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Zhengpeng Shao, †a Cong Wang,†b Kan Wu,*a Han Zhang *b and Jianping Chena

In this paper, we review the recent studies on all-optical light control based on two main nonlinear

mechanisms in LDMs: the thermo-optic effect and saturable absorption. The compactness of LDMs

makes them the ideal medium for all-optical control systems. Many all-optical devices are demonstrated

based on the properties of thermo-optic effects and saturable absorption. The materials characteristics

and fabrication and the future prospects for all-optical control will also be shown.
Introduction

With the emergence of bandwidth hungry applications such as
cloud and 5G technology, the speed and bandwidth of elec-
tronic devices have become the limitation. All-optical light
control avoids the conversion between electronic signals and
optical signals and thus can fully utilize the optical bandwidth
capacity and more manipulation dimensions including ampli-
tude, frequency, phase and polarization.1–3
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So far, ber-typed, waveguide-typed and space-typed all-
optical light control has been demonstrated.4–7 Fiber all-optical
light control utilizes mature ber technologies and allows all-
optical devices to be compatible with current ber communi-
cation systems. Therefore, ber all-optical light control has
attracted widespread research interests and many of the latest
results have reported all-optical modulators,8–17 phase
shiers,12,14,17–19 logic gates,12,14,20 and switches.2,5–7,15,18,19,21–23

Meanwhile, LDMs have been a research hotspot because of
their plentiful photonic and optoelectronic properties including
graphene,9,24–27 graphene oxide,28,29 carbon nanotubes
(CNTs),30–32 transition metal dichalcogenides (TMDs),33–35 topo-
logical insulators (TIs),36–38 black phosphorus (BP),39–41 and
MXenes.42,43 These LDMs have been applied in various research
elds including biomedicine,44,45 ultra-fast photonics,46–48

sensors,49–51 energy52–55 and microelectronics.56,57 For example,
their saturable absorption, i.e., intensity dependent optical
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transmission, has been used to generate ultrafast pulses such as
mode locked and Q-switched ber lasers24,25,32,35,58–61 and
measure ultrafast pulses such as in quasi-autocorrelation.62 The
tunable Fermi level has been utilized to realize a compact
optical modulator.9 Broadband optical absorption and ultrafast
photoresponse are applied to realize a photodetector.26,63,64

Optical nonlinearity has enabled the application of all-optical
modulators and switches.8,10 Among them, the thermo-optic
effect and saturable absorption effect are twomainmechanisms
for all-optical control in LDMs. Many all-optical devices based
on these two effects have been reported.11–14,16,18–20,62,65–68 There-
fore, it is very important to build up a complete view on the
principle and performance of these devices.

In this review paper, we focus on all-optical control using the
thermo-optic effect and saturable absorption in various LDMs.
The principle and performance of these all-optical devices are
reviewed and discussed. The paper is organized as follows: the
materials' characteristics and fabrication are rst introduced.
Then ber all-optical devices based on the thermo-optic effect
and saturable absorption in LDMs are presented. Finally, the
challenges and future prospects for all-optical control with
LDMs are discussed.
Materials characteristics and
fabrication

Herein, we focus on six types of LDMs (graphene, MXenes, TIs,
BP, TMDs and CNTs), which are widely used in all-optical
control devices. Before discussing the methods of materials
fabrication, let us briey introduce the six types of LDMs.

As the best-known LDM, graphene, an allotrope of carbon
made of an sp2 hybridized hexagonal lattice, possesses zero
band-gap and a linear dispersion relationship at the Dirac
point,24 as shown in Fig. 1(a) and (b).69 It has 2.3% uniform
absorption over the whole infrared and visible spectral range,70

excellent electron mobility (200 000 cm2 V�1 S�1),71 ultrafast
optical operation (recovery time of �200 fs)72 and remarkable
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and master degrees from
Shanghai Jiao Tong University
in 2006 and 2009. He received
his Ph.D. from Nanyang Tech-
nological University in 2013.
Since 2013, Dr Kan Wu has been
an associate professor in the
Department of Electronic Engi-
neering in Shanghai Jiao Tong
University. Dr Kan Wu's
research interests include mode-
locked ber lasers, photonic

integration and optoelectronic devices. Dr Kan Wu has published
more than 50 papers including in journals Nature Communica-
tions, Light Science and Applications, Physical Review X, Optics
Letters, etc.
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thermal properties (thermal conductivity of 5000 W m�1 K�1),73

and has been utilized for all-ber phase shiing and switching.9

However, the property of strong optical absorption is also
a drawback for switching devices due to the large loss at the
signal wavelength.

MXenes, graphene-like layered materials, are an emerging
LDM with the characteristics of metal, carbon, nitrogen and
a carbon–nitrogenmain layer. Mn+1XnTx is the chemical formula
of MXenes, where M represents a transition metal, X represents
carbon, or carbon–nitrogen, Tx represents a terminated func-
tional group (–OH, –O or –F), and n can have a value of 1, 2, or
3.52 The atomic structure of MXene has been illustrated in
Fig. 1(c),61 and the bandgap of MXenes is less than 0.2 eV which
is close to that of graphene (Fig. 1(a)).61 The linear absorption
and nonlinear absorption efficiency of MXenes is about 1%/nm
and –10�21 m2 V�2,43 respectively. The MXene Ti3C2Tx with
a thermal conductivity of 56Wm�1 K�1 possesses strong energy
conversion efficiency (�100%).74 Compared with other LDMs,
MXenes are more exibility due to the high threshold for photo-
induced damage, and have considerable application prospects
in the eld of all-optical devices.15,16,42,43,56,75 In addition, the
comprehension of optical material interactions and nonlinear
optical properties is still in the preliminary stage.

