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Research on novel ultrafast photonic devices with wide adaptability has become important scientific technical means to
realize both scheme innovation and performance breakthrough in fiber laser generation. As types of transition metal oxide,
manganese dioxide (MnO,) materials exhibit remarkable properties including high photothermal stability, strong oxidation
resistance, and excellent optical properties, making them promising candidate for utilization as modulation devices in
nonlinear optics and ultrafast optics fields. We investigate the impact of MnO;-based saturable absorber (SA) on the pulse
characteristics. The experiment reveals that MnO,-based SA supports effectively pulsed laser generation in wide pump
power range and large dispersion parameter space with signal-to-noise ratio more than 85 dB. As far as we know, the
pump power response range is outstanding among the most of the reported pulsed lasers, which is attributed to the large
modulation depth of MnO, SA. We also investigate the impact of dispersion on the characteristics of laser output, which is
not involved in other similar works. This research indicates that MnO, as a photonic device has vast potential in advanced

ultrafast optics.

Keywords: MnO», saturable absorber, large modulation depth, Q-switching, mode-locking

PACS: 42.55.Wd, 42.60.—v, 42.60.Fc, 42.60.Gd

1. Introduction

Over the past few decades, passive mode-locked fiber
lasers have enabled a growing number of applications, such
as high-speed optical communication, precision measurement,
and machining.!'~7! Research on high-performance ultrashort
pulse laser generation has always been one of the important
research subjects. Saturable absorbers (SAs) are crucial com-
ponents within the cavity of such lasers for ultrashort pulse
generation. However, the majority of the available mode-
locked devices possess limited adaptability, making compli-
cated parameter settings possible when dealing with diverse
laser systems. 811 On the other hand, constrained by nonlin-
ear optics characteristics from SAs, both long-term reliabil-
ity and signal-to-noise ratio (SNR) hinder frontier application
performance of pulsed lasers.!'>~131 Consequently, research on
novel ultrafast photonic devices with wide adaptability has be-
come key scientific issue. Therefore, it is of great significance
to explore novel layered materials and to develop ultrafast pho-
tonic devices for promoting the performance breakthrough in
pulsed laser generation.

To achieve this goal, one of the main directions is to seek
materials with notable nonlinear properties and use them to

[16-181 1n 2009, Bao et al. first used graphene to

prepare SAs.
fabricate SA and applied it in the generation of ultrafast fiber

laser.!"”) Three years later, topological insulators (TI) were
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also used as ultrafast modulation devices.[?"! Later, metal or-

ganic frameworks (MOFs),mJ perovskite,m] MXene!?3! and
many other materials are gradually applied to SAs, and re-
search on the manufacture of optoelectronic devices has also
gained a great deal of attention. Since then, various tran-
sition metal compounds were sequentially explored and ex-
ploited as mode lockers. Typically, Wang et al. first proved
that ultrashort pulse can be generated by using transition
metal dichalcogenides (TMDCs),**! which offered a novel
perspective for the design of ultrafast lasers. These materi-
als have shown outstanding absorption efficiency and robust
light-matter interactions, but suffer from prolonged recovery
time and limited carrier mobility. Thus, it is urgent to fur-
ther explore novel materials with excellent performance and
stable properties for fabricating advanced photonic devices.
For a long time, less attention has been paid to the possibil-
ity of converting transition metal oxides (TMOs) into pho-
tonic devices. Oxygen and sulfur are both members of group
VIA in the periodic table, and they are located in adjacent
periods. The similar electronic configurations (O: 1s22s%2p*;
S: 15%2s22p%3s23p*) result in the close physical properties of
their compounds. Therefore, it is reasonable to speculate that
the TMOs should also be materials with excellent properties
for pulsed laser generation. Moreover, most of the oxides are
stable in nature and can adapt to the requirements of fiber
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lasers under different conditions. However, despite its im-
mense potential, research on its applications in ultrafast op-
tical devices has only recently commenced. Until 2017, Mao
et al. first used Fe;04 as SA, ! which convinced researchers
that the application of TMOs to realize performance break-
through in fiber laser generation is a feasible path. There-
fore, we decide to follow the idea, and ultimately identify
manganese dioxide (MnQy) as a potential candidate for an ul-
trafast photonic device and realizing pulsed laser generation.
MnO; has been widely used in batteries, catalysts and other
fields.[>6! MnO, exhibits desirable properties, such as broad-
band saturated absorption response, adjustable band gap and
narrow band gap width, which makes it have incomparable
advantages in making saturated absorption devices. In addi-
tion, MnO; exhibits excellent photothermal stability, enabling
high-power laser irradiation without sacrificing inherent ma-
terial properties, thus ensuring long-term stable operation of
fiber lasers. Despite progress has been made in the study of
MnO;-based ultrafast photonic devices, 27! there remains an
urgent need for further investigation, such as laser character-
istics in wide pump power range, and dispersion dependence
in pulsed laser generation. In prior research, scholars predom-
inantly concentrate on the potential of MnO, as SA and its
output performance parameters in the laser, yet they merely
stop at exploring its feasibility without delving deeper into its
mechanisms and broader applications. Till now, no literature
attempt to further explore the response dependence of SA de-
vices on different dispersion and power. In fact, such an un-
derstanding is of paramount importance for development of
lasers with a wide adaptive range, capable of catering to di-
verse operational requirements. More systematic investigation
on nonlinear saturable absorption properties and potential ap-
plication in pulsed laser generation are yet to be conducted
because in a practically applied ultrafast photonic device with
wide adaptability would be more desirable.

