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A high-speed all-optical modulator is a key device in next-generation communication
systems. Due to easy fabrication and an effective modulation effect, two-dimensional (2D)
material–microfiber structure all-optical modulators have aroused much attention.
Graphdiyne (GDY) is an excellent nonlinear optical material and is expected to be
utilized in all-optical modulators. In this work, we demonstrate a GDY-coated all-optical
temporal modulator according to its saturable absorption. Under the pump pulse light of
1,064 nm, the fabricated modulator successfully modulates the continuous-wave (CW)
light of 1,550 nm to the waveform of pump light with a pulse width of 4 ns and a repetition
rate of 5 kHz. Our results show that GDY could be used in high-speed all-optical
modulators and pave a way for the research of GDY in all-optical information
processing applications.
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INTRODUCTION

High-speed signal processing is an essential technology and is greatly demanded in both ultrahigh
optical communications and storage systems. However, the “electrical bottleneck” in
electronic–optic processing devices limits further improvement of the bit rate in communication
systems. All-optical processing is a momentous technology which can avoid the process of
optoelectronic signal conversion and achieve high speeds of signal processing. In fiber
communication systems, the all-optical modulator, as a kind of all-optical processing device, is
an important research topic for research [1–4].

A simple and convenient way to realize all-optical modulation is to utilize the nonlinear effect of
2D materials, such as saturable absorption (SA) [5–10], optical Kerr effect (OKE) [11–15], and
thermo-optic effect (TOE) [16–21]. Two-dimensional materials exhibit excellent nonlinear optical
properties of ultrafast carrier relaxation time [22–24], excellent thermal-optic conversion efficiency
[16–21], and large third-order nonlinearity [26–28], which verify its potentiality in all-optical
modulation. By taking advantage of the evanescent field in a microfiber covered with 2D materials,
2D material-coated microfibers can realize all-optical modulation. For example, in 2014, Li et al.
reported a saturable absorption (SA) modulator by a graphene-cladding microfiber structure, which
showed a 200-GHz modulation speed [7]. The ultrafast modulation speed is mainly owed to the
intrinsic graphene response time (~2.2 ps). In 2017, Zheng et al. successfully realized black
phosphorene (BP)-coated microfiber SA modulator [6]. The BP modulator allows switch light
and signal light work in the communication band together. In addition, Yu et al. reported a phase all-
optical modulator based on OKE of graphene, which exhibited a fast modulation speed (10 ns) [11].
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The phase all-optical modulator could also be realized by the
TOE; in 2021, Tiu et al. reported an all-fiber phase modulator by
using a MoWS2-rGO-coated tapered fiber [20]. In central
asymmetric 2D materials, TOE-induced anisotropy refractive
index change can realize polarization modulation. Wang et al.
and Tiu et al. reported MXene-based and MoS2-based
polarization modulator, respectively [21, 25]. The previous
reports show that 2D materials have a great potential in
modern all-optical modulators and deserve further investigations.

Graphdiyne, an allotrope of graphene, has been added to the
2D material family and has attracted many investigations in
recent years. It has excellent physical and chemical properties
[29–31] and has been reported to have abundant applications
such as purification [32], energy storage and transfer [33, 34],
biomedicine and therapy [35, 36], optical detectors [37, 38], and
modulators [39, 40]. GDY has a natural direct bandgap of
0.44–1.42 eV, short carrier relaxation time (picoseconds scale
from visible light to infrared band) [30], and excellent nonlinear
optical properties (β > –1 cm GW−1) [24], which make it a good
candidate to realize broadband all-optical devices. Recently, a
GDY-based thermo-optical modulator has been reported by our
group, and it shows a good modulation depth and wide
modulation band [16]. However, the thermal-optical effect has
the limitation of modulation speed. To realize high-speed GDY
all-optical modulators, saturable absorption effect-based
modulation is a good choice, which has not been researched
until now. Therefore, it is necessary to study the feasibility of the
ultrafast nonlinear GDY all-optical modulator.

