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Abstract: As a novel nanomaterial, the TiN/TizC, heterojunction has been demonstrated to pos-
sess exceptional optoelectronic properties, offering significant potential for applications in fields
such as communication, optical sensors, and image processing. The rapid evolution of the internet
demands higher communication capacity and information processing speed. In this context, all-
optical wavelength conversion, a pivotal technique in all-optical signal processing, holds paramount
importance in overcoming electronic bottlenecks, enhancing wavelength utilization, resolving wave-
length competition, and mitigating network congestion. Utilizing the idle light generated through
the four-wave mixing (FWM) process accurately mimics the bit patterns of signal channels. This
process is inherently rapid and theoretically capable of surpassing electronic bottlenecks with ease.
By placing an optical filter at the fiber output end to allow idle light passage while blocking pump
and signal light, the output becomes a wavelength-converted replica of the original bitstream. It has
been verified that TiN/TizC, heterojunction-coated microfiber (THM) exhibits outstanding third-
order nonlinear coefficients. Building upon this, we achieved a THM-enhanced FWM all-optical
wavelength converter, resulting in a ~4.48 dB improvement in conversion efficiency. Compared
to conventional high-nonlinear fibers, this compact device significantly reduces fiber length and
can be easily integrated into current high-speed optical communication networks. It demonstrates
broad prospects in the realms of all-optical signal processing, robotic applications, ultra-high-speed

communication, and beyond.
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1. Introduction

In optical networks utilizing wavelength-division multiplexing (WDM) channels,
where switching is based on their respective carrier wavelengths, there is a need for devices
that can alter the carrier wavelength of a channel without affecting its bit pattern. Such
devices are known as wavelength converters. All-optical wavelength conversion, a pivotal
technology in all-optical signal processing, holds significant importance in overcoming elec-
tronic bottlenecks, enhancing wavelength utilization, addressing wavelength contention,
and mitigating network congestion [1]. Various full-optical wavelength converters based
on optical fibers and semiconductor materials have been developed, with a particular inter-
est in wavelength converters based on four-wave mixing (FWM) [2—4]. This FWM-based
wavelength conversion produces idler photons that accurately mimic the bit pattern of the
signal channel, as the FWM only occurs during time slots allocated to “1” bits. During
“0” bit periods, no idler photons are generated since the simultaneous presence of pump
and signal photons is necessary for FWM to occur. Consequently, placing an optical filter
at the fiber output end, which allows idler photons to pass while blocking pump and
signal photons, results in a wavelength-converted copy of the original bit stream. For a

Photonics 2023, 10, 1066. https:/ /doi.org/10.3390/photonics10101066

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10101066
https://doi.org/10.3390/photonics10101066
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-6478-628X
https://doi.org/10.3390/photonics10101066
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10101066?type=check_update&version=1

Photonics 2023, 10, 1066

20f12

considerable period, efficient FWM required meters of highly nonlinear optical fiber [5-7].
However, since the emergence of graphene, its linear band structure permits interband
optical transitions at all photon energies, endowing graphene with substantial third-order
nonlinearity [8]. By combining graphene with microfibers, the creation of short-fiber-based
wavelength converters became viable. In 2014, Wu et al. demonstrated through experimen-
tation that a 2 pm microfiber attached to a graphene membrane can achieve effective FWM
and wavelength conversion [9].

The emergence of graphene has spurred the extensive exploration of new materials
in the field of optoelectronics, including transition metal oxides, topological insulators,
black phosphorus, and dichalcogenides [10-19]. In 2015, Song et al. achieved all-optical
wavelength conversion in the communication band using a microfiber coated with a few-
layer topological insulator [20]. In 2017, Zheng et al. employed black phosphorus-coated
microfibers to realize an all-optical Kerr switch and an FWM-based wavelength converter
with a maximum conversion efficiency of —59.15 dB [21]. In the same year, Wang et al.
achieved a full-optical Kerr switch with a 20 dB extinction ratio and a wavelength converter
with a conversion efficiency of —40 dB, both utilizing black phosphorus quantum dots
deposited on microfibers [22]. In 2020, Zuo et al. directly grew molybdenum disulfide
on fiber surfaces using chemical vapor deposition, achieving a mode-locked laser with an
ultrashort pulse width [17]. These advancements have opened avenues for novel optical
functionalities and signal-processing capabilities, all stemming from the development and
utilization of new materials in the photonic domain.

