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to all-optical signal processing, the fol-
lowing two technologies are considered to 
be important and indispensable aspects: 
all-optical pulse reshaping and all-optical 
modulation. Optical computation, for 
example, where photons are manipulated 
as information carriers, plays a crucial 
role in integrated photonic technology. 
One of its essential building blocks can be 
traced back to achieving the modulation 
of the propagation states (intensity, phase, 
polarization, etc.) of signal light by using 
another light beam, which also constitutes 
the foundation of optical communication 
network systems.[9,10] Whereas, the most 
important photonic device performance 
based on the concept of light-control-light 
originates from all-optical switching that 

correlates with the operation of switching ON/OFF the signal 
light by modulating another beam. In order to realize efficient 
all-optical switching like its counterpart of electronic switching, 
we must utilize mutual interaction of different photons (that 
can differ in wavelength, polarization, etc.) with the assistance 
of nonlinear optical media through either nonlinear absorption 
or Kerr nonlinearity. Consequently, it is anticipated that the 
nonlinear optical properties of optical materials determine the 
performance of the all-optical switching in a large degree.[11,12] 
On one hand, it is therefore encouraged to search for suitable 
optical materials with desired nonlinear optical properties that 
could fulfill the requirements of all-optical switching.

On the other hand, in optical signal transmission systems 
of either optical communications or computations, the optical 
pulse waveforms are always called for being refined to over-
come the ever-existing deterioration influences. This pro-
cess is also well-known as 3R-function, that is, reamplifying, 
reshaping, and retiming, before sending back the signal into 
the final receiver in order to improve the bit error rate (BER) 
performance. Due to the accumulated noise originating from 
optical amplifiers and other interferences, the signal quality, 
especially the signal-to-noise ratio (SNR), may encounter 
serious deterioration, which accordingly worsens the system 
BER performance given that BER is directly determined by 
SNR. Consequently, it is highly desirable to employ an all-
optical thresholder to suppress the noise ratio and accordingly 
improve the SNR. Persistent efforts have been made to achieve 
high-performance optical thresholder by taking advantage of 
diverse nonlinear optics properties existing in optical materials, 
including nonlinear effects in various special types of optical 

Phosphorene, mono/few-layered black phosphorous with advantages of 
tunable energy bandgaps and strong light–matter interaction, is fabricated 
by electrochemical intercalation with large area (≈3 µm) and controllable 
thickness (mainly four layers). Thanks to the direct gap and resonant absorp-
tion of four-layer phosphorene at the telecommunication band, all-optical 
thresholding and optical modulation are demonstrated for optical communi-
cations by using few-layer phosphorene-decorated microfibers. This device is 
experimentally verified as an efficient noise suppressor that can enhance the 
signal-to-noise ratio and reshape the deteriorated signal pulse, and also as 
an optical modulator that can switch the signal on/off by pumping light. The 
findings, as the first prototypic device of all-optical thresholding and optical 
modulation, might facilitate the development of phosphorene-based optical 
communication technologies.
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Optical Modulation

1. Introduction

All-optical signal processing is highly required in both ultrahigh 
bit rate optical communications and computations,[1–6] as the 
current electronic processing speed might gradually approach 
the fundamental limits.[7,8] Among various technologies related 
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fibers,[13–19] second harmonic generation (SHG) effect in peri-
odically poled lithium niobate (PPLN),[20,21] cross gain modula-
tion (XGM) effect in distributed-feedback (DFB) semiconductor 
laser,[22] and so on. In spite of those achievements, however, 
the limitations coming from the current materials still trigger 
strong motivations to search for new advanced optical materials 
with desired properties, especially for all-optical noise suppres-
sion and optical pulse reshaping.