Topological insulators (TIs) of group V chalcogenides also
have a layered structure with a large interlayer van der Waals
gap.76 And TIs are novel electronic and quantum materials
with internal insulation and electrical conduction at the
surface or edge. Owing to the strong spin orbit coupling, TIs
have a Dirac cone structure, which is similar to that of gra-
phene. The energy band structure of TIs matches that of the
traditional insulator, and the Fermi energy level is between
the conduction band and valence band. The surface state of
TIs depends on the topological structure, which is hardly
affected by impurities and disorder. The bandgap of TIs is
about 0–0.7 eV (Fig. 1(d)),37 which can be engineered by
changing the thickness or fabricating heterostructures with
different TIs.37,76–79 The small bandgap of TIs makes them
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Nanyang Technological Univer-
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Fig. 1 (a) Distribution diagram of the bandgap of 2D materials. The atomic structures and band structures (monolayer) of graphene, (b) MXene,
(c) TIs, (d) BP (e) and TMDs (f). This figure has been adapted from ref. 37, 61, 69 and 76 with permission from Nature Physics, Advanced Materials,
Nature Photonics, Journal of the American Chemical Society.
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promising for photo-absorption over a broad spectral range.
To date, some TI materials have been conrmed in experi-
ments, such as Sb2Se3, Bi2Se3, Bi2Te3 and Sb2Te3. These
materials have widely been applied in the eld of electronics
and optoelectronics.

BP, where each phosphorus atom is bonded by three adja-
cent phosphorus atoms to form a honeycomb structure, whose
monolayer is called phosphorene, is a direct bandgap semi-
conductor from monolayer (2 eV) to few layers (0.3 eV),80 as
displayed in Fig. 1(e).69 Its bandgap can be modied by altering
the number of layers. It might compete with graphene due to
the high electron mobility, strong light matter interaction and
thickness dependent direct energy bandgap in the infrared or
even mid-infrared regime.81 However, its sensitivity to oxygen
and water has set a barrier for long-term device applications.
Recently, many fabrication methods of phosphorene have been
investigated to improve the stability of BP. And uorinated
phosphorene has been used to implement all-optical switches
and logic gates.14,66 Subsequently, a series of black phosphorus
analogues (BPAs), such as tellurene, bismuthene,12,82 and anti-
monene,11,22,66,83 have been extensively studied for several years.
They have a similar folded structure as BP and exhibit a high
photothermal effect, tunable bandgap, and strong optical
absorption but with high stability under ambient conditions.
Recently, the thermo-optic effect of LDM bismuthene and
antimonene has been applied for all-optical switching.

TMDs are a cluster of compounds with a general chemical
formula MX2, where M stands for the transition metal elements
and X is a chalcogen. Due to their excellent performance in
electronics and optoelectronics, they have attracted great
attention from researchers in the elds of physics, chemistry
and materials. In the bulk state, they are semiconductors with
an indirect bandgap. However, when exfoliated to monolayers,
they exhibit a direct bandgap. The bandgap of TMDs ranges
from �1 to 2.5 eV (Fig. 1(f)).69 Several studies have found that
4192 | Nanoscale Adv., 2019, 1, 4190–4206
TMDs have a broadband tunable band gap, high carrier
mobility, and exhibit excellent third-order nonlinear optical
properties, including broadband saturation absorption, two-
photon absorption, and high nonlinearity. The thermo-optic
effect of MoS2 and WS2 has been explored for all-optical phase
shiers and switches.13,19

CNTs, especially single-wall carbon nanotubes, have gained
widespread attention because of their excellent electrical and
optical properties. They have distinctive advantages, such as
ultra-fast recovery time and wide absorption bandwidth. The
recovery time of single-wall carbon nanotubes has been
measured to be <1 ps by using a pump-probe method.21,23 Their
saturable absorption and thermo-optic properties have been
utilized for generating ultrafast optical pulses84 and imple-
menting the quasi-autocorrelation technology.62

High quality LDMs are crucial in an all-optical device, and
provide important exibility in practical application. Three
fabrication methods of LDMs are mainly used in all-optical
applications. They are chemical vapor deposition (CVD),
mechanical exfoliation and liquid-phase exfoliation (LPE).

Chemical vapor deposition is a signicant method to
produce abundant LDMs. Generally, gaseous and powdery
reactants are placed into a tube furnace, and LDMs can be
produced by the specic chemical reaction at a appropriate
temperature. By placing the substrate downstream, LDMs grow
on the surface of the substrate.85 In addition, the number of
layers of LDMs can be controlled precisely with a good accuracy
by modifying the reaction parameters. High yield makes this
method the main method for commercial large-scale produc-
tion of LDMs.86

Mechanical exfoliation was rst used for discovering two-
dimensional graphene from graphite akes by K. S. Novoselov
and A. K. Geim in 2004.87 This method is also applied for
preparing other LDMs.88–90 Many few- or mono-layer LDMs take
advantage of van der Waals forces to gather together and
This journal is © The Royal Society of Chemistry 2019
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constitute the bulk materials. Therefore, researchers can obtain
high-quality LDMs by overcoming the van der Waals force to
break apart the bulk materials. This method uses Scotch tape to
peel the surface of the bulk material repeatedly for obtaining
few- or mono-layer LDMs.91 It is easy to carry out compared with
chemical vapor deposition. However, repeated operation is
essential in the whole process, which leads to a low yield
accordingly.

