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As one of the new nanomaterials, TiN/TizC, shows excellent optoelectronic characteristics, thus it has been
widely used in many applications, such as biomedicine, optical sensors, image processing, and optical
switching. With the advancement of communication capabilities and communication networks, optical
fiber communication has put a higher demand on signal processing. In order to overcome the limitations
of the electronic transfer rate bottleneck, the concept of all-optical signal processing has been
proposed. Utilizing the excellent optical nonlinear effect of the TiN/TisC, heterojunction-coated
microfiber (THM), a novel THM-based optical Kerr switch has been proposed. Injecting a strong control
light and a signal light into the device simultaneously, and controlling the state of turn on or off of the
control light, can adjust the intensity of the signal light. Based on this, the amplitude modulation of the

202 signal light can be achieved. With a control light power of 200 mW, the maximum extinction ratio of the
Received 3rd July 3 . . . . . .
Accepted 19th July 2023 signal light reaches 27 dB. We believe that this type of compact device can demonstrate great potential

for integration with current high-speed fiber communication networks, providing a possible method for

DOI: 10.1039/d3ra04429g all-optical signal processing through nonlinear effects, and has broad prospects in the field of all-optical
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1. Introduction

Fiber-optic communication is an essential component of
modern communication networks, offering advantages such as
high information-carrying capacity, wide communication
bandwidth, fast transmission speed, and low manufacturing
cost. However, the modulation and detection of optical signals
transmitted through fibers still rely on electronic devices, and
the conversion between electrical and optical signals is limited
by the electronic transfer rate (approximately 60 GHz), making
it difficult to further improve information transmission
speed.”” To meet the high-speed communication demands of
contemporary society, researchers have proposed the concept of
“all-optical signal processing,” which combines new materials
and all-optical signal processing, and has become a research
hotspot. Since the emergence of graphene in 2004,* a variety of
new materials have attracted great interest in the academic
community owing to their excellent photoelectric properties,*>*
including graphene, black phosphorus, transition metal
dichalcogenides, topological insulators, MXenes, graphitic
carbon nitride, and metal-organic frameworks.”> Researchers
have developed a novel fiber-optic medium with high
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nonlinearity, high damage threshold, and all-optical structure
by coating new materials on fused-tapered microfibers. Based
on this fiber-optic medium, various types of all-optical devices
have been developed, making it an excellent solution for
resolving the electronic transfer rate bottleneck in current
communication networks.>*?# The all-optical modulator as an
important element in all-optical signal processing has aroused
much research interest. Two-dimensional materials have
excellent nonlinear optical response, such as ultra-broadband
optical response, smaller scattering loss, and fast carrier
response, making them excellent candidates for optical modu-
lators.” The Mach-Zehnder interferometer (MZI) based all-
optical amplitude modulator utilizes the photothermal effect
of a material to redirect the refractive index of the optical fiber
medium, changing the transmission characteristic curve of the
output light, achieving amplitude modulation to the signal.*®
Theoretically, because of Pauli blocking, a signal can pass
through a two-dimensional material based optical fiber
medium completely when the intensity of the control light is
high enough. Therefore the signal light can be modulated by
emitting pulsed control light.**

The all-optical Kerr switch is a simple and effective all-optical
modulator that utilizes the nonlinear effect to change the
polarization state of weak light by a strong control light, which
has a picosecond switching response speed and can achieve
a switching speed of more than 100 GHz.*>** Therefore, ultra-
high-speed signal demultiplexing can be achieved by using
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picosecond pulsed light.** When picosecond pulse light is used
as a clock signal, signal pulses with different time slots can be
easily extracted to achieve ultrahigh-speed channel demulti-
plexing. The all-optical Kerr switch can also be used for wave-
length conversion. The optical pulse representing the channel
bit plays the role of the control pulse. The Kerr switch is turned
on only when it appears. As a result, the signal optical output
and the control signal have the same bit mode, so the bit signal
is converted from the original signal wavelength to the new
wavelength. In 2015, Chen et al. successfully prepared a few-
layer topological insulator-clad microfiber (TCM) by depos-
iting Bi,Te; nanosheets on a microfiber. The device was used in
a Kerr switch to achieve an extinction ratio of 14 dB at a control
power of 250 mW, with a working range exceeding 20 nm.** In
2017, Zheng and Yang applied black phosphorus (BP) in all-
optical signal processing and achieved a Kerr switch with an
extinction ratio of up to 27 dB.*® However, BP has a fundamental
drawback of getting easily oxidized, leading to the rapid
degradation of its electronic and photonic properties, thus
severely limiting its application. Similar explorations are still
ongoing. In 2018, Song and Chen first prepared a few-layer
antimonene and realized an all-optical Kerr switch with an
extinction ratio of about 12 dB based on the microfiber-covered
by the material.*” In 2019, Wang and Zheng made a bismuthate-
based optical Kerr Switch, which achieved an extinction ratio of
about 22 dB at a control power of 320 mW.?® Also in 2019, Wang
and Chen applied black phosphorus quantum dots in an all-
optical Kerr switch and achieved an extinction ratio of about
20 dB.* In the above-mentioned study, various materials were
verified for their application in all-optical Kerr switches, but
none of the materials were found to be both stable and capable
of achieving high modulation depth.

