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Highlights

® A covalent-organic framework (COF) saturable absorber (SA) is used in
mode-locking.

® The nonlinear polarization rotation (NPR) dependence of the COF SA is
studied.

® The mode-locking mechanism that relates saturable absorption and NPR
is discussed.

® The results suggest the possible use of COFs as SAs in ultrafast

photonics.
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Abstract

Covalent organic frameworks (COFs) are materials that can be used in a wide
variety of applications because of the nature of their ordered, crystalline, low-density,
and porous structures. This work demonstrates the use of a m-electron-extended
porphyrin/pyrene-linked COF (PorPh-PyTA-COF) as a saturable absorber (SA) in the
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1.5 um spectral region. The nonlinear optical absorption properties of this COF SA
were studied and demonstrated a modulation depth of 0.8% and saturation intensity of
0.5 kW/cm®. Using the COF SA, the operation of a mode-locked erbium-doped fiber
laser was realized with a pulse duration of 506 fs at 1570 nm. This is believed to be
the first report of a COF-based mode-locked fiber laser operating in the near-infrared
spectral range. Additionally, a 3.7 dB polarization-dependent loss was measured in the

COF SA and its role in the mode-locking process was also discussed.

Keywords: Covalent organic framework; Porphyrin; mode-locked; Erbium-doped

fiber laser

1. Introduction

Saturable absorbers (SAs) play an important role in enabling the operation of the
mode-locked fiber laser [1]. SAs absorb low-intensity light but allow high-intensity
light to pass. In general, these devices can be classified as either natural or artificial
SAs. Atrtificial SAs, which include absorbers based on the nonlinear polarization
rotation (NPR) technique and the nonlinear loop mirror, rely on the Kerr effect in
optical fiber connections with other optical components to cause the SA action [2].
Typically, artificial SAs have required the formation of additional optical components,
which has constrained their viability. Among the various material based SAs,
semiconductor saturable absorber mirrors (SESAMs) are frequently used in laser
pulsing [3]. However, SESAMs have several drawbacks that limit their application,
including narrow operating bandwidths, high costs, slow recovery times, and complex
setup requirements, and this has driven the exploration of new states for natural SAs.
Previously, the use of inorganic materials, including graphene, transition metal
disulfides (TMDs), topographic insulators (TIs), black phosphorus (BP), and MXenes,
has been proposed, and these materials have been applied successfully in passively
mode-locked fiber lasers for short pulse generation [4-9]. However, these materials
still have certain limitations, such as optical nonlinearity engineering. In contrast, the
molecular compositions and structures of organic materials are more diverse and can
be adjusted flexibly to optimize their NLO properties. Among the approaches used for
material optimization, it has been determined that the third-order NLO polarizability
benefits from the extension of the n-electron delocalization in organic materials [10].

The porphyrin molecule, with its highly m-conjugated system, has previously

been used widely in optoelectronic applications because of its extended m-electron
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delocalization, which can be tuned by varying the nature of its substituents [11].
Nevertheless, tuning and enhancement of the material’s NLO performance for use in
practical device applications such as optical limiting, pulse compression, and SAs for
ultrafast pulse generation by extending the m-electron delocalization in porphyrin
remain desirable. An appropriate platform is required to enhance the material’s NLO
properties further. Covalent organic frameworks (COFs) provide an ideal platform for
the design of ordered, crystalline, low-density, and porous materials that feature
atomically exquisite integration of organic units that are built into extended two- and
three-dimensional periodic structures. Because of their low density, large surface
areas, chemical/thermal stabilities, and m-stacked architectures, COFs have drawn
widespread attention in many research areas, including chemical sensors, electronics,
catalysis, energy storage, luminescent devices, and nonlinear optics [12]. Therefore,
porphyrin-linked COF has been proposed as a model system to enhance and tune the
NLO response in porphyrins [13]. Despite the potential of these COFs, little research
has been published about the saturable absorption of these materials and their
application to laser pulsing. Furthermore, a mode-locked fiber laser based on a COF
SA has yet to be realized.