Graphene, one-atomic-layer carbon material, has been 
found to exhibit diverse electronic and optical properties,[23–26] 
inspiring interesting optical applications including saturable 
absorber for ultrafast photonics,[27,28] photodetectors,[29–33] 
and optical modulators.[34–37] In particular, owing to its satu-
rable absorption (SA) and optical Kerr nonlinearity, graphene-
decorated microfiber has been fabricated as a loss and phase 
modulator, respectively.[35,38,39] However, the relatively weak 
absorption in graphene (only 2.3% of incident light per single 
layer) might significantly weaken its light modulation ability 
while its semimetallic bandgap can result in low on/off ratio 
in electronics.[40,41] In order to overcome those drawbacks, 
integration of graphene with microscale optical waveguides,[42] 
microcavities,[43] or plasmonic structures[44] had been employed 
in order to boost the light absorbance in graphene while 
doping,[45] external strain,[46] or defects[47] had been deliberately 
introduced so as to open the bandgap of intrinsic graphene. 
Beyond graphene, 2D transition metal dichalcogenides (TMDs) 
had also been verified with nonlinear optical absorption or 
phase modulation, indicating potentials for ultrafast photonics 
and all-optical switching.[48–52] However, the optical response of 
TMDs mainly occurs in the visible range due to the relatively 
wide bandgap while it only becomes a direct type of semicon-
ductor in its monolayer, making them difficulty in device appli-
cations at the optical communication band.

Phosphorene, as a member of postgraphene materials, shows 
intriguing characteristics such as direct and tunable energy 
bandgap and anisotropic in-plane electronic and optoelectronic 
response, attracting tremendous interests in photonics and opto-
electronics devices.[53–56] However, practical applications have 
been seriously hindered by the lack of an effective approach to 
prepare large-size uniform few-layer phosphorene (FL-P) with 
fewer defects, as well as irreversible oxidization during the syn-
thesis process. Hitherto, the most commonly adopted methods 
to produce FL-P are mechanical exfoliation and liquid phase 
exfoliation. Particularly, FL-P has been first acquired through 
the classic scotch-tape way, however, the resultant products 
inevitably consist of chemical residues from scotch-tapes and 
only small size samples far from controllable and scalable can 
be produced out of this method, which significantly delimits the 
generalization of this approach toward practical device applica-
tions.[57,58] Afterward, the preparation of FL-P through liquid 
phase exfoliation in N-methyl-2-pyrrolidone had been dem-
onstrated by O’Brien and co-workers[59] followed by the exten-
sion of this technique by using other solvents. However, the 
relatively long bath sonication process inevitably reduced the 
flake size, typically, smaller than a few hundred nanometers 
with the existence of unwanted defects. Accordingly, it will be 
of great importance to explore more efficient and controllable 
approach for the exfoliation of large-area FL-P with desired 
thickness (e.g., four layers of phosphorene, corresponding to a 

bandgap covering 0.8 eV). Electrochemical exfoliation, involving 
the usage of a liquid electrolyte and applied external poten-
tials to force the structural expansion, has been regarded as a 
promising approach to exfoliate 2D materials for their scalable 
possibilities. Unlike liquid phase exfoliation and mechanical 
cleavage, the electrochemical techniques show high yield prod-
ucts with tunable quality (thickness, flake size, etc.). Cationic 
insertion excluding the potential oxidizing conditions would not 
result in the decoration with oxygen functional groups, making 
the cationic intercalation as an alternative methodology to con-
quer the deficiencies of mechanical cleavage and liquid phase 
exfoliation so as to synthesize defect-free crystalline structure.

Herein, we demonstrated an electrochemical cathodic exfo-
liation in association with centrifugation technique to prepare 
FL-P (mainly four layers) and developed a phosphorene-deco-
rated microfiber (PDM) for all-optical thresholding and light 
modulation. By employing the as-fabricated PDM device, we 
have successfully realized an all-optical thresholding function 
based on the SA effect, through which the SNR of input pulse 
signal has been improved from 3.54 to 17.5. Meanwhile, an all-
optical modulation function has also been realized. Therefore, 
our results verify that this PDM device could operate as a quali-
fied nonlinear photonics device for all-optical signal processing.