While these materials exhibit remarkable optoelectronic characteristics, they are also
accompanied by certain notable issues that cannot be overlooked. For instance, graphene
has a low damage threshold and relatively weak absorption. Transition metal dichalco-
genides (TMDs) possess a wide bandgap, with their optical response primarily occurring
within the visible light range. Black phosphorus boasts a strong third-order nonlinear
coefficient but is highly susceptible to oxidation and degradation. The carrier mobility
of molybdenum disulfide is vulnerable to the influence of charged particles. All these
challenges significantly constrain the application of these materials in the field of optoelec-
tronics [23-25]. Hence, researchers continue to seek other suitable optoelectronic materials.
Throughout the validation process of various materials, the TiN/Ti3C, heterojunction has
garnered attention due to its exceptional optoelectronic properties. In previous research,
we conducted a comprehensive characterization of this material, revealing its high re-
sponsiveness within the communication band with a bandgap value of 0.87 eV. We also
demonstrated its application in an all-optical Kerr switch for the first time, confirming its
high third-order nonlinearity and potential for realizing all-optical wavelength convert-
ers [26]. In this study, we successfully achieved enhanced FWM through THM, leading
to a 4.46 dB increase in wavelength conversion efficiency. Additionally, we accomplished
all-optical wavelength conversion at 10 GHz within the communication band.

2. Materials and Methods
2.1. Materials Characterization and Preparation of TiN/Ti3C, Heterojunction-Coated Microfiber

In our previous work, we demonstrated the preparation methods of TiN/Ti3C; het-
erojunctions and conducted a series of characterizations of TiN/TizC, heterojunctions [23].
Image analysis of the heterostructure material demonstrated outstanding performance
in terms of uniformity, purity, and stability. The optical-thermal behavior of the het-
erostructure under near-infrared (1064 nm) laser irradiation was examined, revealing its
efficient response to light within the communication wavelength range. Finally, UV-vis
diffuse reflectance spectroscopy (DRS) tests were conducted to assess the bandgaps of these
two materials, yielding bandgap values of 0.87 eV for both TiN and TizCy.

A microfiber with a diameter of 6.4 um was prepared through the process of fused
biconical taper. When the diameter of a microfiber is less than 6um, it is highly susceptible
to high-temperature melting due to the photothermal effect. Conversely, if the diameter
of the microfiber is too large, the interaction between the laser and the material weakens,
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leading to a reduction in the device’s nonlinear coefficient. After extensive testing, we have
found that microfiber with a diameter of 6 um performs optimally in terms of loss, the
control of optical thermal effects, nonlinear effects, and other parameters. Subsequently,
TiN/Ti3C; heterojunction micro-particles were deposited onto the surface of the microfiber
using the optical deposition method. To ensure that the deposition-induced loss remained
below 3 dB, constant attention was paid to the variations in the output light’s power. The
composite structure’s image under a microscope is shown in Figure 1. From the microscopic
images, it can be observed that the material particles are uniformly adsorbed on the surface
of the semi-transparent microfiber, as indicated by the black areas in Figure 1.

Figure 1. THM was observed under a microscope.

2.2. Principle of FWM All-Optical Wavelength Converter

If the bound electrons in the medium exhibit nonlinear responses to the electromag-
netic field, this gives rise to the phenomenon of FWM. This nonlinear response is closely
related to the non-harmonic motion of the electrons at this juncture, resulting in a non-

— =
linear total induced polarization strength P in response to the electric field E. This is
characterized by inducing dipole moments, and it conforms to the following equation.

—

P =g ()((1)-? + x(z) : EE + x(e')EEEI_:J + .- > (1)

where ¢ is the permittivity constant (under vacuum conditions), X(j ) (j=1,2,--) repre-
sents the jth-order polarization susceptibility, and x/) is typically a tensor of order j + 1.

The primary characteristics of FWM can be understood from the third-order polariza-
tion term in the following equation.

oo

—
Pyt =eox®EEE )

where E is the electric field intensity, and 1%) represents the induced nonlinear
polarization strength.

FWM is polarization-dependent. Initially, let us consider a scenario where all four
optical fields are polarized along a certain principal axis of birefringent optical fiber. This
scenario represents a scalar case, where the polarization state can be maintained. This
approach offers a comprehensive physical depiction. Considering oscillation frequencies as
w1, wy, w3, and wy, and polarizing the four successive light waves along the same x-axis
direction, the total electric field can be expressed as follows:
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the propagation constant is defined as f; = n;w;/c, where n; is the modal refractive index.