Herein, we demonstrate a GDY-coated all-optical temporal
modulator according to its saturable absorption effect. By
employing the microfiber structure, the evanescent wave can
easily interact with GDY nanosheets. The fabricated GDY
modulator exhibits saturable absorption at 1,064 nm. When
adding a continuous-wave (CW) light of 1,550 nm and a pulse
light of 1,064 nm into the modulator together, the CW light is
successfully modulated to the waveform of pulse light with a pulse
width of 4 ns and a repetition rate of 5 kHz. The result shows that
GDY could be used for high-speed all-optical modulators.

CHARACTERIZATION OF GDY

Preparation of GDY nanosheets are illustrated as follows: First,
GDY powder is exfoliated from GDY films that grow on copper
foil [41]. Second, GDY nanoparticle dispersions are prepared by
using the standard liquid-phase exfoliation (LPE) method [42]. A
measure of 10 ml ethanol solution was added to a centrifuge tube
containing 5 mg GDY powder to prepare 0.5 mg mL−1 GDY
dispersions. The dispersions are then sonicated for 3 h by
using the bath sonication method and centrifuged at
1,500 rpm and 3,000 rpm for 90 min to remove the
unexfoliated flakes. The top 1/2 of the dispersions are
collected by another tube. The prepared GDY dispersions have
a concentration of 0.05 mg mL−1. In order to observe the
morphology and features of GDY nanoparticle dispersions, the
images of transmission electron microscopy (TEM) and high
resolute transmission electron microscopy (HRTEM) are

acquired and shown in Figures 1A,B, respectively. Figure 1C
shows the Raman spectrum of GDY nanosheets. The Raman
spectrum of GDY shows four bands: the D band (1,352 cm−1), the
G band (1,585 cm−1), and two bands derived from the vibration of
the conjugated diyne linkage (1932 and 2,150 cm−1). Ultraviolet
and visible light (UV–vis) absorption spectroscopy is employed to
characterize the optical property of GDY, as shown in Figure 1D.
It is showed that GDY has a broadband absorption ranging from
600 to 1,600 nm.

To investigate the nonlinear absorption (NLA) property of
GDY, the open-aperture (OA) Z-scan technique was applied by a
nanosecond fiber laser operating at 1,064 nm. The OA Z-scan
curve of the GDY is shown in Figure 2A. The normalized
transmittance increases as the GDY approaches the focal
position (z = 0), and the peak of the curves increase with the
increase in the incident power of the laser. These curves show the
typical saturable absorption (SA) characteristic [43]. The
relationship between normalized transmittance of GDY
dispersions and input peak intensity is shown in Figure 2B.
The saturation intensity and modulation depth are basic
parameters used to evaluate the suitability of 2D materials.
The most common SA model of single-photon absorption was
used to fit the relationship between T(I) and input peak intensity,
shown as follows [44]:

T(I) � 1 − As

(1 + I
Is
)
− Ans, (1)

where As, I, Is, and Ans are the modulation depth, incident light
intensity, saturable intensity, and non-saturable loss, respectively.
As and Is are fitted to be 22.19% and 282.1 kW/cm2, respectively.