2. Materials Fabrication and Characterizations

2.1. Electrochemical Exfoliation of FL-P

A two-electrode electrochemical cell had been employed for 
the electrochemical exfoliation of black phosphorus (BP). An 
intact BP chunk (99.998%) purchased from Smart Elements 
(≈8 × 5 × 1 mm, 0.143 g) was directly connected to the con-
ducting wire of a DC power supply (Wuhan Corrtest 310). The 
BP chunk operated as a working electrode and was partially 
inserted into the electrolyte in order to avoid electrolysis and 
contamination of the connected conducting wire. A Pt wire 
with a diameter of 0.5 mm was used as the counter electrode, 
and 0.5 m Na2SO4 (≥99.0%, Aladdin) aqueous solution was 
employed as the electrolyte. The entire electrochemical exfolia-
tion process was conducted at a constant voltage of −8 V with a 
passed current of ≈1.1 mA at room temperature. This process 
was maintained for 60 min for the intercalation and exfoliation 
actions of the Na+ ions in the cathodic BP, since Na+ has been 
proposed to be a reliable intercalant of BP to form Na3P.[60,61] 
The exfoliation of graphite has also been obtained in order to 
avoid oxidation of the exfoliated graphene.[62,63] The as-produced 
electrolyte containing exfoliated BP nanoflakes was then centri-
fuged at 8000 rpm for 40 min. The sediment was collected and 
washed by ultrasonication in deionized (DI) water for 10 min. 
The same centrifugation-washing process was repeated for 
three times. The dispersion was dried in vacuum at 35 °C for 
24 h and then diluted in acetonitrile for characterization.

2.2. Characterization

The time intervals between sample preparation and all the 
characterizations were optimized to avoid degradation of FL-P 
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nanoflakes. The height and phase of the electrochemically 
exfoliated FL-P nanoflakes were measured by atomic force 
microscopy (AFM) observation by using an ICON Bruker 
system in tapping mode, with the samples dispersed on  
Si/SiO2 substrates by a drop-casting method. The microstructure  
and elemental composition of FL-P samples were character-
ized by high-resolution transmission microscopy (HRTEM), 
selected area electron diffraction (SAED), and energy-dispersive 
electron diffraction spectrum (EDS) by using the FEI Tecnai 
G2 F30 field-emission TEM equipment operated at 300 kV. 
UV–vis–NIR spectroscopy was performed by the Perkin-Elmer 
LAMBDA 750 Spectrophotometer to measure the optical 
absorbance of the FL-P in the range of 300–2500 nm, using a 
prealigned deuterium lamp as the incident light source. Raman 
spectrum was acquired by the Renishaw inVia confocal Raman 
microscope equipped with a 514 nm Ar ion laser as the excita-
tion source.

The FL-P nanoflakes used in this work were prepared by 
the electrochemical exfoliation method in a two-electrode 
system,[64] as schematically shown in Figure 1a. During the 
intercalation and exfoliation process of 60 min, the electro-
lyte gradually turned from transparent to yellow, and then 
to dark brown, suggesting a successful production of FL-P 
nanoflakes exfoliated from the bulk BP. The AFM image 
(see Figure 1b) shows that FL-P nanoflake has a lateral size 
of ≈2.77 µm and a height of ≈2.1 nm, corresponding to a 

layer number of 2–4. The HRTEM image (Figure 1c) of FL-P 
shows an obvious lattice configuration with rigid arrange-
ments of phosphorus atoms. FL-P exhibits an orthogonally 
symmetric structure without an obvious defect. A clear lat-
tice fringe of 3.1 Å is observed, corresponding to the (012) 
lattice plane of the BP crystal.[65] The SAED pattern shown 
in Figure 1d confirms a good crystallization of the BP. The 
reciprocal lattice points corresponding to the (002) and (200) 
lattice planes can be deduced. The EDS spectrum of the same 
sample (see Figure 1e) shows that the BP has a very high 
purity with trace oxygen impurities, which may be generated 
during the sample preparation process. The detected carbon 
and copper elements are attributed to the carbon film-coated 
Cu grid support.