Liquid-phase exfoliation starts from large akes of raw
materials. In this method the powdery material was put into
a specic solvent, such as the organic solvent NMP; this method
uses high-intensity long-time sonication to shatter the material
powder into mono or few-layer material nanosheets, and sepa-
rates the material nanosheets from the unbroken bulk material
by centrifugation.92,93 Aer standing for a while, the large-sized
material particles will sink to the bottom of the solvent, and the
small-sized material nanosheets will be suspended in the upper
layer. The upper layer of the solvent is collected using a pipette
to obtain a mixture of the material nanosheets and the solvent.
It is hard to precisely control the size and number of layers of
LDMs obtained by this method. However, it is a simple, high-
yield and low-cost method to produce LDMs.94
Fiber all-optical devices with the
thermo-optic effect

As we have mentioned, the main mechanisms for LDM based
ber all-optical control are the thermo-optic effect and satu-
rable absorption. Here, we rst review the applications based on
the thermo-optic effect of LDMs, i.e., all-optical modulators,
switches and logic gates. The system structures of these ber all-
optical devices can be generally classied into 2 main cate-
gories: non-resonant and resonant designs. For non-resonant
designs, three typical designs will be discussed: they are Mach–
Fig. 2 (a) Experimental setup of an MZI all-optical modulator based on
MXene nanosheets. (c) Raman spectrum of Ti3AlC2 and Ti3C2Tx. (d) Optic
has been adapted from ref. 16 with permission from Advanced Materials

This journal is © The Royal Society of Chemistry 2019
Zehnder interferometer (MZI),14,16,18–20 Michelson interferom-
eter (MI),11,12,67 and polarization interferometer (PI).13 For reso-
nant design, micro-rings95 will be discussed.

Moreover, compared with other effects such as Kerr
nonlinearity, although thermo-optic devices have a relatively
slow response, they require less pump peak power to drive the
devices. This leads to less energy consumption when the device
is required to hold a state for a long time, e.g., milliseconds.
Therefore, thermo-optic all-optical devices are an indispensable
member in the family of all-optical devices.
Fiber all-optical devices with an MZI structure

Fig. 2(a) shows the typical structure of an MZI-based all-optical
device.16 The device structure consists of an all-ber MZI. The
LDMMXene is deposited on a microber and incorporated into
the upper arm of the MZI. Two 980/1550 wavelength division
multiplexers (WDM1 and WDM2) are placed before and aer
the microber. 980 nm control light (pump) is injected through
WDM1 and extracted through WDM2. A delay line and a vari-
able optical attenuator (VOA) are placed in the lower arm of the
MZI to balance the optical length difference and optical power
in the two arms. MXenes exhibit strong absorption at 980 nm,
so the injected 980 nm control light (pump) will be absorbed by
the MXene and heat it. Due to the thermo-optic effect of both
the MXene itself and microber, the 1550 nm signal light
propagating through the MXene deposited microber will
change its phase. So it forms an all-optical phase shier. The
phase change will be converted to output power change by the
MZI.

TheMXene deposited microber is the key component in the
all-optical control system. The MXene Ti3C2Tx was synthesized
by the liquid-phase exfoliation method (aqueous acid etching
method). Briey, a Ti3AlC2 di-ionic solution was mixed with
hydrouoric at a certain ratio and the delaminating process
MXene materials. (b) High-resolution electron microscopy image of
al microscopy image of microfibers deposited with MXenes. This figure
.

Nanoscale Adv., 2019, 1, 4190–4206 | 4193
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happened at an appropriate temperature. Aer that, the
precipitate was washed with deionized water and the MXene
powder was dispersed in an isopropyl alcohol solution. Then,
few-layer MXene nanosheets can be obtained by centrifuging
the isopropyl alcohol solution. Fig. 2(b) shows the high-reso-
lution electron microscopy image of MXene Ti3C2Tx nano-
sheets. The Raman spectra of Ti3AlC2 and Ti3C2Tx were
measured, as shown in Fig. 2(c). An optical deposition method
was used to fabricate the MXene-based device by dropping the
MXene dispersion onto the side face of the microber. Fig. 2(d)
shows the optical microscope image of themicrober with a 500
mm deposited length.

In the experiment, an amplied spontaneous emission (ASE)
source near 1550 nm is rst used to characterize themodulation
properties. For a balanced MZI as shown in Fig. 2(a), its two
outputs (denoted as “Output 1” and “Output 2” in Fig. 2(a)) can
be expressed by Pin(1 � cos(kDL))/2 and Pin(1 + cos(kDL))/2
respectively, where Pin is the input power, k is the propagation
constant and DL is the length difference of the two arms in the
MZI. From these two equations, we can observe that the output
powers of these two outputs are complementary, i.e., their total
power is xed to Pin (assuming a lossless system for simplicity)
and one reaches the maximum when the other reaches its
minimum. As shown in Fig. 3(a), the output spectra at both
“Output 1” and “Output 2” ports have comb-like structures and
are complementary to each other. Fine tuning the loss in two
arms enables a good extinction ratio. When the 980 nm control
light (pump) is applied, the MXene deposited microber
absorbs the control light (pump) power, generates heat and
shis the optical phase of the signal light. This phase shi
equivalently changes the length difference between two arms
and thus leads to an FSR (free spectral range) change and
a spectral shi. Shiing by 1 FSR represents a phase shi of 2p.
Fig. 3 (a) Interference spectra of two output ports. (b) Interference frin
different control light (pump) powers. This figure has been adapted from

4194 | Nanoscale Adv., 2019, 1, 4190–4206
Therefore, the phase shi can be measured by observing the
spectral shi. In Fig. 3(b), the red dashed curve represents
a spectral shi of 4.5 FSRs, corresponding to a phase shi of 9p.
The relationship between the control light (pump) power and
the phase shi is shown in Fig. 3(c) and a control efficiency of
0.074p/mW is obtained.