In this study, we deposited TiN/Ti;C, heterojunctions on the
surface of microfibers with a diameter of 6 um by optical
deposition method. An all-optical Kerr switch based on THM
was investigated, and its potential for all-optical signal pro-
cessing was confirmed. Compared with previous similar study,
TiN/TizC, heterojunctions showed better stability than black
phosphorus, while having an extinction ratio of up to 27 dB at
a control power of 200 mW, with the maximum extinction ratio
achieved with minimum control power. For quite some time
now, research on all-optical signal processing based on
different new materials has been ongoing, but no suitable
materials have been found yet. Due to the excellent perfor-
mance of the full-optical Kerr switch based on TiN/Ti;C, het-
erojunctions on microfibers, the material provides a good
choice for high-speed all-optical communication systems.

2. Experimental section
2.1 Sample preparation and characterization

The TiN/Ti;C, heterojunction was synthesized via a sonication-
assisted intercalation approach. First, TiN nanoparticles with
an average size of ~20 nm were fabricated using a previously
reported self-assembly-calcination method by our group.*® Ti;C,
nanosheets were obtained by employing a liquid exfoliation
method in isopropanol. Then the TiN nanoparticles were
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Fig. 1 (a) SEM image of TiN/TizC, heterojunction. (b) XPS survey
spectrum of TiN/TizC, heterojunction. (c) DLS spectra of TizC, and
TiN/TizC,. (d—f) TEM images of TiN/TizC, heterojunction with different
scale bar. (g—i) EDX mapping results.

dispersed in the TizC, solution and sonicated at a power of
600 W for 12 hours, with the molar ratio of TiN to Tiz;C, reaching
1:1. Scanning electron microscope (SEM) was employed to
check the morphology of the heterojunction. As shown in
Fig. 1a, nanoparticles whose sizes range from 10 to 30 nm were
loaded onto the surface of layered materials, suggesting the
successful intercalation of TiN nanoparticles into the Ti;C,
nanosheets. To investigate the elemental composition, full-scan
X-ray photoelectron spectroscopy (XPS) spectrum (Fig. 1b) was
collected confirming the major composition elements of the as-
synthesized material are Ti, N and C, whose binding energies
are located at ~454 eV (Ti 3p), ~398 eV (N 1s) and ~285 eV (C
1s), respectively. The peak at ~531 eV was assigned to O 1s,
indicating that Ti;C, might be partially oxidized, which is
common in liquid exfoliation. Dynamic light scattering (DLS)
analysis was further utilized to investigate the hydrodynamic
size of the heterojunction material, with the result showing that
the hydrodynamic size of the heterojunction is ~170 nm, close
to that of pure Ti;C,, which confirmed that the decoration of
TiN nanoparticles on Ti;C, occurred on the nanosheet surface
(Fig. 1c). Transmission electron microscopy (TEM) images
(Fig. 1d-f) demonstrated that the size of the heterojunction is
consistent with the DLS result and the TiN nanoparticles were
dispersed on the nanosheet surface instead of within the skel-
eton structure of TizC,. Energy-dispersive X-ray spectroscopy
(EDS) (Fig. 1g and h) manifested Ti, C, and N elements were
distributed well across the as-fabricated heterojunction mate-
rial, consolidating that TiN nanoparticles were distributed well
on the Ti;C, surface with good uniformity.

Photographs of TiN/Ti;C, heterojunction after 1, 7, and 14
days were collected to check the stability (Fig. 2a and b). No
obvious color decay was observed regardless of whether the
concentration was 10 ppm or 20 ppm, suggesting increased

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) Photographs of TiN/TizC, dispersion within two

weeks. (c and d) Optical absorption spectra of the heterojunction with
20 ppm for day 1 and day 14. (e) XRD pattern of TiN/TizC, hetero-
junction and the counterparts. (f) Photothermal effect of the hetero-
junction under after exposure to NIR laser for different time durations.
(Laser wavelength: 1064 nm; laser power: 1 W cm™).

resistance against the oxidation of Ti;C, after forming hetero-
junctions with TiN nanoparticles even at such low concentra-
tion. Moreover, optical absorption performance at the
communication bands (800-1400 nm) was studied, proving that
the heterojunction was quite stable without oxidation or
decomposition for 2 weeks (Fig. 2c and d). The absorption value
reached almost 0.6 at merely 20 ppm for 14 days, indicating
good photo-absorption performance within infrared range. The
XRD patterns recorded in Fig. 2e depicted that only the peaks