Given that acetonitrile is a polar solvent that does not 
contain oxygen element, the as-prepared FL-P was therefore 
stored in acetonitrile solvent in order to avoid possible oxida-
tion and degradation. UV–vis–NIR absorption spectrum of the 
FL-P/acetonitrile dispersion is shown in Figure 1f. It can be 
seen that the optical absorption strength of the FL-P in the 
dispersion smoothly increases as the wavelength decreases 
from visible region to ultraviolet region, while the increase 
becomes rapid in the region of 300–500 nm. The FL-P exhibits 
negligible absorption in the near-infrared region from 800 to 
2100 nm, except for several absorption peaks originating from 
the optical bandgaps of BP with different atomic layers. 
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Figure 1. Characterization of the prepared FL-P. a) Schematic illustration of the two-electrode system used for the electrochemical exfoliation of BP, 
with bulk BP, Pt wire, and Na2SO4 aqueous solution as the working electrode, counter electrode, and electrolyte, respectively. b) Typical AFM image of 
an electrochemically exfoliated FL-P nanoflake. c) HRTEM image of the FL-P and the corresponding d) SAED pattern and e) EDS spectrum. f) UV–vis–
NIR absorption spectrum of the few-layer BP diluted in acetonitrile. The inset in (f) shows the enlarged NIR absorption region (800–1600 nm) with the 
arrows indicating the absorption peaks of the few-layer BP with different layers. g) Raman spectrum of the FL-P.
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As shown in the enlarged absorption region of the inset of 
Figure 1f, these layer-dependent absorption peaks locate at 
about 855, 965, 1160, 1415, and 1540 nm, that is, at an inci-
dent light energy of 1.45, 1.29, 1.07, 0.88, and 0.81 eV, respec-
tively. In sequence these energies are in accordance with the 
bandgaps previously measured by photoluminescence[58,66] 
and optical absorption[67,68] of monolayer phosphorene and 
FL-P with a layer number from 2 to 5. In particular, the 
0.88 eV peak associated with the four-layer BP is the strongest 
peak, in good agreement with our typical AFM observation 
shown in Figure 1b. Raman spectrum of the few-layer BP 
exhibits the typical sharp scattering peaks of the vibrational 
Ag

1, B2g, and Ag
2 modes, which locate at 361.5, 438.1, and 

466.7 cm−1, respectively. The intensity ration of the Ag
1 and Si 

peaks equals to 0.43, confirming the few-layer feature of the 
sample.[69] In addition, the intensity ration of the Ag

1 and Ag
2 

peaks (0.98) indicates that the fresh few-layer BP sample is 
nonoxidized.[70,71]

3. Nonlinear Optical Characterization of 
FL-P-Coated Microfiber

In this work, the experimental process of optical deposition 
for fabrication of FL-P-coated microfiber follows previous 
approach developed in ref. [72]. First, a piece of microfiber was 
fabricated by stretching a piece of standard single mode fiber 
(SMF) with heat produced by a flame. The fiber was tapered 
down in order to ensure its taper waist diameter narrower 
than 4.4 µm. Second, FL-P nanoflakes with a concentration 
of 0.08 mg mL−1 were dropped onto the microfiber through 
the conventional optical deposition process. Afterward, FL-
P-coated microfiber is shown in Figure 1. As it can be seen, 
the deposition length of FL-P is about 176 µm. The nonlinear 
optical SA in FL-P-coated microfiber was investigated by 
measuring the input-power-dependent transmission through 
a femtosecond pulse laser. The schematic diagram of the 
measurement setup is shown in Figure 2. The femtosecond 
pulsed laser is an in-house-made mode locked fiber laser 

(MLFL), whose waveforms and optical spectrum are shown 
in Figure 3. The repetition rate, pulse duration, and center 
wavelength of the pulsed laser are estimated to be 17.6 MHz, 
≈500 fs, and 1566 nm, respectively. The MLFL was first ampli-
fied by a commercial erbium-doped fiber amplifier (EDFA) 
followed by a variable optical attenuator (VOA) in order to con-
tinuously adjust the optical power incident into the sample. 
A 10:90 optical coupler (OC) was employed to split the light 
into two parts: the 10% port was used to monitor the input 
power (measured by optical power meter 1, OPM 1), while the 
90% port was coupled into the FL-P-coated microfiber (sample) 
measured by OPM 2. By gradually adjusting the VOA, the 
transmittance of the sample under different input power was 
measured in Figure 4, showing a typical saturable absorption. 
The average power of “thresholding point” is measured to be 
≈0.06 mW. Fitting the curve, the saturable power and modula-
tion depth are 3.5 mW and 13.3%, respectively. Therefore, this 
FL-P-deposited microfiber device possessing SA effect may 
provide a capability to realize all-optical thresholding and all-
optical modulation.