In this work, we have developed a m-electron-extended porphyrin/pyrene-linked
COF (PorPh-PyTA-COF) for use as a SA for ultrafast pulse generation in erbium-
doped fiber lasers (EDFLs). Polyvinyl alcohol (PVA) is commonly used as a host
polymer for SA devices due to its favorable mechanical properties and solvent
compatibility [14]. To fabricate the COF-based SA, PorPh-PyTA-COF powder is
embedded within a polyvinyl alcohol (PVA) film to fabricate a COF-based SA (COF-
PVA SA). The saturable absorption properties and polarization dependence of the
COF-PVA SA were then investigated. Additionally, the polarization-dependent loss
within the COF-PVA SA, which can be attributed to its rotational stacking structure,
has been characterized. A mode-locked EDFL based on a COF-PVA SA is
demonstrated. The roles of saturable absorption and polarization-dependent loss are
discussed. In addition to the fact that this is the first demonstration of a femtosecond
fiber laser with a COF SA, this work provides a new window for the application of

COFs in ultrafast photonics.

2. Fabrication and characterization of COF-based SAs

Since COFs were reported by Yaghi’s group via the solvothermal method in
2005 [15], several approaches have been reported [16]. It's noteworthy that almost all
COFs were synthesized under solvothermal conditions because of their simplicity
[17]. As a result, the solvothermal method was employed to prepare the PorPh-PyTA-
COF nanoparticles [18]. By using atomic force microscopy (AFM), the thickness of
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these nanoparticles was determined to be approximately 180 nm, as depicted in Fig.
1(b). One should note that the PorPh-PyTA-COF nanoparticle used in this work has
previously demonstrated a capability for Q-switched solid-state laser operation,
indicating NLO functionality [18]. We embedded PorPh-PyTA-COF into a PVA film
to fabricate the COF-PVA SA used in this work. The preparation process for the COF-
PVA SA is illustrated in Fig. 1(a). First, the prepared PorPh-PyTA-COF powder was
dispersed into deionized water, with sodium deoxycholate (SDC) acting as a
surfactant. The PVA powder was then added to the COF dispersion, with subsequent
magnetic stirring. Finally, the mixture was dropped onto a glass and dried at room
temperature to form a solid SA film with a thickness of 100 um. The linear
transmittance of this film was assessed, as shown in Fig. 1(c). The results show that
the COF effectively absorbs light over a broad frequency range. In contrast, the pure
PVA film demonstrated high transmittance, indicating that it does not compromise the
light-absorption properties of the COF-PVA SA. A piece of this film with dimensions
of ~1x1 mm* was carefully cut o] andthen sandwiched between two fiber ferrules to
act as the proposed SA.
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Figure 1. (a)Schematic diagram of the preparation of COF-PVA SA (b)AFM image
of Porph-PyTA COF nanoparticle; inset: the height profile (c)Linear optical
transmittance spectrum.

To investigate its NLO properties, the nonlinear optical absorption of the COF-
PVA SA was measured using the power-dependent measurement system shown in Fig.
2(a). A homemade Q-switched laser operating at 1570 nm, with a pulse duration of
6.5 pus and a repetition rate of 15.9 kHz, was used as the laser pump source.
Measurements were then performed by changing the input power using a variable
optical attenuator. The input light was then divided into two parts via a connection
with a 90:10 output coupler. The 90% component was intended for use in the

characterization of the absorption, and the remaining 10% was used as a reference
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signal. Using the simultaneously detected reference signal and the absorption results,
the transmittance was estimated accordingly. Fig. 2(b). shows the experimental results
and the corresponding fitting curve. The experimental results were fitted using the
following formula [19]:

T() = 1-AT-exp(-|—)-Tns (1)
|

sat

T(), AT, Ia, I, and T, are the intensity-dependent transmittance, the modulation
depth, the saturation intensity, the incident optical intensity, and the nonsaturable loss,
respectively. The modulation of the COF-PVA-SA is approximately 0.8% with a
saturation intensity of 0.5 kW/cm®. The COF-PVA SA showed ultralow saturation
absorption for ultrafast laser generation, and this behavior has been observed
previously [18]. In addition, the nonsaturable loss was 84.2% and can be attributed to
coupling loss, which arises from the considerable thickness of the PVA film between

the two fiber ferrules.
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Figure 2. (a) Balanced twin-detector measurement system. (b) Experimental
nonlinear optical absorption data and corresponding fitting curve.