Fig. 3 The bandgap of TiN and TizC>.
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corresponding to the (111), (200), and (220) planes of TiN and
(004) and (110) planes of TizC, were detected for the hetero-
junction, indicating that the observed oxygen species did not
form crystalline structures with Ti, which demonstrated that the
optical behavior originated from TiN and Ti;C,, and that only
a tiny amount of Ti was oxidized. Thereafter, a study on the
photothermal behavior of the heterojunction after irradiation
by laser at the near infrared zone (1064 nm) was performed,
suggesting a highly efficient response to light at the commu-
nication bands. Finally, we performed the UV-vis DRS test to
examine the bandgap of the two materials. As shown in Fig. 3,
the bandgap values for both TiN and Ti;C, are 0.87 eV.

2.2 Theory of the Kerr switch

In the optical Kerr effect, a nonlinear phase shift of a strong
control light is used to change the transmission of a weak signal
in a nonlinear medium, and this can be used to make a shutter
with picosecond response time. The operation principle of the
Kerr switch is shown schematically in Fig. 4. At the input port,
the control light and signal light are linearly polarized and the
angle of polarization direction between the two is at 45°. In the
absence of control light, the signal will be prevented from
passing at the output port since the passable angle of an optical
polarizer is orthogonally oriented with the state of polarization
(SOP) of signal light. With the increase in control intensity, the
refractive index of the signal light's parallel and vertical
components will change due to birefringence induced by the
control light. The phase difference between the two compo-
nents manifests as a change in the SOP of the output signal
light at the optical fiber output port. Therefore, a partial signal
light can pass through the polarizer. Apparently, the trans-
missivity of the signal light is related to the intensity of the
control light and can be controlled by simply adjusting the
intensity of the control light. THM possesses a large nonlinear
refractive index, which is very suitable as a nonlinear medium
for the optical Kerr switch.

In Kerr switch, the wavelengths of the control and signal
lights are different and ignores the losses from the optical fiber.
After the signal light passes through the optical fiber with
a length of L, the phase difference between the x and y
components can be given by the following equation:

Ag = (2;) (it — it,)L

where A is the wavelength of the signal light, and

iy = ny + Any, i, = n, + An,

xi
pump P“mP
polarizer
probe OSA
T el THM D
: probe v

Fig. 4 The operation principle of the Kerr switch.
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due to modal birefringence, the linear part n, and n, of the
refractive index are normally different. In addition, owing to the
birefringence of control light, the nonlinear part An, and An, of
the refractive index are also different. Considering the situation
that control light polarizes along x-axis, the x component of the
signal light is parallel to the control light with different wave-
lengths between them. In addition, if the contribution of self-
phase modulation is ignored, there is

An, = 2n, |E,[*

where |E,|* is the intensity of the control light and n, is the
nonlinear refractive index. Owing to the difference in wave-
lengths between the control light and signal light when their
SOP is orthogonal, An, can be expressed as

An, = 2mb |E,|?

in case the third-order nonlinear effect is caused by pure elec-
tron, then b = 1/3. Consequently, the phase difference of signal
light can be determined as

4L

A= —=m(l b)|E,[*

It is noteworthy that when A¢ = 0, the signal light is pre-
vented by the polarizer completely, and when A¢ # 0, the
optical fiber corresponds to a birefringent phase plate, a part of
the signal light can transmit the polarizer. The brief relation
between the transmissivity (T,) and phase difference (A¢)of
signal light can therefore be represented as

. A
T, = sin? <7¢)

consequently, when A¢ is 7 or an odd multiple of m, the signal
light will pass through the polarizer completely, and when A¢ is
an even multiple of m, the signal light will be blocked totally.

2.3 Results and discussion

The experimental equipment of the optical Kerr switch is shown
in Fig. 5. The wavelength of the signal light is fixed at
1550.12 nm, which is emitted by a tunable external cavity laser
(ECL), which works in the c-band. The control light is emitted by
an ECL, whose wavelength is fixed at 1552.09 nm. The control
light was amplified by an erbium-doped fiber amplifier (EDFA)
with a maximum output power of up to 260 mW. In order to
sufficiently suppress the amplified spontaneous emission (ASE)
noise arising from EDFA, an optical band-pass filter (OBPF) was
inserted into the rear of the control light. Two polarization
controllers are separately used here to adjust the SOP of the
control and signal light. Then, the control and signal light were
coupled to THM by a 3 dB coupler. To realize the maximum
extinction ratio of the Kerr switch, the SOP of the signal light is
orthogonal to the polarizer, and the angle of polarization
direction between the control light and signal light is 45°.

