0.15 to 1.35 mW at 1543.2 nm; the pulse energy increases
from 15 to 90 nJ at 1542.4 nm and from 45 to 135 nJ at
1543.2 nm; and the repetition rate rises from 3 to 18.5 kHz
at 1542.4 nm and from 2.6 to 9.4 kHz at 1543.2 nm.
Correspondingly, the pulse duration decreases from 40 to
10 ps at 1542.4 nm and from 50 to 12 ps at 1543.2 nm, as
shown in Fig. 11(c). All of them match our theoretical predic-
tions well. The pulse duration curves show some differences
between the two wavelengths, mainly due to the different cavity
lengths. And the repetition rates at 1542.4 nm are all signifi-
cantly larger than those at 1543.2 nm, but they are almost in
synchrony at the dual-wavelength operation state.

4. CONCLUSIONS

In conclusion, a switchable dual-wavelengths Q-switched EDF
ring laser is experimentally realized using a BCM SA. To alle-
viate the thermal load and ensure the effect of the light—matter
interaction, few-layer BP flakes are deposited on a microfiber to
fabricate an SA. By the aid of the BCM together with two fiber
Bragg gratings, a switchable dual-wavelengths Q-switched fiber
laser has been realized at 1542.4 nm and 1543.2 nm (with spac-
ing as small as 0.8 nm). The laser can operate at both dual- and
single-wavelength Q-switched laser states, which can be flexibly
switched by adjusting the PC carefully. Our results suggest that
a BCM SA combined with fiber Bragg gratings may be a good
candidate for multiwavelength fiber lasers. When operating at
the dual-wavelength state, to further improve the two wave-
lengths, the laser may be applied to effectively generating a sig-
nal at 0.1 THz, indicating its potential applications in terahertz
generation. In addition, our dual-wavelength Q-switched fiber
laser can also be applied to laser radar [38].
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