An all-optical switch for the MXene-based device is then
demonstrated. Here, a 1550 nm continuous wave (CW) laser
source is used as the signal light. The control light (pump) is the
pulsed 980 nm light shown in Fig. 4(a). Fig. 4(b) shows the
waveform of the switch output at “Output 1” and “Output 2”
ports, when the control light (pump) with 120 mW is applied to
the all-optical control system. The 1550 nm signal light is
controlled by the 980 nm light and the waveforms of “Output 1”
and “Output 2” are complementary to each other. By tting the
measured output waveform of signal light with the exponential
function, the time constant of the rising (falling) edge is esti-
mated to be 4.10 ms (3.55 ms). The time constant of the rising
edge depends on the fact that the MXene absorbs control light
(pump) to increase the temperature and air convection causes
heat dissipation. The time constant of the falling edge only
depends on the heat dissipation of the MXene deposited
microber. The relationship between the output optical power
and the phase shi can be simplied as follows:

Pout f 1 � cos(DF)

where Pout is the output power and DF is the phase shi
induced by the control light (pump). It can be seen that when
the phase shi increases from 0 to p, the output power
increases from 0 to the maximum. When the phase shi further
increases from p to 2p, the output power inversely decreases.
Therefore, for a pump power of 170 mW in Fig. 4(c), the
ges at a control light (pump) power of 122 mW. (c) Phase shift versus
ref. 16 with permission from Advanced Materials.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Waveform of the control light (pump). (b) A single on–off transition of the signal light and the corresponding fitting curve. (c) Output
breaking. (d) Waveforms of signal light at 40 Hz. This figure has been adapted from ref. 16 with permission from Advanced Materials.
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maximum phase shi is �1.4p. At the rising edge of the pump
pulse, the signal output rst increases to its maximum and then
decreases. At the falling edge of the pump pulse, the signal
output rst increases to its maximum and then decreases to 0.
As a result, the signal output waveform exhibits a pulse
breaking effect. In addition, when the control light (pump)
power is kept at 120 mW and the frequency of the chopper is
Fig. 5 (a) A MI fiber all-optical modulator based on bismuthene materia
responding fitting curve. (c) Signal waveforms at different modulation freq
12 with permission from Journal of Materials Chemistry C.

This journal is © The Royal Society of Chemistry 2019
doubled, the output waveform is deformed for the slow thermal
effect, as shown in Fig. 4(d).
Fiber all-optical devices with a MI structure

The device performance can be further improved by the new
design with a Michelson interferometer structure, as shown in
l. (b) Waveforms of control light (pump) and signal light and the cor-
uencies of control light (pump). This figure has been adapted from ref.

Nanoscale Adv., 2019, 1, 4190–4206 | 4195
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Fig. 6 ACSII codes carried by control light (pump) and modulated
signal light. This figure has been adapted from ref. 12 with permission
from Journal of Materials Chemistry C.
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Fig. 5(a).12 The MZI structure in Fig. 2(a) is sensitive to envi-
ronmental perturbation due to the instability of ber-type MZIs.
Fig. 5(a) shows a new all-optical switch using a ber-type MI
with a bismuthene deposited microber in one arm. Here, the
LDM bismuthene quantum dots are synthesized by a liquid-
phase exfoliation method and then deposited onto amicrober.
Two Faraday rotation mirrors (FRM 1 and FRM 2) are applied to
eliminate the polarization interference problem caused by the
perfect orthogonality between the input and output polarization
states. The VOA is used to adjust the power in two arms to
obtain a more stable output signal.

Fig. 5(b) shows the output signal light with the same
frequency and duty cycle as the 980 nm control light (pump),
indicating that the signal light has been modulated.12 By
exponential tting, the output signal pulse has a much faster
rising time constant of 1.56 ms and a falling time constant of
1.53 ms, compared with the all-optical modulator using the
MXene depositedmicrober. The response time is related to the
heat generation from the control light (pump) and the heat
dissipation to the air. Compared with the MZI system, light
propagates through the LDM twice due to the reection struc-
ture of the MI, which leads to both improved pumping effi-
ciency and phase shi of signal light. As a result, the response
time in the MI is typically faster than that in the MZI. To further
investigate the frequency characteristics of the all-optical
system, the 980 nm control light (pump) is modulated from 50
Hz to 500 Hz externally at a xed power of 60 mW. It can be
clearly found that the shape of the output signal light is grad-
ually deformed from a square waveform to triangle waveform,
as shown in Fig. 5(c). The peak to peak voltage reduces as the
modulation frequency increases. These phenomena can be
attributed to the slow response of heat generation and dissi-
pation processes in the bismuthene deposited microber.