RESULTS AND DISCUSSION

Saturable Absorption Behavior of
GDY-Coated Microfiber
In this work, we prepared a GDY-coated microfiber structure by
the optical-deposited approach used in Ref. [18]. First, by
extending a part of the standard single-mode fiber (SMF-28)
with flame heating, the microfiber with a diameter of 1.5 μm was
manufactured. Then, we injected a 1,550 nm continuous light
with 10 mW power into the prepared microfiber and dropped
GDY dispersions onto the microfiber surface. To obtain better
optical deposition results, we diluted the concentration of
dispersions from 0.05 to 0.01 mg mL−1. Afterward, due to the
gradient force of the evanescent field, GDY would be gradually
absorbed to the surface of the microfiber. Finally, the fabricated
GDY-coated microfiber is shown in Figure 3B. We found that the
deposition length of GDY is about 170 μm, and the transmittance
of the device is about 4%. We measured the input power-
dependent transmittance of the GDY-coated microfiber
through a 1,064 nm nanosecond pulse laser to study the
nonlinear SA effect. The schematic diagram of the
measurement setup is shown in Figure 3A. A nanosecond
pulse laser (Aaoxiu ASNSFL-1064–500-FA-B) was first
congregated by using a variable optical attenuator (VOA) for
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the purpose of constantly adjusting the optical power injected
into the sample. The pulse width and repetition rate are set as 3 ns
and 5 kHz, respectively. The pulse pump light was split into two

parts by using a 10:90 optical coupler (OC); the 10% part was
employed to monitor the input power (measured by
photodetector 1 and optical power meter 1, PD1/OPM1),

FIGURE 1 | Characterizations of GDY. (A) Transmission electron microcopy (TEM) images of GDY nanosheets, (B) atomic lattice structure of GDY via high-
resolution transmission electron microscopy (HRTEM) nanosheets, (C) Raman spectrum, and (D) linear absorption spectrum of GDY dispersions.

FIGURE 2 | Nonlinear optical characterization of GDY. (A) Open-aperture Z-scan results of GDY nanosheet dispersions at 1,064 nm. (B) Relationship between
normalized transmittance of GDY dispersions and input peak intensity.
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while the 90% part was injected into the GDY-coated microfiber
sample measured by PD2 and OPM2. By gradually adjusting the
VOA, the measured transmittance of the sample is shown in
Figure 3C, which exhibits an SA effect. A modulation depth
(MD) was fitted to 4.06% from the measurement result. The SA
effect is mainly generated by GDY materials, which shows a
capability to realize all-optical modulation combining with the
microfiber.

Ultrafast All-Optical Modulator of GDY
The GDY-coated microfiber exhibits an SA effect, which shows
that all-optical modulation for the sample might be feasible.
Theoretically, the mechanism of modulation based on
saturable absorption can be described as follows: According to
Pauli blocking, if the intensity of pump light is adequately strong,
GDY can generate an SA effect and become transparent.
Successively, the signal can pass through and show temporal
modulation. The modulation speed is determined by the time of
the excited carriers relaxing in GDY [24]. Therefore, the all-
optical modulation experiment and its result are studied and
shown in Figure 4. The sketch diagram of the experiment system
is shown in Figure 4A. The nanosecond laser (3 ns/5 kHz) is used
as a pump light to modulate the CW light (signal light, centered at

1550 nm). The VOA is employed to control the power of the pump
light. A 10:90OCwas used to divide the pump light into two parts: the
10%part was used to observe thewaveformof the pumppower, which
was measured by PD2 (Thorlabs DET08CFC/M) and an oscilloscope
(Tektronix MDO 3014), and the 90% part was combined with CW
light via a wavelength division multiplexer (WDM) and then coupled
into the GDY-coated microfiber. After the sample, an optical band-
pass filter (BPF, centered wavelength of 1,550 nm and a bandwidth of
0.25 nm) was used to filter out the pump light. Finally, the PD1 and
oscilloscope were employed to measure the modulated signals. The
pump light and signal light were turned on simultaneously, the signal
light power was set to 0.4mW, and the pump light power was
increased from 0 to 4mW for the modulation to occur. Figure 4B
shows themeasured experimental results of the all-opticalmodulation.