The experimental results show that there are two different
states to the output signal light when the control light is turning
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Fig. 5 The experimental device of THM-based optical Kerr switch.
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Fig.6 The change of intensity of output signal light when control light
is on or off (a) with material and (b) without material.

on or off, as shown in Fig. 6(a). When there is no control light
injected into the fiber, the intensity of the output signal light
through the polarizer was ~—63 dBm and the state of the signal
light is switched off. On the contrary, when the control light is
injected into the input port with a power of ~200 mW, the
intensity of the signal light increased to ~—36 dBm, and the
state of the signal light is switched on. If the control light is
turned off at this time, the power of the signal light will
immediately go back to ~—63 dBm. Meanwhile, the power of the

2SIy (dBm)

A
¢
Inze

Fig. 7 The output spectrum of signal light when slowly increases the
power of control light from 4.9 mW to ~256 mW.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The output spectra versus the wavelength of signal light tuned
from 1548.58 nm to 1555.46 nm while wavelength of control light was
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control light injected into the THM is only 75 mW owing to the
insertion loss of the optical coupler. The measured difference
between the two states of the signal light before and after the
control light is turned on is ~27 dB. For comparison, an optical
Kerr switch based on a single-mode fiber (SMF) was also
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constructed, and the experimental results are shown in Fig. 6(b).
At the output port, the power of the signal light was not changed
regardless of whether the control light was turned on or off. The
above-mentioned experimental results sufficiently illustrate that
due to the nonlinear phase shift induced by the control light in
THM, the SOP of the signal light rotated, indicating the power of
the signal light changed after polarization. In addition, accord-
ing to the theoretical analysis, the transmissivity of the signal
light is apparently related to the input power of the control light.
The maximum power of the control light amplified by EDFA can
reach up to ~260 mW, and the optical power injected into the
THM could be adjusted from 0 to ~95 mW. As shown in Fig. 7,
when the power of the control light was gradually tuned from 4.9
mW to 256 mW, the intensity of the signal light increased
correspondingly from ~—60 dBm to ~—33 dBm. This proves
that the experimental results correspond to the theoretical
analysis. The effect of different wavelengths of the signal light on
the extinction ratio was explored by fixing the wavelength of the
control light to 1552.09 nm and a power of 74 mW. The wave-
length tuning range of the signal light was from 1548.6 nm to
1555.4 nm with a spacing of 0.5 nm. Before turning on the
control light, the power of the signal light of all wavelengths
passing through the polarizer was adjusted to the minimum that
was ~—65 dBm, as seen in Fig. 8, the intensity of the signal light
with different wavelengths increased from ~—65 dBm to ~—45
dBm when the control light turned on. On account of it being
necessary to adjust the SOP of the signal light with different
wavelengths separately to control the power passing through the
polarizer, there was an error of ~5 dB with the state of the signal
light is switching on. We also conducted a stability test on the
device for a duration of 2 hours, and the results are shown in
Fig. 9. The measurements were taken at 10 minutes intervals,
and it can be observed from the graph that the device consis-
tently maintained a modulation depth of around 27 decibels
throughout the two hour period, demonstrating high stability.
From Table 1, it can be observed that in relevant experiments the
material reported in this study achieves the highest modulation
depth, accompanied by relatively low levels of required control
power. Remarkably, even when stored for over a month under
room temperature conditions, the device continues to operate
reliably. This fully demonstrates that compared to other
material-based microfibers,**** THM significantly improved the
performance of the Kerr switch.

Table 1 Performance parameters of different materials in all-optical Kerr switch

Modulation depth

Nonlinear refractive Control power

Sample (dB) Stability index (cm®> W) (mW)
TCM” 14 — 9.16 x 10°° 80
BP® 26 <2 days™! 107 (ref. 42) 300
FLA® 13 — 1.22 x 10°%° 316
FLB? 22 — — 220
BPQD® 20 <2 weeks™? 1.25 x 1077 160
THM 27 >1 month — 200

¢ TCM: topological insulator-coated microfiber. ” BP: black phosphorus. ©

FLA: few-layer antimonene. ¢ FLB: few-layer bismuthate. ¢ BPQD: black

phosphorus quantum dot./ THM: TiN/Ti;C, heterojunction-coated microfiber.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Conclusions

In this study, we successfully prepared TiN/Ti;C,
heterojunction-coated microfiber and verified its application in
an all-optical Kerr switch. The Kerr switch exhibits high
stability, and its extinction ratio shows a positive correlation
with the control power. The extinction ratio remains stable at
25-27 dB at different wavelengths of signal light and can reach
up to 27 dB at a control power of 200 mW. Because it utilizes the
nonlinear effect of light, it has the potential to achieve high-
speed all-optical modulation. The results indicate that the
Kerr switch has broad prospects in all-optical signal processing.
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