Besides the applications of all-optical modulators and
switches, the MZI and MI structures based on the thermo-optic
effect of LDMs can be also applied for all-optical logic gates.12

The output depends on both the control light (pump) and input
signal light and thus the output waveform can be treated as
a logic operation between the control light (pump) waveform
and the input signal light waveform. In the experiment, the
control light (pump) carrying a binary sequence
“1101011010010101” is applied to the all-optical system as the
input information source. The input signal light is set to all “1”.
The control light (pump) and the measured output signal light
at two different logic states are shown in Fig. 6. It can be
observed that the two output states of the signal light copy
either the binary sequence of the control light (pump) or its
“NOT” state. When the control light (pump) carries informa-
tion, this process transfers the information to the signal light.
Therefore, it is promising that the all-optical system based on
the thermo-optic effect has great potential applications in all-
optical information processing and all-optical communication.
Fiber all-optical devices with a PI structure

To further improve the switching rate of the all-optical system
based on LDMs, a ber polarization interferometer structure is
4196 | Nanoscale Adv., 2019, 1, 4190–4206
demonstrated with molybdenum disulde (MoS2)-polyvinyl
alcohol (PVA) thin lms, as shown in Fig. 7(a).13 The MoS2-PVA
thin lm is fabricated by the liquid-phase exfoliation method.
980 nm control light (pump) and 1550 nm signal light are
combined by the WDM. Polarization controllers (PCs) are used
to control the polarization states of the two light beams. The
MoS2-PVA thin lm is sandwiched between two angled physical
contact (FC/APC) ber connectors. A second WDM aer the
MoS2-PVA thin lm lters out the residual 980 nm control light
(pump). A polarizer is used to select the desired polarization of
the signal light and generate the modulated 1550 nm signal
light.

The principle can be explained from Fig. 7(b).96 The x–y
plane is perpendicular to the direction of light propagation. By
adjusting the polarization controllers, the polarization of the
signal light is set to E1 with equal projection Ex and Ey on the x
and y axes and is perpendicular to the direction of the polarizer
(along E2 in Fig. 7(b)). As a result, the output signal power aer
the polarizer is low. When the 980 nm control light (pump) is
injected into the all-optical system, the MoS2-PVA thin lm
absorbs the control light (pump) and generates heat. However,
the non-uniform distribution of MoS2 nanosheets in the PVA
thin lm leads to a non-uniform heat distribution, which leads
to a non-uniform index change and unequal phase shi to Ex
and Ey. Thus, the relative phase of Ex is shied by p and Ex
becomes E0

x. The new polarization direction of the signal light
becomes E2, which leads to a high output signal power.

Fig. 7(c) shows the modulated output signal light and the
waveform of the input control light (pump) (inset). By tting the
exponential decay functions as shown in Fig. 7(d), the time
constants for the rising edge and the falling edge can be esti-
mated to be 324.5 ms and 353.1 ms. Compared with the LDMs
deposited on microbers, the thin lm allows much faster heat
distribution and thus results in a much faster switching time.
Moreover, two interference light beams (two polarization states)
propagate in the same ber in the PI structure and thus the PI
structure is less sensitive to environmental perturbation than
the MZI and MI structures. A long-term output pulse train is
shown in Fig. 7(e) and a very stable pulse amplitude can be
observed.
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) A PI fiber all-optical modulator based MoS2-PVA thin films. (b) Device principle. (c) Waveform of signal light, inset: waveform of control
light (pump). (d) A zoomed view of a single off–on–off transition of the signal light and the corresponding fitting curve. (e) Output signal light in
a long-time region. This figure has been adapted from ref. 13 and 96 with permission from Chinese Optics Letters, Photonics Research.
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Here, we briey summarize current progress in thermo-optic
ber all-optical devices based on LDMs. A comparison among
recent studies is provided in Table 1. For the ber MZI devices,
four studies have been performed with graphene, WS2, MXenes,
phosphorene and boron. The work with boron obtained a rela-
tively fast rising time constant of 0.48 ms due to the superior
photo-thermal response.20 The work with graphene shows 0.51p
phase shi at a low pump power of 5.3 mW due to the long
Table 1 Comparison of thermo-optic fiber all-optical devices based on

Device Form
Rising time
constant

Fiber MZI w/graphene Microber 4 ms
Fiber MZI w/WS2 Microber 7.3 ms
Fiber MZI w/MXene Microber 4.10 ms
Fiber MZI w/phosphorene Microber 2.5 ms
Fiber MZI w/boron Microber 0.48 ms
Fiber MI w/antimonene Microber 3.2 ms
Fiber MI w/bismuthene Microber 1.56 ms
Fiber MI w/MXene Microber 2.3 ms
Fiber PI w/MoS2 Thin lm 324.5 ms
Fiber micro-ring w/graphene Microber �134 ms

This journal is © The Royal Society of Chemistry 2019
interaction length of LDM graphene.18 For MI structures with
LDMs, three studies have been performed with antimonene,
bismuthene and MXene respectively. A very good extinction of
27 dB is obtained in the work with MXenes. The work with
bismuthene also showed a fast rising time constant of 1.56 ms.
The PI structure with the MoS2-PVA thin lm is less sensitive to
environmental perturbation and has a very fast rising time
constant of 324.5 ms due to the short interaction length. The
LDMs

Falling time
constant

Extinction
ratio (dB) Slop (p/mW) Ref.