3. Experiment Setup
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After confirmation and characterization of the saturable absorption, a
conventional ring fiber laser scheme was used to realize pulsed laser operation. The
experimental setup for the EDFL based on the COF-PVA SA is shown in Fig. 3. The
gain medium was a 2-m-long erbium-doped fiber (EDF) with a dispersion parameter
of —24.6 ps*/km. A laser diode with a central wavelength of 976 nm was used as the
pumping source. Wavelength division multiplexing (WDM) couplers were used to
couple the pump laser beam into the EDF. A polarization-independent isolator (PI-
ISO) was used to determine the intracavity propagation direction. A polarization
controller (PC) controlled the intracavity polarization state. The total length of the
single-mode fiber (SMF) used in the EDFL cavity was 8.1 m. A 1x2 optical coupler
was used for 95% feedback and 5% output. The COF-PVA SA was inserted into the
cavity after the PC. The total length of the single-mode fiber (SMF) with a dispersion
parameter of —23.6 ps’/km used in the EDFL cavity is 8.1 m. Combining the
contribution from EDFA and SMF, the net cavity dispersion can be accordingly

estimated to be around -0.24 ps®.
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Figure 3. Schematic of erbium fiber laser setup with COF-PVA film.

4. Resuit and discussion

Despite the fact that both a metal-organic framework (MOF) SA-based mode-
locked fiber laser and a COF-based Q-switched solid-state laser have been reported
previously, there have been no reports to date about mode-locked operation using a
COF SA.[20] Therefore, a pump power of 361 mW was applied, and self-starting
mode-locking operation was realized in the EDFL with the COF SA by tuning the PC.
Figure 4 summarizes the output properties of this mode-locking operation. The optical
spectrum is given in Fig. 4(a). The central wavelength is 1570 nm, and the 3 dB
bandwidth of the output is 5.2 nm. An unsymmetrical spectral sideband was observed.

These sidebands are attributed to filtering effects induced by fiber birefringence [21].
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An oscilloscope trace of the pulse train is shown in Fig. 4(b). The pulse interval is
approximately 50 ns, which is consistent with the laser’s cavity length of 10.1 m. The
autocorrelator trace is shown in Fig 4(c). When the sech? pulse shape is used, the
pulse duration is 506 fs. To provide further confirmation of the quality of the mode-
locking operation, a radio-frequency (RF) spectrum analyzer was used to measure the
RF spectrum of the mode-locked pulses. As shown in Fig. 4(d), the fundamental pulse
repetition rate is 20 MHz. Additionally, the signal-to-noise ratio reaches 60 dB,
indicating good mode-locking operation stability. The corresponding average output
power, pulse energy, and peak power are 0.33 mW, 17 pJ, and 336 W, respectively.
These characteristics confirm that the COF SA-based mode-locked fiber laser exhibits
femtosecond-scale operation with high quality. To the best of our knowledge, this is
the first time that COFs have been used as an SA for mode-locking of the fiber laser
rather than for a conventional application, such as an optical limiter [22].

Typically, passive mode-locked fiber lasers can be realized using intracavity SAs
or through a polarization modulation process [23]. Previously, the NPR mode-locking
technique, which is sensitive to the polarization state in the cavity, has been
investigated extensively, and it is used widely in fiber ring cavities [24]. The essential
characteristic of this technique is that an intensity-dependent optical loss should be
included within the cavity by inserting a polarization-dependent component into the
cavity. The mode-locked state can then be achieved by tuning the PC at a specific
pump power. To implement the NPR mode-locked laser, a polarizer is generally
required. In 2010, Wu et al. demonstrated a mode-locked fiber laser based on the
insertion of an optical component in the cavity with a 1.4 dB polarization-dependent
loss (PDL) and achieved NPR mode locking without inserting a polarizer into the
cavity [25]. Subsequently, Li et al. demonstrated an NPR mode-locked fiber laser by
inserting a component with a 2 dB PDL into the cavity [26].

To gain a further understanding of the mode-locking mechanism in this work, the
PDLs of the cavity components were first confirmed. After the COF-PVA SA was
removed from the cavity, the laser's output power and its oscilloscope spectrum were
observed for different polarization states by tuning the PC. Under the same pump
power level, a maximum fluctuation of 0.2 dB in the output power was observed, thus
indicating that the PDL of the cavity was less than 0.2 dB. Neither mode locking nor
even Q-switching of a pulse was observed, despite the pump power being varied from
zero to its maximum and the PC being tuned into different states simultaneously. This
behavior can be attributed to the cavity being SA-free and the PDL being negligible.
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Figure 4. Properties of the mode-locked EDFL based on the COF-PVA SA. (a)
Optical spectrum. (b) Pulse train. (c) Fundamental RF spectrum; inset: the
broadband RF spectrum. (d) Autocorrelation traces.