— —
Substituting Equation (3) into Equation (2), expressing Py in the same form as E, yields
the following.

1 &
PNL = 5% ZPexp —wjt)] +c.c. 4)

It can be observed that P; (j = 1 ~ 4) is composed of numerous terms containing the
product of three electric fields. For instance, P4 can be represented as follows:

3eg ., (3)
Py = ioxxx;cx
E4lPEs +2(|E E Esl*)E (5)
|Ea|*Eq +2(|E1)* + |E2|* + |Es|* ) Es+

2E1E2E3€Xp(i9+) + 2E1E2E§€X}9(19_) +
In Equation, 6_+ and 6_— are defined as follows:

0+ = (B1+ P2+ B3 — Pa)z — (w1 + wr + w3 — wa)t (6)

0- = (B1+P2— B3 — Pa)z— (w1 + wr — w3 — wa)t 7)

The phase mismatch between E4 and Py, governed by 6 and 6_ (or similar quantities),
determines the number of effective terms in the FWM process. When the phase mismatch of
the aforementioned pair approaches zero, significant FWM occurs. In such cases, frequency
and wavevector matching (also known as phase matching) becomes crucial. During the
annihilation of one or more photon(s) from the light waves, multiple new photons are
generated with distinct frequencies. As both kinetic and net energy are conserved, this
engenders the onset of the FWM process.

In Equation (5), there are two categories of FWM terms. The terms containing 6 corre-
spond to the scenario where three photons transfer energy to a new photon at a frequency
of wy = w1 + wy + w3. This term is responsible for the generation of third harmonics
(w1 = wy = w3). Typically, it is challenging to satisfy the phase-matching conditions that
ensure the efficiency of these processes within an optical fiber. The terms containing 6_ in
the equation correspond to the annihilation of two photons with frequencies w; and w»,
concurrently generating two new photons with frequencies w3 and w,, where:

w3 + wyg = w1 + wy (8)
For this process, the phase-matching condition requires Ak = 0, which is:
Ak = B3 + Bs — B1 — B2 = (M3w3 + Hawy — Hywy — Hpwo)/C ©)

In the equation, 71; represents the effective modal refractive index at the frequency w;.

As this paper focuses on degenerate FWM processes, the scenario where w; = wj is
discussed. In this case, only one pump beam is required to initiate the FWM process. The
strong pump light at frequency w; generates two symmetric sidebands, with frequencies
w3 and wy. The frequency shift is given by:

QSICU1—(,L)3:CU4—(U1 (10)

In this situation, it is assumed that w3 < wy. The provided diagram illustrates the
fundamental principle of degenerate FWM. Assuming that the signal light and pump light
have wavelengths corresponding to ws and, respectively, when certain phase and frequency
conditions are met, the superposition of these two beams creates a dynamic optical grating
with a frequency of wsr = w; — wy. Under the influence of this grating, the two beams
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give rise to new optical frequencies: 2wy — ws and 2ws — wp. Among these, the light with a
frequency of 2w, — ws constitutes the FWM signal, as shown in Figure 2.

i

Figure 2. Schematic diagram of FWM.

3. Results
3.1. THM-Enhanced FWM

The experiment equipment of THM-enhanced FWM is shown in Figure 3; the signal
light is emitted from a tunable external-cavity laser (ECL) with a fixed wavelength of
1551.32 nm. Following amplification, the output power of the signal light reached 23.5 dBm.
The pump light, on the other hand, originates from another tunable ECL operating at
a fixed wavelength of 1552.09 nm, and its output power after amplification measured
27.5 dBm. Given the higher output power of the pump light, it introduced a greater level of
spontaneous emission noise. Therefore, it undergoes further processing through an optical
bandpass filter (OBPF) to suppress this noise. The phenomenon of FWM is notably sensitive
to polarization states. Consequently, the two light sources each traverse the polarization
controller (PC) to finely adjust their respective polarization states. After this polarization
manipulation, the two beams are guided through a 3 dB coupler before entering the
THM. Ultimately, their combined output is directed to an optical spectrum analyzer (OSA),
facilitating the observation and analysis of the generated optical spectra. The OSA used in
the experiment has a resolution of 0.2 nm, which is the maximum achievable resolution of
the OSA for obtaining accurate experimental data.