1.4 ms 20 0.091 18
3.5 ms 15 0.0174 19
3.55 ms 18.53 0.061 16
2.1 ms 17 0.029 14
0.69 ms �10.5 0.01329 20
2.9 ms 25 0.049 11
1.53 ms 25 0.076 12
2.1 ms 27 0.034 67
353.1 ms 10 NA 13
�96 ms 13 0.0558 95

Nanoscale Adv., 2019, 1, 4190–4206 | 4197
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micro-ring structure with graphene has a faster modulation
speed of �134 ms due to the thin diameter of the microber.95
All-optical control with saturable
absorption

Besides the thermo-optic effect, another main mechanism for
LDM based ber all-optical control is saturable absorption.
LDMs with saturable absorption have been widely utilized in
mode-locked and Q-switched lasers.43,80,82,85,97–105 In this section,
we review all-optical light manipulation with saturable absorp-
tion of LDMs. Here, two demonstrations are provided. They are
an all-optical thresholder for noise suppression65,66,68 and quasi-
autocorrelation for pulse characterization,62 also called satu-
rable absorption based pulsewidth measurement (SAPM).
Fig. 8 Saturable absorption curve of antimonene material. This figure
has been adapted from ref. 66 with permission from 2D Materials.
All-optical thresholder with saturable absorption

Recently, all-optical signal processing is gradually becoming an
important aspect in optical communication systems because of
the increasing demand for high speed and high capacity
communication systems. All-optical signal processing based on
LDMs provides an effective method to achieve high speed and
high capacity communication systems by utilizing the strong
light interaction in LDMs. It has been recognized that because
of the nonlinear property of LDMs, saturable absorption is
required for a highly stable and effective all-optical thresh-
older.65,66,68 Several technologies for the all-optical thresholder
have been reported, such as the second harmonic generation
(SHG) effect in period lithium niobate,106 cross gain modulation
effect in distributed-feedback semiconductor lasers, black
phosphorus based optical thresholders.68 However, the perfor-
mance of these technologies is limited by their poor stability.
And antimonene, as an ultra-stable material, is proposed to be
an ideal nonlinear material for the all-optical thresholder.66

Few-layer antimonene (FLA) is prepared by the liquid-phase
exfoliation method. And then, it is deposited onto a piece of
microber, which is fabricated by using the ame taper
method. To further understand the light–matter interaction
effect in the few layer antimonene decorated microber, the
nonlinear property of saturable absorption is investigated by
measuring the input-power-dependent transmission through
a femtosecond pulse laser. The laser source is amplied using
an erbium-doped ber amplier and a tunable optical attenu-
ator is used in the optical path to adjust the incident power onto
the microber continually. The incident laser source is divided
into two optical paths by the coupler: one injected into the FLA
decorated microber and connected the optical power meter
and the other directly connected to another optical meter with
the same parameter as a reference. By tuning the loss of the
optical attenuator, the transmission of the few layer deposited
microber with an optical modulation depth of 6.4% is ob-
tained, as shown in Fig. 8.

It has been experimentally demonstrated that FLA is an
effective saturable absorber. Therefore, it is expected that the
FLA decorated microber can be utilized for all-optical thresh-
olders for ultrashort pulse shaping. Optical pulses will
4198 | Nanoscale Adv., 2019, 1, 4190–4206
experience higher transmission than the noise when passing
through the optical thresholder. As the noise experiences
stronger attenuation than pulses, the signal to noise ratio (SNR)
of pulses will be improved aer passing through the FLA based
optical thresholder.

Fig. 9(a) shows the experimental design of an all optical
thresholder.66 A passively mode locked ber laser is used as the
pulse source and a 1 GHz radio frequency modulated lower
power light is utilized as the noise source. Their waveforms are
shown in Fig. 9(b) and (c) respectively. The pulse source and
noise source are combined together as a noise source using
a 50 : 50 coupler, as shown in Fig. 9(d). For comparison, the
combined optical pulse is divided into two paths: one path
passing through the FLA based microber experiences the
saturable absorption effect and the other one is directly con-
nected to the optical power meter to monitor the input optical
power of the FLA sample. Based on the saturable absorption
effect, the noise in the pulses will be absorbed by the FLA
sample when pulses pass through. As a result, the optical pulses
passing through the FLA sample are expected to have an
enhanced SNR. To measure the absorption strength at different
input optical powers, an erbium doped ber amplier
combined with a tunable optical attenuator is adopted to adjust
the optical power before the FLA based microber.

Fig. 10(a) and (b) show the optical pulses before and aer
passing through the FLA based microber.66 It is easy to observe
from the gures that the SNR is improved signicantly aer
passing through the sample. To conrm that the optical
thresholder is attributed to the function of FLA rather than the
microber, a bare microber without the FLA sample is inserted
into the cavity for the SNR measurement. Fig. 10(c) shows that
the optical pulses are still noisy and the SNR has not improved
substantially.66 Therefore, it can be deducted that it is the
saturable absorption of antimonene which acts as an optical
thresholder in the experiment. To further illustrate the perfor-
mance of the FLA sample as an all optical thresholder, we
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) Experimental diagram of all-optical thresholder. (b) Pulse profile of the fiber laser source. (c) Pulse trace of the noise. (d) Combined
pulse trace including the fiber laser source and noise source. This figure has been adapted from ref. 66 with permission from 2D Materials.
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measure the SNR of output pulses passing through the sample
under different input optical powers. The experimental result is
shown in Fig. 11(a).66 It shows that as the input optical power
gradually increases to higher than 10 mW, SNR enhancement
Fig. 10 (a) Pulse envelope before passing the FLA sample based optical
envelope after passing the bare microfiber without the FLA sample insert
Materials.