4. Optical Thresholding with FL-P-Coated 
Microfiber

The SA effect by the as-fabricated FL-P-deposited microfiber 
device may be considered as an intrinsic function of input-
power-dependent optical transmission, that is, “relatively low 
intensity” light will be highly absorbed while “relatively high 
intensity” light can pass through with relatively low optical 
loss. It is therefore anticipated that such a nonlinear optical 
device can be employed as an effective all-optical thresholder 
to reshape the deteriorated pulse waveforms, especially toward 
improving the SNR. The principle of all-optical thresholder 
based on FL-P is illustrated in Figure 5.

We conducted the following experiments to investigate the 
feasibility whether FL-P-deposited microfiber could operate 
as an all-optical thresholder. Figure 6 shows the schematic 
setup, where the MLFL (the same as that in Figure 3) is 
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Figure 2. Schematic diagram of the measurement setup for SA effect.
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employed as the signal light, and radio frequency (RF, 1 GHz) 
modulated low-power light (centered at 1550.17 nm) is used 
to simulate the noise light to equivalently realize intensity 
fluctuations. These two kinds of light were combined together 
by a 50:50 OC. The three insets show the waveforms corre-
sponding to three points marked with A, B, and C. As it can 
be seen, the introduction of additional noise has noticeably 
deteriorated the SNR of pulses from the MLFL. The mixed 
lights were then amplified by a commercial EDFA followed by 
a VOA in order that the optical power injected into the sample 
could be gradually adjusted. A 10:90 OC was employed to split 
the light into two branches: the 10% port was used to monitor 
the input power (measured by OPM), and the 90% port was 
coupled into the FL-P-coated microfiber (sample). The output 
of the sample, which has experienced the SA effect, was then 
sent into a photodetector (PD, 5 GHz@3dB), and the con-
verted electrical signal was measured by an electrical oscil-
loscope (E-OSC, 8 GHz real-time oscilloscope, KEYSIGHT 
MSOS804A).

By appropriately adjusting the VOA, an obvious suppres-
sion of noise can be observed as shown in Figure 7. A strong 
comparison can be found in Figure 7a,b, where the former 
one is the pulse waveform before the sample and the latter is 
that after the sample. After passing through this FL-P-depos-
ited microfiber device, SNR has been dramatically improved 
from 3.54 to 17.5, indicating that this device can successfully 
suppress the noise interference for a pulse signal. Figure 7c 
summarizes the entire evolution process of pulse waveforms 

through dynamically tuning VOA from 7.75 to 19.03 dB while 
the output of EDFA is kept at 22.25 dBm. The corresponding 
SNR against the value of VOA is plotted in Figure 7d. As it 
can be seen, the increase of the optical attenuation leads to an 
improvement of the SNR of pulse signal. The mechanisms can 
be explained as follows.

When the input power reaches much higher than the satu-
rable power, both the signal and the noise light can proportion-
ally penetrate the sample, suggesting that SNR almost remains 
similar to the input light. In this case, noise-suppression effect 
plays a minor role. However, at an input power close to or 
even lower than the saturable power, the transmittance of the 
signal light will be higher than that of the noise light as shown 
in Figure 4b, demonstrating a significant improvement of the 
SNR. In the meanwhile, we should note that the input power 
should not be kept at a low level owing to the detection limita-
tion of the sensitivity of PD. It is also well known that if the 
incident optical power is too weak, unwanted inevitable noise 
from the PD itself may emerge. The evolution process of pulse 
waveforms when the values of VOA continuously increase after 
the state of Figure 7c,d, is summarized in Figure 8. As it can 
be seen, massive noises have been produced when the incident 
optical power to the PD is too weak, and SNR of the pulse wave-
form decreases accordingly.

Consequently, we can conclude that an all-optical thresh-
olding function by appropriately controlling the input power 
had been realized, which might benefit for improving the 
quality of the received optical pulse signal and further boosting 

Adv. Optical Mater. 2017, 5, 1700026

Figure 3. Optical properties of the MLFL. a) Waveform, the inset is at wider time scale. b) Spectrum.