Next, by removing the PC, we evaluated the performance of the laser with the
COF-PVA SA. Self-starting Q-switched mode-locking operation was obtained when
the pump power was increased to 206 mW. The typical Q-switching envelope versus
pump power was also observed. Figure 5 summarizes the output properties of this Q-
switched mode-locking operation. The center wavelength is 1569 nm, as shown in
Fig. 5(a). An oscilloscope trace of the Q-switched mode-locking output pulses is
shown in Fig. 5(b), which represents the incidence of the Q-switched mode-locking
operation. As the pump power ranged from 240 to 361 mW, the repetition rate of the
Q-switching envelope increased from 22.7 kHz to 32.4 kHz. In addition, the pulse
duration decreased from 42.8 us to 26.4 us, as shown in Fig. 5(c). The laser output
power and the pulse energy versus pump power characteristics are given in Fig. 5(d).
The maximum output power and maximum pulse energy are 0.32 mW and 9.7 nJ,
respectively, when pumped with a power of 361 mW. These results indicate that the
COF SA alone cannot overcome the Q-switching instability without assistance from
the PC at the maximum cavity energy. As a result, the PC is confirmed to play an
essential role in the initiation mechanism of the CW mode-locking operation in this
work. These results demonstrate that the mode-locking operation only exists for a
cavity that includes the COF SA and the PC.
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Figure 5. Properties of the Q-switched mode-locking EDFL based on the COF-PVA
SA. (a) Optical spectrum. (b) Pulse trace, with an inset showing the pulse train. (c)
Repetition rate and pulse duration, and (d) output power and single pulse energy
Versus pump power.

Previously, rotational stacking of a layered stable COF structure with optimized
free energy has been reported, leading to the possibility of a PDL caused by the
scattering difference between the left and right chirality [27]. To confirm and measure
the polarization dependence of the COF-PVA SA, we therefore designed an optical
system to characterize the PDL. A schematic diagram of this optical system is shown
in Fig. 6(a). A 1570 nm continuous wave (CW) laser is used as the light source and is
coupled to a fiber-to-fiber U-bench. The maximum measured optical power does not
exceed 1 mW. A polarizer is inserted into the U-bench to control the polarization
angle by rotating it. The other end of the U-bench connected a 90:10 output coupler
(OC), and the COF-PVA SA was installed after the OC. As shown in Fig. 6(b), the
COF-PVA film has a maximum transmittance of 27.4% and a minimum transmittance
of 11.8% from a 0-360° linear polarization rotation. It is estimated using [Eq. (1)] that
the PDL provided by the COF-PVA SA is 3.7 dB.

PDL (dB) = 10 x |og(Tmax ) (2)
T

min

To distinguish the originality of this PDL within the COF-PVA SA further, we
also measured the polarization-dependent transmittance of a pure PVA film using the

same measurement system. The transmittance of the pure PVA film is approximately
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92% at any polarization angle, leading to the conclusion that the pure PVA film
exhibits polarization independence. As a result, the PDL of the COF-PVA SA is
contributed by the PorPh-PyTA-COF. By combining the requirements for mode-
locking operation in this work with the nature of the PDL within the COF-PVA SA,
we discern two key mechanisms in our laser pulsing operation: natural and artificial
SA. Natural SA is typified by the inherent saturable absorption behavior demonstrated
by the PorPh-PyTA-COF. In contrast, artificial SA is driven by the Kerr effect within
the optical fiber. When this is paired with the inherent polarization dependence of the
PorPh-PyTA-COF, it triggers additional saturable absorption behavior. Consequently,
we posit that an EDFL, when equipped with the PorPh-PyTA-COF, uses a hybrid SA
mechanism to enable the effective generation of the laser pulses. Previously, the
hybrid mode-locked laser was proposed and demonstrated by several groups [28-30].
The results presented here show that the performance of this laser has been improved
significantly compared with the mode-locked pulse obtained using natural or artificial
SA alone. The natural saturable absorption and polarization dependence of PorPh-
PyTA-COF provide a new way to generate hybrid mode-locked lasing without
additional polarization-dependent optical components.

