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Abstract: Few-layer black phosphorus (BP), as the most alluring graphene 
analogue owing to its similar structure as graphene and thickness dependent 
direct band-gap, has now triggered a new wave of research on two-
dimensional (2D) materials based photonics and optoelectronics. However, 
a major obstacle of practical applications for few-layer BPs comes from 
their instabilities of laser-induced optical damage. Herein, we demonstrate 
that, few-layer BPs, which was fabricated through the liquid exfoliation 
approach, can be developed as a new and practical saturable absorber (SA) 
by depositing few-layer BPs with microfiber. The saturable absorption 
property of few-layer BPs had been verified through an open-aperture z-
scan measurement at the telecommunication band. The microfiber-based BP 
device had been found to show a saturable average power of ~4.5 mW and 
a modulation depth of 10.9%, which is further confirmed through a 
balanced twin detection measurement. By integrating this optical SA device 
into an erbium-doped fiber laser, it was found that it can deliver the mode-
locked pulse with duration down to 940 fs with central wavelength tunable 
from 1532 nm to 1570 nm. The prevention of BP from oxidation through 
the “lateral interaction scheme” owing to this microfiber-based few-layer 
BP SA device might partially mitigate the optical damage problem of BP. 
Our results not only demonstrate that black phosphorus might be another 
promising SA material for ultrafast photonics, but also provide a practical 
solution to solve the optical damage problem of black phosphorus by 
assembling with waveguide structures such as microfiber. 
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1. Introduction 

Remarkable progress in two-dimensional (2D) nanomaterials in recent years has highlighted 
the large potentials of 2D materials for the photonic and optoelectronic applications [1–4]. 
Owing to its wideband absorption, ultrafast carrier dynamics and 2D planar advantage, 
graphene has attracted considerable attention and been demonstrated in a number of 
applications, ranging from optical saturable absorbers (SAs) for ultrafast lasers [5–7] to 
optical modulator [8,9], photo-detectors [10], and optical sensors [11] for future high speed 
and broadband optical technologies. However, the relative weak absorption in graphene (only 
2.3% of incident light per single layer) would degenerate its light modulation ability. 
Transition mental dichalcogenides (TMDs), characterized by atomically thin semiconductors 
of MX2 where M represents for a transition metal atom (Mo, W, etc.) and X for a chalcogen 
atom (S, Se, etc.), possess higher resonant absorption at specific wavelength, but the optical 
response mainly occurs in the visible range due to a relatively large band gap [12–16]. 
Consequently, there remains a gap between semi-metallic graphene and wideband 
semiconducting TMDs. It is important to note that photonic devices operating at optical 
communication band require optical materials with band-gap in the range of 0.8 eV, which 
does not fit for the band-gap of the conventional well-known 2D materials such as graphene 
or TMDs. Fortunately, black phosphorus (BP), has recently joined in the family of 2D 
materials with layer dependent direct band gap from 0.3 eV (bulk) to 1.5 eV (monolayer) 
[17,18]. The basic structure of BP is similar to bulk graphite, in which individual atomic 
layers stacked together by van der Waals interaction [19]. Inside the single layer, each 
phosphorus atom is covalently bonded with three adjacent phosphorus atoms in order to form 
a unique puckered honeycomb structure. In bulk form, BP has a band-gap of 0.3 eV due to the 
interlayer interaction while its band-gap increases with the decrease of the thickness [20]. 
Therefore, the emergence of few-layer BPs can bridge the gap between graphene and TMDs 
for infrared photonics and optoelectronics, particularly for the optical communication devices. 

Different from TMDs that have a crossover from the indirect band-gap to the direct band-
gap [12], BP always has a direct type of energy band structure regardless of thicknesses, 
which can be regarded as a significant benefit for ultra-fast photonics and high frequency 
optoelectronics. Previous work had already verified that BPs could exhibit the behavior of 
optical bleaching if under strong light illumination, also known as saturable absorption [21–
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25]. Short-pulse lasers, including pulses of the order of several microseconds (e.g. Q-
switching) and nanoseconds or even few-femtoseconds in durations (e.g. mode-locking) can 
be initiated and stabilized by the inclusion of a SA to act as a passive optical switch [26–30]. 
Therefore, few-layer BPs can be potentially developed as a broadband SA operating at long 
wavelength side. 