Figure 4. Measured nonlinear SA curve. a) Relatively low input power. b) Relatively high input power.
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the system BER performance. To the best of our knowledge, it 
is the first demonstration of the SA effect of FL-P for all-optical 
thresholding operation. Furthermore, the processed optical 

pulses in the current experiment exactly operate in the optical 
communication band, rendering this all-optical thresholder 
with practical applicability. In the future work, we will measure 

Adv. Optical Mater. 2017, 5, 1700026

Figure 5. Schematic illustration of principle of all-optical thresholder based on FL-P. Because of the Pauli blocking, the “relatively high intensity” pulse 
peak will pass through the FL-P sample with relatively low optical loss. With the help of saturable absorption, the “relatively low intensity” noise will 
be greatly absorbed by FL-P-coated microfiber. Therefore, the SNR of optical signal can be dramatically improved.

Figure 6. Schematic diagram of the experiment setup for all-optical thresholding with FL-P-coated microfiber. The three insets on the top are the 
waveforms corresponding to the three points marked with A, B, and C.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700026 (7 of 11)

www.advopticalmat.de

the BER values that directly reflect the improvement of BER 
performance.

5. Optical Modulation with FL-P-Coated 
Microfiber

All-optical modulation is a promising application of 2D mate-
rials that possess the renowned SA effect, which had been 
widely considered to be a powerful technique to tackle the 
bottlenecks existing in traditional electro-optic modulation 
scheme. Theoretically, because of Pauli blocking (no iden-
tical two electrons can fill the same state), if the intensity of 
switch light is sufficiently strong, FL-P can become totally 
transparent to signal light (usually a CW light), resulting in 

evident modulation of the signal output from the FL-P. The 
principle of all-optical modulator based on FL-P is illustrated 
in Figure 9.

In this work, the same piece of FL-P-coated microfiber is 
also employed to realize the all-optical modulation operation. 
Figure 10 shows the schematic diagram of the experiment 
setup. The MLFL (the same as that in Figure 3) is employed 
as switch light to modulate the CW light (regarded as the 
signal light, centered at 1511, 1520, and 1530 nm, respectively). 
To obtain suitable pump power incident into the sample, the 
output of MLFL was first amplified by a commercial EDFA 
(with a saturable output power of 26.4 dBm), and then followed 
by a VOA. A 10:90 OC was used to split the switch light into 
two branches: the 10% port was used to monitor the input 
power (measured by OPM), and the 90% port was combined 

Adv. Optical Mater. 2017, 5, 1700026

Figure 7. Experimental results of the all-optical thresholding. a) The optical pulse waveform before the sample. b) The optical pulse waveform after 
the sample. c) The entire evolution process of pulse waveforms when the VOA is tuned from 7.75 to 19.03 dB while the output of EDFA is kept at 
22.25 dBm. d) The corresponding SNR against the value of VOA.

Figure 8. The evolution process when the VOA is tuned from 19.982 to 23.41 dB. a) Pulse waveforms. b) Corresponding SNR.
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Figure 9. Schematic illustration of principle of all-optical modulator based on FL-P. Because of the Pauli blocking, both the signal light (CW) and 
switch light (pulse), which are located at the time position of pulse in switch light, will pass through the FL-P sample with relatively low optical loss 
and pulse waveforms of the signal light (original CW) will be generated accordingly. While because of the strong absorption, both the signal light 
(CW) and switch light (pulse), which are located at the time position of low intensity in switch light, will be greatly absorbed by FL-P sample. Then an 
optical band-pass filter (OBPF), which is centered at the wavelength of signal light, is employed to filter out the desired modulation light originating 
from the signal light (CW).

Figure 10. Schematic diagram of the experiment setup for all-optical modulation.
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with the CW light via a 50:50 OC, and then coupled into the 
FL-P-coated microfiber (sample). After the sample, a tunable 
optical band-pass filter (OBPF, BVF-300CL), which was cen-
tered at the wavelength of CW light and with a bandwidth of 
0.2 nm, was employed to filter out the switch light. An E-OSC 
was employed to measure the converted electrical signals after 
PD.