In this work, we fabricate the MnO,-based SA by laser
deposition technology. Both material properties and optical
performance are characterized. With such an SA, we ob-
serve the consistent and stable microsecond pulse generation
within the input power range from 90 mW to 500 mW. As far
as we know, the pump power response range is in the fore-
front among the reported Q-switched lasers. The broad pump
range signifies that the Q-switched pulse generation is insen-
sitive to voltage fluctuations, making the MnO;-based device
well-suited for harsh engineering applications. Additionally,
even under different dispersion conditions, we can achieve the
stable mode-locking operation, signifying that the modulation
device corresponds to large parameter space range for mode-
locking and widespread adaptability for laser cavity parame-
ter settings. In addition, the output signal exhibits an SNR
more than 85 dB, signifying the robust mode-locking opera-

tion, which highlights the reliability of MnO; as an excellent
photonic device in pulsed laser generation. In a word, these ex-
perimental results confirm that MnO,-based photonic devices
have widespread adaptability for laser cavity parameter set-
tings in pulsed laser generation and have application value for
the improvement of laser stability.

2. Experimental process

Figure 1(a) presents the diagram of the MnO; atomic
structure. It can be seen that its crystal structure is an
octahedron, 28 with the Mn atoms in the middle and the O
atoms distributed at the vertices. To analyze the crystal struc-
ture, we test the Raman spectrum (instrument model: Ren-
ishaw invia) of MnO; materials. Figure 1(b) shows that there
are six distinct characteristic peaks appearing in the points of
285 cm™!, 393 cm™!, 527 em™!, 575 cm ™!, 641 cm™!, and
722 cm™ !,
peak at 641 cm~! corresponds to the Mn—O bond, while the

According to the literature,!*”! the characteristic

others originate from the lattice vibrations. Then, we use x-ray
photoelectron spectroscopy (XPS; instrument model: Ther-
moFisher 250xi) to analyze the composition and state of the
sample. In Fig. 1(c), the double peaks located at 654.2 eV
and 642.05 eV correspond to the spin-orbit splitting of Mn
2py /2 and Mn 2pj3 ), respectively, which indicates that Mn is
mainly concentrated in the +4 valence state, aligning with the
literature. 3! Among them, Mn 2ps , can be further split into
three peaks located at 640.75 eV, 642.05 eV, and 643.35 eV,
which are attributed to Mn** (yellow), Mn>* (green), and
Mn?* (blue), respectively.**3?! Figure 1(d) shows the XPS
spectrum of O 1s, with a peak at 532.35 eV. O 1s can also
be further split into three peaks, which are generated by lat-
tice oxygen (yellow), oxygen vacancies (green), and absorbed
oxygen (blue). It can be seen that the relative intensity of lat-
tice oxygen is higher, while the other two peaks are not obvi-
ous, indicating that the sample preparation process introduces

[33] The data presented above show that

fewer oxygen defects.
MnO; used in our work has great material properties, which
are the basis for subsequent experiments.