In essence, BP represents a type of 2D layered crystal with moderate direct band gap that 
is ideal for broadband optoelectronic devices at optical communication band. However, the 
lack of stability in air and ease of oxidation prevent BPs towards its future exploration [31–
33]. In addition, the high power illumination induced thermal effect and optical damage 
would accelerate the oxidation of BPs in air. Therefore, from the viewpoint of practical 
applications, it becomes very urgent to develop a solution to tackle the optical damage or air-
instability problem of BPs for ultrafast photonic applications. Herein, we employed the 
“lateral interaction scheme” in order to increase optical damage threshold and reduce the 
thermal effect of few-layer BPs, and therefore to some extent prevent it from oxidation. 
Unlike perpendicular illumination where light directly interacts with the surface of BP flakes 
with a laser beam size down to micro-meter and it therefore introduces extra heat, it was 
found that the lateral interaction, where the evanescent field of light propagates along the 
surface of few-layer BPs, can allow the device to endure an incident power up to 56 mW in 
our experiment. Our nonlinear optics measurement based on the balanced twin-detector 
method shows that this device exhibits saturable absorption response with a saturable average 
power of ~4.5 mW and a modulation depth of 6.9%. The center wavelength, spectral width, 
repetition rate, and estimated pulse duration of the mode-locked fiber laser by microfiber-
based BP SA are 1566.5 nm, 3.39 nm, 4.96 MHz, and 940 fs at a pump power of ~70 mW, 
respectively. The ease of handling of such a microfiber-based BP device offers new 
opportunities for wide photonic applications. 

2. Synthesis and characterization of few-layer BPs 

The liquid phase exfoliation (LPE) is regarded as a simple and effective technique to prepare 
2D nanomaterials from the layered bulk crystals towards the few-layer structures [34]. In this 
work, the few-layer BPs was also prepared through the LPE method. First, bulk black 
phosphorous (30 mg) was added to N-Methyl pyrrolidone (NMP) solution (30 ml). Then, the 
mixture was bath sonicated at 40 kHz frequency and 300 W for 10 hours to carry on the liquid 
exfoliation of bulk BP. After the sonication step, the as-prepared few-layer BPs was 
centrifuged at 1500 rpm for 10 min and then the supernatant liquor was taken for the testing 
samples. The as-prepared few-layer BPs NMP solution was shown in Fig. 1(a). In order to 
show the morphologies of the as-prepared few-layer BPs, the transmission electron 
microscope (TEM) image was provided. As can be seen in Fig. 1(b), the prepared BPs could 
be clearly identified to be layered structure with a size of several hundred nanometers. To 
better characterize the prepared few-layer BPs, Raman spectrum measurement was carried out 
by a Horiba Jobin-Yvon LabRam HR VIS high-resolution confocal Raman microscope 
equipped with a 633 nm laser. The measured result is presented in Fig. 1(c). Three Raman 
peaks corresponding to one out-of-plane vibration mode A1 g and two in-plane vibration 
modes B2g and A2 g are located at 360.8, 437.2 and 465.3 cm−1, respectively. As we know, 
the Raman spectrum is related to the thickness of the BPs, where the A1 g and A2 g modes 
will shift toward each other with the increased thickness [18]. Compared with the standard 
Raman spectrum of bulk BPs, our measured result suggests that the BPs have been exfoliated 
down to be several layers. 
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Fig. 1. (a) As-prepared few-layer BPs solution; (b) TEM images; (c) Corresponding Raman 
spectrum. 

To precisely identify the concrete thickness and size of the as-prepared few-layer BPs, the 
samples were measured through the atomic force microscopy (AFM). The sample was 
prepared by dropping the BP solution onto the quartz substrate and drying in vacuum. Here, 
three sections were selected for measuring the thickness of the few-layer BPs, as indicated in 
Fig. 2(a). Figures 2(b) to 2(d) summarize the height difference between the substrate and the 
corresponding three sections. As can be seen here, the absolute thicknesses of all the three 
sections are at the range of ~0.6 to ~2 nanometers. Considering that the thickness of the single 
layer BP is ~0.6 nm, it is estimated that the thickness of the as-prepared BPs ranges from 1 to 
3 layers. According to the previous findings [35], the band gap of 3-layer BP is about 0.8 eV, 
which is particularly suitable for fabrication of optoelectronic devices at 1550 nm optical 
communication band. Moreover, the dynamic light scattering result shows that the average 
size of the few-layer black phosphorus used in the experiment is 207.5 nm. 