It is worth noting that to exclude the pump power leak induced
by BPF limits, a simple way was used to implement in this
experiment as follows: If the pump light was kept on and the
signal light was turned off, the oscilloscope cannot detect any
pulse signal, as shown in the black curve of Figure 4B; if both
pump light and signal light were turned on, the modulation pulse
signal is detected, as shown in the red curve of Figure 4B. To
further study the pulse quality of modulated CW light, the single-
pulse waveform between the pump light and the modulated CW

FIGURE 3 | (A) Sketch diagram of the measurement system for GDY-coatedmicrofiber SA effect, (B) optical microscope image of the GDY-coatedmicrofiber, and
(C) saturated absorption characteristic curve of the GDY-coated microfiber.
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light were compared, as shown in Figure 4C. It can be seen that
the modulated signal light is highly similar to the original pump
light but with a slightly broadened pulse (from 3 to 4 ns). The
similar pulse waveform and the same pulse repetition rate
between the modulated light and the pump light demonstrated
the success of the modulation.

Performance Discussions of GDY
All-Optical Modulator
Table 1 summarizes the comparison among different kinds of
nonlinear all-optical modulators with typical 2D materials. We
can easily observe that the SA modulator had an absolutely fast

modulation speed but a relative low MD compared with other
types of modulators [11, 18]. In our work, the modulator shows a
4 ns modulation pulse in 5 kHz and 3 dB MD. A higher pump
power may induce the damage of the modulator. Therefore, the
maximumMD of our modulator is measured by 3 dB. Otherwise,
the microfiber diameter can directly influence the evanescent field
energy. The smaller the diameter, the larger the evanescent field
overflow ratio. In our experiment, the microfiber diameter is
similar to that in Refs. [5, 8], in which the evanescent field energy
at this diameter can achieve 20% of input power in the fiber [5]
and make it conducive to the interaction between GDY and the
evanescent field. The modulator shows 4 mW power
consumption, which is relatively lower than BP and graphene

FIGURE 4 | (A) Schematic diagram of the experiment setup for all-optical modulation. (B)Waveforms of the output light after the band pass filter (BPF) with CW light
on or without CW light. (C) Single-pulse waveform comparison between the original pump/switching light and the new modulated light.

TABLE 1 | Comparison of typical 2D material-based nonlinear all-optical modulators.

Material Modulation type Modulation speed Maximum MD
(dB)

Power consumption
(mW)

Carrier relaxation
time (ps)

References

Graphene SA 2.2 ps/2.4 kHz 1.9 0.3 2.2 [5]
Graphene OKEa 10 ns/4.8 kHz 8.5 45.3 2.2 [8]
Graphene TOEb 100 μs/4.8 kHz 8.5 45.3 2.2 [8]
BP SA 1 ns/17.6 MHz 4.7 12.6 1.34 [21] [6]
GDY SA 4 ns/5 kHz 3.0 4 1.4 [22] This work

aOptical Kerr effect.
bThermo-optic effect.
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optical Kerr effect (OKE) modulators. Also, our modulator
exhibited a comparable modulation speed with graphene OKE
and BP modulator in the nanosecond scale but much lower than
the graphene SA modulator. That was properly limited by the
pulse width of the pump light and sensitivity of the detectors.
According to the Paul blocking principle, themodulation speed of
the SA modulator is limited by the carrier relaxation time of 2D
materials theoretically. Thus, the experimental modulation speed
in our work does not achieve its maximum modulation speed.
The carrier relaxation time of such types of 2Dmaterials is shown
in Table 1. The result shows that GDY as an SA modulator is
expected to have a faster modulation rate than graphene.
Therefore, it is worth studying further the high modulation
speed of the GDY SA modulator. Our work preliminarily
proves the feasibility of GDY as an SA modulator in
experiments and provides experimental supports for the faster
GDY SA modulator research.

CONCLUSION

In conclusion, we demonstrated a GDY-coated microfiber
temporal modulator based on saturable absorption for the first
time. By employing the SA effect of GDY, the CW light of
1,550 nm was successfully modulated by the pulse light of
1,064 nm. The modulated light had a pulse duration of 4 ns and a
repetition frequency of 5 kHz. The results showed that GDY could be
used in all-opticalmodulators and pave a way for the research of GDY
in all-optical information processing applications.
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