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Abstract: We have reported high-energy pulse generation from a Q-switched Er-doped fiber 
laser based on black phosphorus (BP) with a drop-casting method. Poly dimethyl diallyl ammonium 
(PDDA) is employed to protect BP. A passive Q-switching operation is achieved by using the 
BP/polyvinyl alcohol (PVA) film as the saturable absorbers (SAs). When the pump power increases 
from 130.4 mW to 378 mW, the repetition rate increases from 13.33 kHz to 26.6 kHz, and the pulse 
duration decreases from 10.67 μs to 7.11 μs. The maximum pulse energy is 468.03 nJ, to the best of 
our knowledge, which is the highest pulse energy produced from Q-switched fiber laser based on 
BP-SA at 1.5 m. The obtained high-energy pulse demonstrates that BP/PVA film fabricated by such 
a drop-casting method can provide an ideal SA for high pulse energy generation from fiber lasers, 
and it has a potential application of remote sensing. 
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1. Introduction 

Q-switched fiber lasers with high pulse energy 

have attractive applications in medicine and remote 

sensing including light detection and ranging, 

optical time-domain reflectometry, and gas detection 

[1]. Compared with the active Q-switching, passive 

Q-switching possesses the advantages of simple and 

compact structure [2]. The passive Q-switched fiber 

laser is achieved by incorporating with saturable 

absorbers (SAs). Due to quantum confinement and 

surfaces, which are naturally passivated without any 

dangling bonds [3], recently, the up-coming 

two-dimensional (2D) materials have a large 

potential to be ideal SAs in fiber lasers with merits 

of broadband absorption, and wavelength- 

independent saturable absorption including graphene, 

transition metal dichalcogenides (TMDCs), and 

topological insulator (TI). Graphene can assist 

pulsed fiber laser to operate in the near-infrared 

region (1 m2 m) [4]. However, the low 

modulation depth (~1 %), as a result of the relative 

weak absorption in graphene (~2.3 % per layer), 

would limit its light modulation ability [5]. Lately, 

TMDCs have been applied in mode-locked fiber 

laser because of their higher resonant absorption at 
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special wavelengths [6]. Nevertheless, their 

large bandgap (1 eV for bulk and 2 eV for monolayer) 

limits their application in telecommunication band 

[7]. The topological insulator (TI) as another novel 

two-dimensional (2D) nanomaterial has proved to be 

an ideal SA due to its large modulation depth and 

high damage threshold [8]. However, the complex 

preparation due to compound with two different 

elements limits its application in pulsed laser [9]. 

Black phosphorus (BP), a newly emerged 2D 

material, has been brought into the fold as an 

attractive alternative to other 2D materials in 

infrared photonics and optoelectronics due to its 

tunable direct bandgap from 0.3 eV to 2 eV by 

changing the layer number [10]. Therefore, BP is 

suitable for fabricating photonic devices operating at 

optical communication band (0.8 eV) and fills up the 

gap between the graphene and TMDCs [11]. In 

terms of optical properties, many experimental 

researches about BP have been reported. Wang et al. 

revealed that BP has a faster carrier relaxation in 

near- and mid-infrared region than graphene [12]. 

Ryan et al. studied the carrier dynamics in BP by 

using pump-probe transmission and refection 

measurements [13]. Zhang et al. proved that 

relatively large ground-state transition probability 

and weak loss of excited-state absorption result in 

the good saturable absorption performance of BP 

[14]. Zhang et al. reported that the nonlinear 

absorption coefficient of BP is dependent on its size 

[15]. Up to now, many Q-switched and mode-locked 

fiber laser based on BP at different wavelengths 

have been reported [1621]. Liu et al. reported a 

Q-switched laser based on BP with pulse energy of 

283.91 nJ [22]. This is the highest single pulse 

energy at 1.5 m based on BP as the Q-switcher. 

In this work, we demonstrate the generation of 

pulse with energy of ~ 468.03 nJ from a Q-switched 

Er-doped fiber laser (EDFL) by using a 

BP/polyvinyl alcohol (PVA) film as SAs. The 

few-layer BP is absorbed on the film by using a 

drop-casting method. Compared with the deposition 

of BP on fiber end directly, this method is easier to 

transfer BP and control the layer of BP. By inserting 

BP-film into EDFL, Q-switched laser at 1595 nm is 

obtained. The pulse is stable when the pump power 

increases from 130.4 mW to 378 mW. Meanwhile, 

the pulse duration decreases from 10.67 μs to 7.11 μs, 

and the repetition rate increases from 13.33 kHz to 

26.6 kHz. The highest pulse energy of 468.03 nJ is 

achieved at the pump power of 298.7 mW. To 

the best of our knowledge, 468.03 nJ is the highest 

pulse energy among Q-switched Er-doped fiber laser 

with BP as the SAs. 

2. Fabrication of PVA-BP-PVA film 

In our experiment, the few-layer BP solution is 

prepared by the liquid-phase exfoliation method 

(LPE) due to its simplicity and high efficiency [23]. 