 

Fig. 2. (a) AFM image of few-layer BPs; (b)-(d) Height profiles of the three sections marked in 
(a). 
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3. Results and discussions 

In order to characterize the nonlinear optical response of the as-prepared BP nanosheets, the 
Z-scan technique was employed by using a typically experimental setup similar to our 
previous one [36]. However, the pump source used in this work is a femtosecond laser with 
120 fs pulse duration of at a center wavelength of 1550 nm. The laser pulses were generated 
from optical parametric amplifier (TOPAS-Prime) pumped by a mode-locked Ti: sapphire 
oscillator seeded regenerative amplifier with a pulse energy of 1.3 mJ at 800 nm and a 
repetition rate of 1 kHz (Spectra Physics Spitfire Ace). The average power of the 
femtosecond pulse was then attenuated to 130 μW for Z-scan experiment. After scanning 
process of the sample, a Z-scan curve could be obtained through dividing the output beam 
power by the reference beam power, as shown in Fig. 3(a). From Fig. 3(a), we can see that a 
sharp peak is located at the beam focus point, which clearly demonstrates that the BP 
nanosheets possess saturable absorption effect at 1550 nm waveband. Based on the Z-scan 
curve, the nonlinear saturable absorption curve could be also extracted, as shown in Fig. 3(b). 
The saturation intensity and the modulation depth are identified to be ~25 MW/cm2 and ~9% 
respectively. Here, the saturation intensity is smaller than those of recent works [24,25]. It is 
believed that the difference of the saturation intensity could be induced by the different 
thickness of BPs samples and the pumping pulsed sources for Z scan measurement. Note that 
the transmission of few-layer BPs is polarization-dependent one due to its anisotropic 
structure [24,25]. However, no evident polarization dependent loss could be observed with 
the fabricated microfiber-based BP SA. It is probably because that in this case the 
transmission characteristic of microfiber-BP SA is an average effect along with the whole 
microfiber, which might to some extend reduce the polarization-dependent loss. 

 

Fig. 3. Nonlinear optical response of the as-prepared few-layer black phosphorus nanosheets. 
(a) Typical Z scan curve at 1550 nm; (b) The corresponding nonlinear saturable absorption 
curve. 

In the following, we employed the few-layer BPs as SA to construct an ultrafast fiber laser 
operating at 1550 nm waveband. Firstly, the few-layer BP SA was fabricated. In order to 
increase the optical damage threshold of few-layer BPs and provide stronger light-matter 
interaction, we employ an evanescent field interaction scheme of the propagating light with 
few-layer black phosphorus deposited onto a microfiber. The experimental setup of optical 
deposition for fabrication of microfiber-based BP SA and the detailed process is similar to 
that of [37]. Briefly, the microfiber was drawn from the standard single mode fiber (SMF) 
with a diameter of ~10 μm. The BP NMP solution with a concentration of 0.08 mg/ml was 
dripped onto the microfiber and covered the waist region of the microfiber for optical 
deposition. After the deposition process, the as-prepared microfiber-based BP SA was 
presented in Fig. 4. As can be seen here, the BP nanosheets (black portion) were well 
deposited around the microfiber. The deposition length of few-layer BPs is about ~92 μm. 
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Fig. 4. Microscopic image of the fabricated microfiber-based BP SA. 

To check whether the BPs-deposited microfiber still possesses the saturable absorption 
effect or not, we employed the nonlinear optical response measurement based on the twin-
detector scheme. The details of the setup have also been described in [37]. Here, the pumping 
femtosecond laser source is an in-house-made femtosecond pulse source (center wavelength, 
1554.4 nm; repetition rate, 26 MHz; pulse duration, ∼500 fs). By continuously adjusting the 
input power, the measured optical response was shown in Fig. 5. As can be seen here, the 
saturable average power and the modulation depth of the BPs-deposited microfiber SA are 
~4.5 mW and 6.91%, respectively. Note that the insertion loss of microfiber before and after 
BP deposition is 0.7 dB and 1.98 dB, respectively. Therefore, the proposed few-layer BPs-
deposited microfiber photonic device could act as a high-performance SA for ultrafast fiber 
laser to generate ultrashort pulse. 

 

Fig. 5. Nonlinear saturable absorption and corresponding fitting curve of fabricated microfiber-
based BP SA. 

The schematic of the proposed passively mode-locked fiber laser incorporating 
microfiber-based BP SA was presented in Fig. 6. A segment of ~7 m erbium-doped fiber with 
a dispersion parameter of −7.9 ps/nm/km was used as the gain medium. All the other fibers 
are standard single-mode fiber (SMF) with a length 34.4 m. Therefore, the cavity dispersion 
is −0.52 ps2 and the fundamental repetition rate is 4.96 MHz. The unidirectional operation of 
the fiber laser was ensured by a polarization-independent isolator (PI-ISO). The polarization 
states of propagation light are adjusted through a pair of polarization controllers (PCs). The 
laser output was taken by a 10% fiber coupler, which is monitored by an optical spectrum 
analyzer (Yokogawa AQ6317C) and an oscilloscope (Tektronix DSA 70804) with a high-
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speed photodetector (New Focus P818-BB-35F, 12.5GHz). Moreover, the pulse profiles were 
measured by a commercial autocorrelator (FR-103XL). 

 

Fig. 6. Schematic of the microfiber-based BP SA mode-locked fiber laser. 