This journal is © The Royal Society of Chemistry 2019
remains at 12 dB. This indicates that the sample is saturated at
10 mW and the maximum SNR enhancement of noisy pulses is
12 dB. To conrm the experimental results, the transmission
rate of pulses and noises under different powers is measured
thresholder (b) pulse envelope after passing the FLA sample. (c) Pulse
ed. This figure has been adapted from ref. 66 with permission from 2D

Nanoscale Adv., 2019, 1, 4190–4206 | 4199

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00381a


Fig. 11 (a) SNR ratio versus different pump powers. (b) Transmission rate of noise and pulses after passing through the FLA-decoratedmicrofiber
and the corresponding fitting curve. This figure has been adapted from ref. 66 with permission from 2D Materials.
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and shown in Fig. 11(b).66 It is obvious that the transmission of
the pulse is always higher than that of the noise and the sample
is saturated by the pulse at a low power. However, the trans-
mission of noise gradually increases as the power increases and
tends to be saturated when the power of noise increases to 10
mW. Finally, the long term stability of this all optical thresh-
older is demonstrated by measuring the output waveform each
hour for 8 h. These results indicate that the FLA decorated
microber can be developed an effective, stable all optical
thresholder.
Quasi-correlation with saturable absorption

Autocorrelations (ACs) based on second harmonic generation
(SHG) and two-photon absorption (TPA) have been two main
key technologies to characterize ultrashort pulses over the past
few decades.107–109 However, there are still some shortcomings
for these methods. For example, light at different wavelengths
may require phase matching for optimizing the second
harmonic generation. The TPA effect oen has picosecond
decay time in bulk semiconductors, which may lead to some
limitations for pulse width measurement.110–112

On the other hand, the saturable absorption of the LDM
carbon nanotubes makes them the nonlinear medium for pulse
interactions, which is the key requirement for the pulse width
measurement. Most LDMs have exhibited femtosecond level
decay time, which makes them promising to minimize the
distortion for measuring the ultrashort pulses, compared with
two-photonic absorption. In addition, the atomic level thick-
ness of the LDMs can minimize the pulse broadening caused by
ber dispersion. The integration technology between LDMs and
the optical system or LDMs and the planner waveguide has been
highly developed. Therefore, quasi-autocorrelation may provide
a novel method to measure an ultrashort pulse.

Fig. 12(a) shows the pulse width measurement system based
on LDM carbon nanotubes, which is very similar to traditional
intensity autocorrelation.62 The input optical pulse is divided by
the polarizer beam splitter. One of the split pulses is modulated
by the electro-optic modulator and the other optical pulse
passes through the time delay line and a tunable attenuator
which is used to balance the power of two different branches.
4200 | Nanoscale Adv., 2019, 1, 4190–4206
Polarization maintaining optical ber devices are used to avoid
the interference between the two paths. Then, the two optical
pulses are combined by another polarizer beam splitter and
propagate through the LDM carbon nanotube. The output
signal of the material is detected by the photodetector and
measured with a lock-in amplier (LIA) system.

A typical SAPM experimental result is shown as purple circles
in Fig. 12(b).62 The data point is averaged by 100 times to reduce
the noise from environment perturbation. The horizontal axis is
the time delay of two pulses and the vertical axis is the
measured LIA signal amplitude. The input signal pulse has
a bandwidth of �57.2 nm, a repetition rate of 100 MHz and
a center wavelength of 1560 nm. The pulse peak power at the
input port of the system is 23.635 W and the pulse peak power
entering the CNT saturable absorber is 0.345 W (zero delay
between two arms), which is mainly caused by pulse broadening
induced by ber dispersion and system loss of 7.71 dB. The red
curve is the tted SAPM pulse prole using a Gaussian shape,
which has a pulse width of �11.94 ps broadened by the
dispersion of the system. Therefore, the calibration in the
system is crucial. An AC trace is also measured by standard SHG
autocorrelation with a pulse width of 1.03 ps, as shown in the
inset of Fig. 12(b). Fig. 12(c) shows the SAPM trace of a soliton
pulse with a hyperbolic secant prole and the inset of Fig. 12(c)
shows the corresponding standard SHG AC trace.

Aer obtaining the pulse prole based on the saturable
absorption pulsewidth measurement method, there are still two
calibration steps to be completed.62 The all-optical control
system avoids alignment, but makes the pulse dispersion
broadened. The conversion coefficient Ccon is the ratio of the
input pulse width to the pulse width of the measured autocor-
relation trace, which is dependent on the nonlinear trans-
mission of the LDM carbon nanotubes. First, the conversion
coefficient is determined by comparing the input pulse width
and the measured pulse width of the system. Then, the
dispersion broadening effect caused by the ber system
dispersion is determined.

The stability and sensitivity of the system are also investi-
gated by measuring pulses 30 times over a long period of time
and reducing the input average power to discover the minimum
detectable power.113 Fig. 13(a) shows the long-term SAPM traces,
This journal is © The Royal Society of Chemistry 2019
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Fig. 12 (a) Schematic diagram of the SAPM system based on CNTs. (b) SAPM trace (purple circles) and Gaussian fit (red line), inset: AC trace with
a standard SHG autocorrelator. (c) SAPM trace (purple circles), hyperbolic secant fit (red line) and Gaussian fit (blue dashed line), inset: AC trace
with a standard SHG autocorrelator. This figure has been adapted from ref. 62 with permission from Optics Express.

Fig. 13 (a) Pulse train of the SAPM for a long time. (b) SAPM measurement result with a pulse energy of 75 fJ. This figure has been adapted from
ref. 62 with permission from Optics Express.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4190–4206 | 4201
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indicating that the measurement results are stable under
environment disturbance. Fig. 13(b) exhibits the typical the
SAPM trace with a minimum detectable input power of �21.26
dBm. Compared with the input pulse width of 895 fs, the pulse
width of the measured SAPM pulse is 11.78 ps. It has an
acceptable deviation (13.5%) in low input power. These results
indicate that the quasi-autocorrelation SAPM technology shows
promise as an efficient, stable and compatible pulse width
measurement.