Ultra-water is selected as the solvent for the BP 

exfoliation. The solvent n-methyl-pyrrolidone (NMP) 

can provide stable and highly concentrated BP 

dispersion [24]. However, NMP is an organic 

solvent with poor volatility [25]. Compared with 

NMP, water evaporates easily without affecting the 

photoelectric properties of BP. More importantly, 

poly dimethyl diallyl ammonium (PDDA) can 

protect BP after it dissolves in water [26]. Generally 

speaking, PDDA (10 L) is added into ultra-water 

(10 mL) and sonicated for 5 minutes. Then, BP 

powder (5 mg) is exfoliated in as-prepared water 

(0.5 mg/mL) by using bath ultrasonication 

(operating at 40 kHz) for two hours. After the 

sonication step, to remove the thick and unexfoliated 

BP, the mixture dispersion is centrifuged at 7000 rpm 

for 10 min. Finally, the 70% supernatant is collected 

for further study. The image of the as-prepared BP 

solution is shown in Fig. 1(a). 

The nanosheets are characterized by Raman 

spectroscopy with a 633 nm laser. As depicted in  

Fig. 1(a), three primary Raman peaks are observed 

at 361.0 cm1, 437.9 cm1, and 466.0 cm1, which are 

corresponding to 1
gA , 2gB , and 2

gA  vibration 
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modes, respectively. The transmission electron 

microscope (TEM) image is obtained to show the 

morphologies of few-layer BP nanosheets. As shown 

in Fig. 1(b), BP nanosheets can be clearly identified 

as a layered structure with several hundred 

nanometers in size. In order to identify the thickness 

of the few-layer BP nanosheets precisely, the 

samples are measured by the atomic force 

microscopy (AFM). Figure 1(c) depicts the AFM 

image of BP nanosheets. The bright spot in Section 

A is due to the superposition of few-layer BP 

nanosheets. Figure 1(d) shows the height 

difference between the substrate and the BP 

nanosheets along the marked line. The thickness of 

BP is estimated to be ~5.2±0.8 nm. For all the 

prepared BP nanosheets within the AFM image, the 

thickness of BP is ranging from 3 nm to 8 nm. With 

the thickness of single layer around 0.6 nm [27], the 

thickness of BP-nanosheets is around 5 to 13 layers, 

which is suitable to work at 1550 nm. 

To ensure that there is enough BP on the film, 

we adopt an improved drop-casting method. As 

shown in Fig. 2(a), the BP solution is dropped on the 

surface of a pure PVA film. BP nanosheets will 

adsorb on the surface of PVA film after the water 

evaporates. This step is repeated for three times to 

ensure that enough BP nanosheets are adsorbed on 

the film. Then, another pure PVA film is covered 

with BP. Finally, we put the sample into a 

packing bag. A vacuum sealing machine is used to 

remove the air from the packing bag and is sealed. 

About 4 hours later, the two PVA films will adhere 

tightly together. The PVA-BP-PVA film is attached 

to the end of a standard optical ferrule to operate as 

SAs. We can observe from Figs. 2(b) and 2(c) that 

the number of BP on film, which is fabricated by our 

improved drop-casting method, has been 

significantly increased. 
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Fig. 1 Characterization of the exfoliated BP layers: (a) Raman spectrum of BP nanosheets (inset: photograph of a prepared BP 
solution), (b) TEM images of BP nanosheets, (c) AFM image of BP nanosheets, and (d) height profile marked in (c) (x-axis represents 
the position along the line and y-axis is the corresponding height). BP: black phosphorus; TEM: transmission electron microscope; 
AFM: atomic force microscopy. 
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Fig. 2 Preparation of PVA-BP-PVA film and the saturable absorption measurement of BP-SA: (a) schematic diagram of the 

fabrication process of PVA-BP-PVA film, (b) picture of BP-film which is fabricated by improved drop-casting method (method A) and 
wet-chemistry techniques (method B), (c) statistics on the amount of BP nanosheets, and (d) the nonlinear saturable absorption of 
BP-SAs. BP: black phosphorus; PVA: polyvinyl alcohol; SA: saturable absorber. 

 

To confirm the saturation absorption, the optical 

properties of the PVA-BP-PVA film can be 
measured by a mode-locked fiber laser [28, 29], 
which is operated at 1569 nm with 943 fs pulse 

width and 60.32 MHz repetition rate in our 
experiment. As shown in Fig. 2(d), the transmittance 
of SA increases with an increase in the input light 

intensity. The experimental data are well fitted by 
using the following formula: 

ns
sat

( ) 1 exp
I

T I T T
I

 
    

         
(1) 

where T(I) is the transmission, T is the 
modulation depth, I is the input intensity, satI is the 

saturation intensity, and nsT is the non-saturable 
absorbance. The modulation depth, saturation 
intensity, and non-saturable absorbance of SAs are 

1.23 %, 6.3 MW/cm2, and 32.8 %, respectively. The 
results prove that SAs based on BP can meet the 
essential criteria of SAs for pulsed laser. 