 

Fig. 7. Mode-locking performance. (a) Spectrum; (b) Pulse-train; (c) Autocorrelation trace; (d) 
RF spectrum. 

By virtue of the saturable absorption effect of few-layer BPs-deposited microfiber device, 
the fiber laser could achieve the self-started mode-locking state at the pump power of 30 mW. 
For better performance of the fiber laser, the pump power was then increased to ~70 mW. 
Figure 5 summarizes the passive mode-locking performance of the few-layer BPs based 
ultrafast fiber laser. The spectrum of the mode-locked pulse centered at 1566.5 nm with a 3-
dB bandwidth of 3.39 nm, as shown in Fig. 7(a). The symmetric Kelly sidebands were clearly 
presented on the mode-locked spectrum, indicating that the fiber laser operates in the soliton 
regime with anomalous dispersion [38]. The corresponding mode-locked pulse-train was 
depicted in Fig. 7(b). The repetition rate is a fundamental one of 4.96 MHz, which was 
determined by the cavity length. A larger scanning range of pulse-train under 500 μs is also 
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presented in the inset of Fig. 7(b), which demonstrates that no evident power fluctuation 
could be observed. To identify the duration of mode-locked pulse, we measured the 
autocorrelation trace correspondingly, as shown in Fig. 7(c). The pulse width was measured 
to be 940 fs if the Sech2 intensity profile was assumed. Therefore, the time-bandwidth product 
is 0.38, indicating that the pulse is slightly chirped. In addition, the radio frequency (RF) 
spectrum of the mode-locked pulses was also measured, as presented in Fig. 7(d). The RF 
spectrum shows a signal-to-noise ratio of ~50 dB, suggesting that the fiber laser is operating 
in a stable regime. In order to further investigate the stability of the mode-locked fiber laser, 
the optical spectrum was recorded every 1-hour, as shown in Fig. 8. Here, it should be noted 
that the central wavelength and mode-locked spectral bandwidth are reasonably stable over 
the time period. In addition, the fiber laser could achieve self-starting mode-locked operation 
for several days during our experimental observations. Based on the obtained results, the 
performance of the proposed fiber laser based on few-layer BPs is comparable to those using 
graphene SA [39,40]. 

 

Fig. 8. Repeatedly recorded mode-locked spectrum at a 1-hour interval. 

It has been demonstrated that the cavity birefringence could induce the spectral filtering 
effect in a fiber ring laser, which could be also used to obtain wavelength tunable mode-
locking operation by properly adjusting the PCs [41,42]. Figure 9 depicts the wavelength 
tuning of mode-locking operation by finely rotating the orientations of the PCs with the fixed 
pump power of ~70 mW in our fiber laser. The center wavelength of the mode-locked pulse 
could be continuously tuned from 1532 nm to 1570 nm, covering a wavelength range of 38 
nm. The demonstration of the wavelength tuning mode-locking operation indicates that the 
few-layer BPs could be a broadband saturable absorption 2D material. After the wavelength 
tunable mode-locking operation, the optical damage of microfiber-based BP SA was tested. 
To this end, the 980 nm pump power was gradually increased. However, the fiber laser could 
sustain mode-locking operation well at the maximum pump power of 350 mW in our 
experiment. In this case, the average output power of mode-locked pulse from the 10% 
coupling port is 5.6 mW. Therefore, the proposed BPs-deposited microfiber photonic device 
could at least endure an incident power of 56 mW, indicating that the optical damage of BPs 
was effectively suppressed by the proposed “lateral interaction scheme”. Moreover, we have 
also checked whether the few-layer BP SA solely contributed to the passive mode locking 
operation or not. Therefore, the microfiber-based BP SA was purposely removed from the 
fiber laser. In this case, despite the arbitrary adjustments of PCs and pump power level, no 
mode-locked pulse could be observed. The comparison results demonstrated that the mode-
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locking operation of the fiber laser was indeed induced by the saturable absorption effect of 
BPs. 

 

Fig. 9. Wavelength tunable mode-locking operation. 

4. Conclusion 

In conclusion, by depositing few-layer BPs upon the microfiber through the optical trapping 
approach, we can employ a “lateral interaction scheme” of utilizing the strong optical 
response of few-layer BPs, through which we could not only strengthen the light-matter 
interaction thanks to the long interaction distance, but also boost the optical damage threshold 
of few-layer BP flakes. Then by placing the as-fabricated SA device into an erbium-doped 
fiber laser, we are able to obtain 940 fs mode-locked pulse as well as wideband tunable mode-
locking operation. Our results demonstrate that few-layer BPs, as a kind of complentary 2D 
material for MoS2 and graphene, can further advance the development of photonics based on 
2D materials, as a field that investigates the light-matter interaction in 2D materials and the 
related applications such as light generation, propagation, modulation, and detection. 
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