ECL 1

_ Coupler

Figure 3. The experiment equipment of THM-enhanced FWM. (ECL: tunable external-cavity laser;
EDFA: erbium-doped fiber amplifier; OBPF: optical bandpass filter; PC: polarization controller; THM:
TiN/TizCy heterojunction-coated microfiber; OSA: optical spectrum analyzer).
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The experiment results are depicted in Figure 4, Figure 4a illustrates the output spec-
trum after its passage through the THM, while Figure 4b illustrates the output spectrum
resulting from an equivalent length of single-mode optical fiber (SMF). In pursuit of optimal
conversion efficiency, PCs were manipulated in both sets of experiments to achieve maximal
intensity for the converted light. From Figure 4, it is evident that at the equivalent power of
pump and signal, the wavelength conversion efficiency via the THM stands at —48.49 dB,
while the wavelength conversion efficiency through the SMF reached only —52.95 dB.
By way of comparison, it can be deduced that the wavelength conversion efficiency im-
proves by 4.46 dB when the two beams undergo the THM; this observation unequivocally
underscores the THM's pronounced capability in augmenting the FWM effect.

(a) — . . (b)
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Figure 4. The output spectra of FWM: (a) with THM; (b) with SMF.

We also investigated the relationship between conversion efficiency and wavelength
detuning. As evident from Figure 5, the pump light remained fixed at a wavelength of
1552.09 nm, while the signal light’s wavelength gradually shifted from 1551.32 nm to
1546.52 nm at intervals of 0.4 nm. Notably apparent from Figure 5a is the gradual variation
in the wavelength separation between the converted light and the pump light. Moreover,
this wavelength separation between the converted light and the pump light consistently
maintains parity with the wavelength separation between the signal light and the pump
light. Additionally, as depicted in Figure 5b, there is a discernible decrease in the intensity
of the converted light as the wavelength separation gradually expands.
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Figure 5. (a) The spectra of the relationship between conversion efficiency and wavelength detuning.
(b) Conversion efficiency against wavelength detuning.

To validate the stability of the all-optical wavelength converter, we monitored the
variation curve of the wavelength conversion efficiency over a span of two hours. The
wavelengths of the signal light and the pump light remain at 1551.32 nm and 1552.09 nm,
respectively, with the signal light output power at 23.5 dBm and the pump light output



Photonics 2023, 10, 1066

7 of 12

power at 27.5 dBm. The results, as depicted in Figure 6, were obtained through record-
ings taken at ten-minute intervals during the course of the experiment. It is apparent
that over the two hours, the wavelength conversion efficiency remained largely constant,
underscoring the device’s notable stability.
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Figure 6. Change curve of wavelength conversion efficiency within two hours when the wavelength
of signal light is 1550 nm and the wavelength of pump light is 1551 nm.

3.2. All-Optical Wavelength Converter with 10 GHz Modulation Frequency

To explore the performance of the THM-enhanced FWM wavelength converter in the
context of all-optical communication, we devised a novel experiment with the experimental
setup illustrated in Figure 7. The signal light, serving as the carrier, is emitted from
a tunable ECL at a wavelength of 1550.91 nm. An RF signal generator is responsible
for producing the RF signal, which is modulated onto the signal light using amplitude
modulation within the modulator. The pump light is emitted from another tunable ECL
with a wavelength of 1551.7 nm. To facilitate a more comprehensive observation of the
spectral changes induced by modulation, a third amplifier is introduced at the output of
the all-optical wavelength converter. Figure 8 shows the experimental results. Figure 8a
depicts the output spectra of signal light with a modulation frequency of 10 GHz. From
the graph, it can be observed that compared to the spectrum before modulation, the signal
light’s spectrum undergoes noticeable changes after being modulated by a 10 GHz RF
signal. Simultaneously, as can be observed from Figure 8b, corresponding alterations are
evident in the converted light’s spectrum. This signifies the successful conversion of the
signal light’s signal pattern onto the converted light. To investigate the impact of varying
modulation frequencies on the spectra, we examined the spectral changes over modulation
frequencies ranging from 0 to 10 GHz, as depicted in Figure 8c. It can be observed that as the
modulation frequency decreases, the spectral variations induced by amplitude modulation
also diminish. Figure 8e,f, respectively, illustrate the spectral variations in the signal light
and the converted light concerning the modulation frequency. We further investigated the
influence of modulation frequency on wavelength conversion efficiency, as depicted in
Figure 8d. It is observed that as the modulation frequency progressively increases, there is
no substantial alteration in the wavelength conversion efficiency.