Then an appropriate amount of MnO; suspension is taken
out and coated on the end face of the fiber ferrule with the
laser deposition method. The fiber ferrule connector with de-
posited MnO; is connected with another fiber ferrule connec-
tor through a fiber adapter, thus forming a MnO;-based SA. To
test its nonlinear saturation absorption characteristics, a home-
made ultrashort pulsed laser source is used, with a central
wavelength of 1569.87 nm and a repetition rate of 92.59 MHz.
The measured data are fitted with the following formula:

T()=1-0-exp( )~ tm, (M)

sat
where T(I) is the transmission, ¢ is the modulation depth,
O is the nonlinear loss, 7 is the incident peak intensity, and
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Lgy is the saturation intensity. In Fig. 2, it can be seen that
the modulation depth is 31.2% while the saturation intensity
is 4.22 MW/cm?. As far as we know, the modulation depth in
this work is the largest among the data reported in literature.
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Fig. 1. Various material characterizations of the prepared MnO,: (a) the ball-and-stick model of MnO,; (b) Raman spectrum; (c) XPS

spectrum for Mn 2p; (d) XPS spectrum for O 1s.
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Fig. 2. Nonlinear optical transmission of the prepared MnO, SA.

The schematic diagram of the experimental setup is
shown in Fig. 3. The 976 nm pump source (CONNET,
VLSP-976-M-720-FA) outputs photonic signal, which passes
through the pump protector and then is coupled into the ring
cavity by a 980/1550 nm wavelength division multiplexer
(WDM). The gain medium is an 80 cm-long erbium-doped
fiber (EDF, 110-4/125). A polarization-independent isolator
(PI-ISO) is set to guarantee unidirectional laser propagation

in the ring cavity. The polarization controller (PC) is used to

adjust the polarization state of the transmitted light. A 90: 10
output coupler (OC) is employed to transmit photonic signals,
enabling the detection of various parameters. In order to ad-
just the dispersion in the cavity, a single-mode fiber (SMF;
smf-28e) is added into the cavity. The total length of the ring
cavity is approximately 50.8 m, resulting in a net dispersion
of —1.0904 ps”. Oscilloscope (RIGOL, MSO8064), spectrum
analyzer (YOKOGAWA, AQ6370D), radio-frequency (RF)
spectrum analyzer (Kesight, N9010B), autocorrelator (A.P.E,
SM2000), and power meter (OPHIR, 50(150) A-BB-26-V1)
are utilized to assess the laser performance.

WwDM
EDE
\

— ¢ )

pump source

@ MnO2 S8

T oC

\"\/\‘5() M

Fig. 3. Experimental setup for fiber laser based on MnO, SA. WDM:
wavelength division multiplexor; MnO, SA: MnO,-based SA; EDF:
erbium-doped fiber; PI-ISO: polarization-independent isolator; PC: po-
larization controller; OC: output coupler; SMF: single-mode fiber.
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3. Results
3.1. The @Q-switched pulsed operation

When the pump power varies from 90 mW to 500 mW,
stable Q-switched pulses can be observed with an oscil-
loscope. The centered wavelengths constantly locate at
1567.2 nm as the pump power increases. Figure 4(a) depicts
the spectra at different power levels. From Fig. 4(b), it can be

seen that the interval between adjacent pulses decreases from
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109.4 ps to 23.76 ps with the increment in power. As the pump
power increases, the time of accumulating sufficient cavity en-
ergy is reduced, thus generating a faster process of energy ac-
cumulation and release, which is manifested in the reduction
of the period. Figure 4(c) exhibits a single pulse waveform at
the pump power of 500 mW. The corresponding pulse width
is 6.05 ps. Figure 4(d) depicts the RF spectrum. The funda-
mental repetition rate and the SNR are about 41.90 kHz and
69.5 dB, respectively.
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Fig. 4. Characteristics of passively Q-switched fiber laser: (a) spectra with different powers; (b) Q-switched sequences at different

powers; (c) Q-switched pulse waveform; (d) RF spectrum.
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Fig. 5. (a) Variation curves of repetition rate (blue) and single pulse
duration (red) corresponding to different input power; (b) output power
(blue) and single pulse energy (red) under different input power.