Figure 11 shows the measured experimental results where 
the central wavelength of the CW was tuned at 1511 nm. The 
optical power of signal and switch light were measured to be 
0 and 18 dBm, respectively. Figure 11a,b shows the optical 
spectrum of the output light after the OBPF with or without 
CW, respectively. We can clearly see that the incorporated 
OBPF can safely remove the component of the switch light, 
indicating that output light after the OBPF turns out to be 
purely signal light. On the other hand, by switching off the 
CW, there existed a nearly 40 dB decrease of the spectral 
intensity centered at 1511 nm, while the residual spectral 
intensity @ 1511 nm should originate from the ASE spec-
trum (accompanying the amplified switch light) filtered out 
by the OBPF. Figure 11c shows the waveforms of the output 
light after the OBPF with or without CW, which were further 
measured by the E-OSC. It could be therefore noticed that 
the original CW light was clearly modulated when the CW 
was turned on (black line shown in Figure 11c). While if the 
original CW light was turned off, only a low level noise line 
instead of modulated signal was observed (red line shown in 
Figure 11c), which exactly confirms that the modulated signal 
(black line) purely originates from the modulated CW light. 
In order to further investigate the pulse quality of the newly 
modulated CW light, a comparison of single pulse waveform 
between the switch light and the newly modulated CW light 

had been made as shown in Figure 11d. As it can be seen, 
the newly generated modulation light shows high consist-
ence with the original switch light and its modulation depth 
is estimated to be 4.7. Although the modulation depth of the 
newly generated light remains relatively low, similar pulse 
profile and the same pulse repetition rate between the newly 
generated light and the original signal light strongly evidence 
that the information of the original signal had been safely 
copied into the newly generated light. The safe information 
copy demonstrates the effectiveness of FL-P-coated micro-
fiber toward information technology. It should be noted that 
two methods are often proposed to improve the modulation 
depth: one is to increase the power of pump light[35] and the 
other is to decrease the diameter of the microfiber.[73] How-
ever, there exists a tradeoff between the modulation depth 
and the optical damage of FL-P for the former method, and a 
tradeoff between the modulation depth and the insertion loss 
for the latter one.

In order to further investigate the wavelength dependence 
of such an all-optical modulation scheme based on FL-P-
coated microfiber, the wavelength of CW light was gradually 
varied from 1520 to 1530 nm, respectively. The waveforms of 
the output light after the OBPF with CW on or without CW 
at the two wavelengths are shown in Figure 12. Similar to the 
former case at 1511 nm as shown in Figure 11c, original CW 
light (either 1520 or 1530 nm) was also clearly modulated by 
the switching light. The corresponding modulation depths were 
estimated to be 4.1 and 4.6, respectively. Hence, it can be con-
cluded that the all-optical modulation scheme based on FL-P-
coated microfiber could operate at a broadband range.

Consequently, FL-P-coated microfiber can be used to 
realize an all-optical modulation function by combining the 

Figure 11. Experimental results of all-optical modulation when the CW was centered at 1511 nm. a) Optical spectrum of the output light after the 
OBPF with CW on. b) Optical spectrum of the output light after the OBPF without CW. c) Waveforms of the output light after the OBPF with CW on or 
without CW. d) Comparison of single pulse waveform between the original switch light and the new modulation light.
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switch light and signal light together into the same piece 
of nonlinear optical device. Furthermore, to the best of 
our knowledge, it is the first demonstration that the MLFL 
which was used as the pump light to switch on/off CW light 
in this experiment located at the optical communication 
band, rendering such an all-optical modulator with practical 
applicability.

6. Conclusion

In summary, the electrochemical exfoliation had been intro-
duced to prepare large-area 2–4 layers phosphorene with fewer 
defects and better stability that could fit the energy gap of tel-
ecommunication band (mainly four layers) and fulfill require-
ments of device performance. By employing its saturable 
absorption property, we had demonstrated the applicability of 
FL-P-coated microfiber that was fabricated with a convenient 
evanescent-field-induced deposition method and enhanced 
light–phosphorene interaction benefiting from this structure, 
toward all-optical signal processing (all-optical thresholding and 
all-optical modulation) in optical fiber system. This work pro-
vides the possibilities not only for the scalable preparation of FL 
2D materials through electrochemical exfoliation, but also for 
improving optical communication performance through new 
optical materials and devices. It is worth noting that such an 
all-optical thresholding function can be extended to other 2D 
materials that possess similar SA effect. More importantly, all 
the optical signals participating in both these two all-optical 
processing functions are located at the optical communica-
tion band, rendering such all-optical processing functions 
with more practical applicability. It is therefore envisaged that 
this work might open a new door toward the development of 
photonics based on 2D materials as well as the improvement of 
optical communication.
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