Symbol error rate (SER) is a metric that measures the accuracy of data transmission
within a specified time period. It holds a significant reference value for assessing the quality
of communication. While spectral changes confirm the replication of bit data from the
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signal light to the converted light, the quality of the data signal needs to be reflected by
the SER. To achieve this, we modified the RF signal to a pseudo-random sequence, using a
non-return-to-zero (NRZ) signal with a PRBS7 code. Due to the relatively weak intensity
of the converted light directly filtered at the output end, multiple stages of amplification
and filtering are required, as illustrated in Figure 9. Firstly, we used an OBPF to extract
the converted light. As the power of the converted light is low at this time, it is necessary
to connect an EDFA to amplify the signal light. However, the amplified signal light
may introduce high noise, so a second OBPF is connected to eliminate the noise caused
by the EDFA. The pseudo-random sequence is modulated onto the signal light through
a waveguide modulator, resulting in a modulated signal light waveform, as shown in
Figure 10a, where the Baud of the signal light is 2.5 G symbols/s. The measured SER of
the signal light at this point is 0, indicating that the modulator and light source are very
stable and introduce virtually no errors. The modulated signal light is then input into the
all-optical wavelength conversion system, with the wavelengths of the signal light and
the pump light remaining at 1550.92 nm and 1551.7 nm, respectively. At this point, the
wavelength of the converted light is 1552.52 nm. The waveform of the converted light
is shown in Figure 10b, where it can be observed that, compared to the signal light, the
converted light experiences slight distortion. This may be attributed to the introduction of
noise by the multiple stages of amplification and a partial mismatch of the filters, leading
to a decrease in the signal-to-noise ratio. At an output power of 16.4 mW for the converted
light, we tested the SER at different bit rates, and the results are shown in Table 1. It can be
observed that the SER of the converted light generally maintains at 10~%. With subsequent
improvements, such as the introduction of filters that better match the input and converted
light, it is expected to achieve an even lower SER.

RF signal

Figure 7. The experiment equipment of all-optical wavelength converter with 10 GHz modulation
frequency. (ECL: tunable external-cavity laser; RF: radio frequency; EDFA: erbium-doped fiber
amplifier; OBPF: optical bandpass filter; PC: polarization controller; THM: TiN/Ti3C, heterojunction-
coated microfiber; OSA: optical spectrum analyzer).
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Figure 8. (a) Output spectra of signal light with 10 GHz modulation frequency. (b) Output spectra
of converted light with 10 GHz modulation frequency. (c) The output spectra variation diagram
for modulation frequencies ranging from 0 to 10 GHz. (d) The relationship curve between different
modulation frequencies and wavelength conversions. (e) The output spectra of signal light variation
diagram for modulation frequencies ranging from 0 to 10 GHz. (f) The output spectra of converted
light variation diagram for modulation frequencies ranging from 0 to 10 GHz.
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Figure 9. Apply multi-stage filtering and amplification to the converted light.
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20241 Diagram1: C1 X

Figure 10. (a) The waveform of signal light with 2.5G Baud. (b) The waveform of converted light
with 2.5G Baud.

Table 1. When the output power of the converted light is 16.4 mW, the corresponding SER is at
different Baud.

Baud 1.25G 2.5G 5G 6G 8G
BER 3.3 x 1074 3 x 1074 28 x 1074 27 x 1074 2.1 x 1074

The above results fully demonstrate the potential of THM as an all-optical wavelength
converter, providing new ideas for the development of all-optical signal processing.

4. Conclusions

TiN/Ti3C, heterojunction micro-particles were fabricated and experimentally charac-
terized, confirming their favorable response and high stability within the communication
wavelength range. Optical deposition was employed to deposit heterojunction micro-particles
onto the surface of a microfiber with a diameter of 6 um, resulting in the successful creation of
an optically engineered structure with high nonlinearity. In the context of the FWM experiment
based on this structure, a 4.48 dB enhancement in FWM wavelength conversion efficiency
was observed compared to the use of a regular SMF. This outcome robustly substantiates
the potential application of the TiN/Ti3C, heterojunction in the domain of all-optical signal
processing. Moreover, successful wavelength conversion of a 10 GHz radio frequency signal
was achieved using THM. This conversion led to a notable change in the spectral profile of
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the converted light, effectively transferring the signal from the original signal wavelength to a
new one. Simultaneously, the SER at different Baud was also tested. The results indicate that
the SER of the converted light generally remains at 104
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