In order to further study the influence of input power on
the Q-switched properties, we conduct a thorough analysis in
Fig. 5. Figure 5(a) shows that the repetition rate increases from
10.19 kHz to 41.9 kHz, while the duration of single pulse de-
creases from 14.9 ps to 6.05 ps. Evidently, there is a positive
correlation between the input power and the repetition rate,
while a negative correlation with the duration of the single
pulse, which is consistent with the theoretical predictions. 34!
In Fig. 5(b), it can be seen that almost linearly increased out-
put power versus input power, and the corresponding slope
efficiency is about 1.26% after fitting. The single pulse energy
reaches a maximum value of 47.65 pJ at 419 mW input power
(equivalent to 450 mW pump power).

3.2. The fundamental mode-locking operation

Then we adjust the length of the passive fiber to 40.1 m,
and the corresponding net dispersion is calculated to be
—0.8726 ps®. When the pump power reaches 500 mW, a stable
periodic mode-locking operation can be observed by carefully
adjusting the PC. Figure 6(a) depicts the oscilloscope trace of
the pulse, and the pulse interval is about 204.6 ns. Figure 6(b)
shows the RF spectrum. The fundamental frequency stands
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at 4.887 MHz, with an SNR of more than 85 dB, indicating
excellent stability of mode-locking operation. Figure 6(c) is
the optical spectrum of the laser, with a central wavelength
of 1559.81 nm and a 3 dB bandwidth of 1.22 nm. Notably,
there are symmetric Kelly sidebands on both sides of the spec-
trum. The emergence of the phenomenon is attributed to the
satisfaction of phase matching requirements, resulting in sig-
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nificant interference between solitons and dispersive waves
(DWs) emitted by perturbed solitons when the phase differ-
ence is 2nmw. Figure 6(d) presents the autocorrelation trace
and its corresponding sech? fitting curve. The measured pulse
duration is 2.008 ps. The calculated time—bandwidth product
(TBP) closely approaches the theoretical limit, indicating that
the intracavity dispersion is almost completely compensated.

@ Measurement
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o
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Fig. 6. Characteristics of passively mode-locked fiber lasers: (a) mode-locked pulse sequences; (b) RF spectrum near the fundamental frequency
and RF spectrum within 100 MHz span; (c) spectrum of the laser; (d) autocorrelation trace and the corresponding sech? fitting curve.
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Fig. 7. Six-hour stability test of Q-switched and mode-locked outputs.

Subsequently, we continue to adjust the length of the pas-
sive fiber and achieve mode-locking operation with different
dispersion: (1) By modifying the length of the passive fiber to
31 m, the net dispersion becomes —0.6724 ps?. In this config-
uration, we achieve the mode-locking operation at 6.273 MHz
fundamental repetition rates with an SNR of about 77 dB. The
central wavelength and 3 dB bandwidth are 1560.17 nm and
1.09 nm, respectively. The corresponding pulse duration is
1.981 ps.
to 19 m, we obtain a net dispersion of —0.4084 ps>. We

(2) By adjusting the length of the passive fiber

achieve mode-locking operation at the fundamental frequency
of 10.09 MHz with an SNR of 74 dB. The spectrum centers
at 1560.06 nm with a 3 dB bandwidth of 1.56 nm. The pulse
duration is 1.776 ps. It can be observed that as the length of
passive fiber decreases, the dispersion gradually approaches 0,
leading to the reduction of pulse duration.

Then, we summarize the data from the above experi-
ments. As shown in Table 1, the numbers (I, II, ) respectively
represent experimental results in the paper, ordered from front
to back. The listed data are three representative groups of data,
and actually the mode-locking operation can be generated in a
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wider dispersion adjustable range. The large parameter adjust-
ment range represents a high tolerance for the balance between
dispersion and nonlinearity, which makes the setting of laser
components have more freedom. By varying the net dispersion
within the cavity, we confirm that the MnO,-based fiber lasers
can operate in a large parameter space range. It is worth noting
that the aforementioned experiments are all tested for stability
over six hours. Figure 7 presents a six-hour stability test for

Q-switching and the first group of mode-locking. It can be ob-
served that the output power remains almost unchanged within
this timeframe. To confirm whether the observed experimental
phenomena are purely induced by MnO;, SA, we replace the
prepared SA with a clean fiber ferrule. In this case, no notable
phenomenon is observed, indicating that the MnO, SA plays

a pivotal role in pulsed laser generation.