3. Experimental setup 

The configuration of the high compact all-fiber 

EDFL is constructed to investigate the Q-switching 
ability of SA based on BP, as shown in Fig. 3. A 
piece of 7.26-m erbium-doped fiber (Er30) is 
employed as the gain medium. The rest fiber of the 
cavity consists of 1.6-m HI1060 wavelength division 
multiplexer (WDM) fiber and a 14.14-m-long 
standard single mode fiber (SMF-28). The total 
length of the cavity is 23 m, and all fibers work at 
anomalous dispersion regime. The laser is 
pumped by a 980 nm laser diode via a 980/1550 nm 
WDM. A polarization-independent isolator is 
employed in the ring cavity to ensure the 
unidirectional operation of the laser. The cavity 
polarization state as well as the 
intracavity birefringence is adjusted via a 
polarization controller (PC). 10 % of light is 
extracted from the laser as the output by an optical 
coupler. Considering that the insertion loss of 
BP-SA is 1.8 dB, the cavity loss is around 3.42 dB. 
The performance of pulses is analyzed by an optical 
analyzer (Yokogawa AQ6375) with a spectral 
resolution of 0.2 nm and a real-time oscilloscope 
(Tektronix MSO 4104) via a fast photodetector. 
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Fig. 3 Experimental setup of an erbium-doped Q-switched 

fiber laser based on BP-SA. WDM: wavelength division 
multiplexing; EDF: erbium-doped fiber; ISO: isolator; OC: 
output coupler; BP-SA: black-phosphorus-based saturable 
absorber; PC: polarization controller; SMF: single mode fiber. 

4. Results and discussion 

Before inserting the SA into the cavity, we 

investigate the operation of the fiber laser without 

SAs to see if there is any self-Q-switching effect. No 

matter how we change the pump power and intracavity 

polarization state, only continuous wave (CW) can 

be observed. It clearly proves the function of SA 

based on BP, then the SA is inserted into the cavity.  

 

When the pump power increases to 49.1 mW, the        

EDFL generates the CW. The Q-switching 
performance with a repetition rate of 13.33 kHz is 
observed at the pump power of 130.4 mW. The 
corresponding pulse energy is 227.30 nJ. Figure 4(a) 
shows different Q-switched pulses at the pump 
power of 130.4 mW, 157.7 mW, 191.6 mW,    
244.6 mW, 312.5 mW, 338.9 mW, and 378 mW, 
respectively. Figure 4(b) depicts the pulse width and 
repetition rate of Q-switched pulses versus pump 
power. The repetition rate increases from 13.33 kHz 
to 26.6 kHz with the increasing pump power from 
130.4 mW to 378 mW. The pulse duration goes down 
from 10.67 μs to 7.11 μs versus the pump power. 
This is consistent with the characteristic of 
Q-switched pulses. Figure 4(c) demonstrates the 
average output power and pulse energy versus pump 
power. The average output power increases linearly 
from 3.03 mW to 9.86 mW, and pulse energy 
increases from 227.3 nJ to 468.03 nJ. When the 
pump power is 298.7 mW, the highest pulse energy 
of 468.03 nJ is achieved.  
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Fig.4 Performance of the developed Q-switched fiber laser: (a) different pulse trains under different pump powers, (b) pulse width 

and repetition rate versus pump power, (c) output power and pulse energy versus pump power, and (d) optical spectrum. 
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Table 1 summarizes the Q-switched fiber laser 

results based on BP in recent reports. To the best of 

our knowledge, 468.03 nJ is the highest pulse energy 

at 1.5 μm based on BP-SA. Figure 4(d) shows the 

spectra of the Q-switched pulses with central 

wavelength of 1595 nm. 

Table 1 Typical Q-switched fiber lasers based on BP. 

Repetition rate (kHz) Pulse width (s) Pulse energy (nJ) Reference
7.8634.32 2.96 194 [30] 
6.9815.78 10.32 94.3 [18] 
35.770.6 6.21.65 8.725.2 [31] 

40 3.1 18.6 [32] 
30.098 2.988 283.91 [22] 

13.3326.6 7.11 468.03 Our work

5. Conclusions 

We demonstrate a Q-switched fiber laser at   

1.5 m based on PVA-BP-PVA film with a 

drop-casting method. The modulation depth, 

saturation intensity, and non-saturable absorbance of 

BP are 1.23%, 6.3 mW/cm2, and 32.8%, respectively. 

By inserting the BP-film into the cavity, a 

Q-switched laser at 1595 nm is obtained. The 

repetition rate increases from 13.33 kHz to 26.6 kHz 

with an increase in pump power from 130.4 mW to 

378 mW. The shortest pulse duration is 7.11 s, and 

the maximum pulse energy is 468.03 nJ. To the best 

of our knowledge, it is the highest pulse energy 

among Q-switched fiber laser based on BP-SA at  

1.5 μm. The result shows that the PVA-BP-PVA film 

fabricated by the drop-casting method can provide 

an ideal SA for high pulse energy generation from 

fiber lasers, which has a potential application of 

remote sensing. 
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