We also compare the properties of two current AC technol-
ogies SHG and TPA with the quasi-AC SAPM technology, shown
in Table 2. First, SHG technology is very exible in beam
alignment because it does not need phase matching. Second,
LDMs used in the SAPM system and TPA materials are easy to
integrate into various integration platforms.114 However, there
are still many challenges to integrate the SHG crystals with
current integration platforms. Third, the recovery time of the
material is an important parameter for the pulsewidth
measurement system. The recovery time is instant for SHG
technology, much faster than that of TPA materials and LDMs.
Finally, the material thickness is also signicant for pulse width
Table 2 Property comparison among SHG, TPA and LDM based SAPM t

Technologies SHG

Phase matching req. Yes
Integration No
Recovery time Instant
Materials thickness Tens of mm to mm

Fig. 14 (a) Schematic of an optical matrix inversion calculator with an o
figure has been adapted from ref. 120 with permission from Optics Expr

4202 | Nanoscale Adv., 2019, 1, 4190–4206
measurement technologies, because the thinner the material,
the less dispersion caused by the material and the less pulse
broadening. The material thickness of LDMs is from sub-
nanometer to a few nanometers. Therefore, the SAPM tech-
nology based on LDMs has many advantages, compared to the
SHG and TPA technologies.

Future prospects

In future applications, all-optical signal processing based on
LDMs can be incorporated into all-optical articial intelligence
(AI) systems. A few all-optical AI systems have been demon-
strated.115–119 We have also developed some optical computing
devices with optical bers.120,121

The rst demonstration of optical computing is an optical
matrix inversion calculator, as shown in Fig. 14.120 Matrix
inversion is a basic but important mathematical problem which
widely exists in many applications including AI. In Fig. 14(a), we
demonstrate the inversion calculation of a 3 � 3 matrix with
a ber optical network. Each node consists of three ber
couplers, as shown in Fig. 14(b). The input ports xi (i¼ 1, 2, and
3) and output ports yi (i¼ 1, 2, and 3) of each node represent the
echnologies. Adapted with permission from ref. 62

TPA SAPM

No No
Yes Yes
Ps to ns Sub ps to fs
Sub-mm to mm Sub-nm to nm

ptical fiber network. (b) Design of a node. (c) Experimental setup. This
ess.

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 (a) Schematic of an optical solver for NP-complete problem “Hamiltonian path”. (b) Actual design of the network with optical fiber
components. This figure has been adapted from ref. 121 with permission from Light: Science & Applications.
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input data and output data. In the experiment, a light source at
1550 nm is injected into each input port and the output data are
collected using a power meter, as shown in Fig. 14(c). By
combining the output data when three input ports are injected
respectively, a matrix inversion can be calculated with an error
as low as 3%.

This method can be extended to the inversion calculation of
an N � Nmatrix with N nodes. A more convenient solution is to
use silicon integrated photonics so that a compact on-chip
optical network can be obtained. The nonlinear property of
LDMs can form tunable attenuators on the chip to adjust the
network weight in each node. The high thermo-optic effect of
LDMs allows highly efficient control of the light signal.

The second demonstration is an optical solver for the NP-
complete problem “Hamiltonian path”, as shown in Fig. 15.121

NP-complete problems are a set of problems with exponential
calculation complexity and are widely investigated in the areas
of secure communication, network traffic management,
resource optimization, etc. Different NP-complete problems can
be converted to each other with a polynomial algorithm. So here
we focus on one NP-complete problem, the “Hamiltonian path”:
for a network, if there exists a path that visits all the nodes
exactly once.

The schematic diagram of the optical NP-complete problem
solver is shown in Fig. 15(a). The solver consists of ve nodes
connected by directional optical bers to represent a target
network. Each node is assigned a specic delay Tj (j ¼ 1–5). The

delay values are designed such that their sum
P5

j¼1
Tj is unique,

i.e., can only be obtained by summing each node's delay exactly
once. This network is then probed by a short optical pulse. If an

output pulse with a delay equal to
P5

j¼1
Tj is observed, we can

conclude that a Hamiltonian path exists; otherwise, the answer
is negative. The actual design based on optical bers and ber
couplers of the network is shown in Fig. 15(b). Compared with
conventional computers, the solving time of this optical solver
only depends on the light propagation time in the network,
This journal is © The Royal Society of Chemistry 2019
which can be within nanoseconds or even picoseconds. This
optical method can also be extended to a large-scale network.
Both ber network and integrated photonic network can be
utilized. The LDMs can function as a fast switch or a nonlinear
device in the network, enabling a highly recongurable and
diversied optical network.

Currently, there are still some challenges for the application of
all-optical devices with LDMs. For example, all-optical signal
processing requires highly stable devices. Current all-optical
devices with LDMs are still vulnerable to environmental distur-
bance. The performance of all-optical devices is related to the
quality of LDMs. High-yield, high-quality and repeatable fabri-
cation of LDMs is still challenging. Large-scale applications of all-
optical devices with LDMs may also require a compact size and
optical integration of LDMs should be investigated.

Conclusions

In conclusion, we have reviewed the recent progress on ber all-
optical devices based on two main nonlinear mechanisms in
LDMs, the thermo-optic effect and saturable absorption. The
compactness of LDMs makes them the ideal medium for ber
systems. It is promising that all-optical devices can be applied to
various photonic applications such as all-optical communica-
tions, optical computing, photonic articial intelligence and
optical neural networks.
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