Table 1. Three parameter adjustments and experimental data of passive mode-locked fiber lasers.

Parameters to be adjusted

Passive fiber length

Net cavity

No. (including pigtail fiber) (m) Ring cavity length (m) dispersion (ps?)
I 40.1 40.9 —0.8726
I 31 31.8 —0.6724
I 19 19.8 —0.4084
Experimental data
No. Period (ns) Fundamental SNR (dB) Spectral center 3. dB Pfﬂse
frequency (MHz) wavelength (nm) bandwidth (nm) duration (ps)
I 204.6 4.887 85.7 1559.81 1.22 2.008
I 159.4 6.273 77 1560.17 1.09 1.981
I 99.02 10.09 74 1560.06 1.56 1.776
Table 2. Laser parameters based on different SA materials.
Q-switching
No. Type of SA Pump power (mW) Fundamental frequency (kHz) SNR (dB) Pulse width (ps) References
1 graphene 13.5-73.7 10.36-41.8 30 Min 3.89 [35]
2 BP 50-185 6.983-15.78 45 Min 13.2 [36]
3 MoS, 261-322 72.74-86.39 51.6 5.18-3.53 [37]
4 PdS, 50.6-81.7 17.2-26.0 50 12.6-4.5 [38]
5 WS, - 79-97 44 Min 1.3 [39]
6 Bi; 03 104.9-244.5 28.41-49.51 51.28 4.9-1.55 [40]
7 Co304 55-165 29.8-70.92 60 10.9-5.02 [41]
8 NiO 25-95 19.57-52.18 55 Min 5.2 [42]
9 Sn0» 28-76 18.87-36.15 46.3 an 10.7 [43]
128405 9.2-26.6 74 Min 4.08
11 TiO, 106-146 0.984-0.990 54 Min 9.74 [44]
12 ZnO 11.8-77.9 22.79-61.43 62 Min 7 [45]
13 MnO, 90-500 10.19-41.9 69.5 14.9-6.05 this work
Mode-locking
No. Type of SA Fundamental frequency (MHz) SNR (dB) Pulse width (ps) 3 dB bandwidth (nm) References
1 graphene 10.9 40 32 0.8 [46]
2 CNT 10.61 75 22.73 0.3 [47]
3 AgrS 1.88 71.9 3.01 1.5 [48]
4 MoS,; 17.1 41 0.83 54 [48]
5 MoS, 26.02 63 4.98 23.2 [49]
6 PtS, 15.04 43 2.064 247 [50]
7 SbyS3 3.47 54.3 2.4 2.1 [51]
8 RGO 7.47 70 18 - [52]
9 V,05 1 48.58 3.14 - [53]
10 Fe304 2.806 57 2.93 1.39 [25]
11 MnO, 16.24 55 0.9675 34 [27]
12 4.887 85.7 2.008 1.22
13 MnO, 6.273 77 1.981 1.09 this work
14 10.09 74 1.776 1.56

4. Conclusion

Laser parameters based on different SA materials are

summarized in Table 2. The presented result is outstanding

in terms of the Q-switched pulse response range among the
reported research literature, leading to wide adjustable range

of fundamental frequency and pulse width. In addition, we
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research the laser characteristics under different dispersion,
which are not involved in previous works. As can be seen
from Table 2, the MnO, SA exhibits superior pulse width and
3 dB bandwidth that are comparable to the most of the ex-
isting SAs. Moreover, its highlight also lies on the highest
SNR among the listed materials when generating mode-locked
pulses. As opposed to the current situation that most of the re-
ported lasers can only operate within a very narrow range of
dispersion, MnO,-based SA exhibits unique adaptability and
potential for the wide dispersion range. This experiment lays
a solid foundation for subsequent research to delve deeper into
the impacts of dispersion and power, and it provides novel
insights for realizing the dynamic parameter configuration of
lasers and the emergence of real-time adjustable lasers in the
future. We believe that the transition metal oxides represented
by MnO, have great prospects in large-scale practical applica-
tions of optical devices.
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