(@)

COF-PVA SA

90% Power
Rotating Linear Polarizer meter

] 4
Fiber-to-Fiber U-Bench Power
10% meter

(b)

20

- L]
o o

Transmittance (%)

320

L=
o

310

2.9 9 300 )
250 260 270 280 290 @ COF-PVA ﬂ[m
@ Pure PVA flim

-
(=
=]

Figure 6. (a) Schematic of the optical system used to measure the polarization
dependence of the COF-PVA SA. (b) Polarization dependence of the COF-PVA SA
and the pure PVA film.
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Although this is the first demonstration of a femtosecond fiber laser using the
COF SA, the nonlinear optical properties and performance of mode-locked EDFLs
based on organic-based SAs are shown in Table 1 to help visualize the impact of the
results here. The mode-locking performance of the EDFL is similar to, if not better
than, that demonstrated in previous reports of saturable absorbers based on other
organic materials, indicating the promise of PorPh-PyTA-COF for applications in
ultrafast photonics. Although the average output power is relatively low, it can be
enhanced either by using an OC with a lower ratio or by fabricating thinner PVA film
to reduce optical loss. Besides, it should be noted that the saturation intensity of
PorPh-PyTA-COF is the lowest among the reported materials. The low saturation
intensity observed can be ascribed to the substantial enhancement of optical
nonlinearity facilitated by the extended m-electron delocalization framework [31].
This is beneficial for the generation of a high-repetition-rate mode-locked laser
because the lower saturation intensity can reduce the characteristic pulse generation
threshold.

Previously, PorPh-PyTA-COFs have shown exceptional thermal stability (up to
525 °C) and remarkable chemical stability in a variety of organic solvents as well as
acidic and basic aqueous solutions. [18] Besides, Polyvinyl alcohol (PVA) is used as
the host material in this work, serving to insulate the COF from environmental
influences like water and oxygen. This ensures the long-term operational stability of
the SA. To evaluate this, the time-dependent output spectrum was analyzed to
illustrate the long-term stability of the mode-locking laser operation, see Fig. 7.
Clearly, the mode-locking process remains almost unchanged over 6 hours. In
addition to the stability, to further assess the optical damage threshold, a 1570 nm
NPR mode-locked Er-doped fiber laser served as our light source. Even when
subjected to the highest achievable peak intensity of 1.8 GW/cm?, no optical damage
was observed. This further confirms the laser’s capability for long-term operation,
which is crucial for real-world applications.

Various approaches have been proposed and demonstrated to generate mode-
locked pulses in fiber lasers. NPR is a promising way to realize mode-locking
operation within the fiber laser cavity. Typically, a polarization-dependent loss device,
such as a polarizer, should be implanted inside the cavity [32]. However, additional
cavity length or loss will be subsequently inevitable. Here, with the aid of the
simultaneous existence of saturable absorption and polarization-dependent loss within
the COF, the mode-locking operation was observed and characterized. This work
provides a way for mode-locking the fiber laser without a conventional polarizer in
the cavity and performs comparable laser pulse characteristics. In addition, this

approach paves a way or direction to develop a new material system with chirality for
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mode-locking fiber laser. Besides the various COF systems, the materials with
chirality in nature will be a possible direction. The related work therefore starts and
will have more convincing results soon.

Table 1. Comparison of all-fiber mode-locked performances using organic
materials when operating in the 1.55 pm region

. . Output " Pulse Peak Pulse
Material S?nttlé;‘:ti'tgn MO%/:;;UO“ power Rep((ekl/ﬂg 2) rate energy power duration Ref.
(mW) () W) (ps)
PEaal 014 Mwiem 22 6.80 2.44 2790 1603 174 3
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DNA 281 MW/erm 04 4.2 29.29 143.4 341 0.42 35
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Figure 7. Long-term stability experiment results for the mode-locked EDFL based
on COF-PVA SA over a 6 h period.

5. Conclusion

In this paper, a COF-based mode-locked EDFL has been demonstrated for the first
time. We developed a mode-locked EDFL that operates at 1570 nm with a pulse
duration of 506 fs. The nonlinear optical absorption of the PorPh-PyTA-COF SA is
characterized by a 0.8% modulation depth with 0.5 kW/cm?® saturation intensity. In
addition to its saturable absorption properties, PorPh-PyTA-COF also shows

polarization dependence, which induces additional saturable absorption behavior and
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aids in the mode-locking operation. Our results show the enormous potential of
PorPh-PyTA-COF with its unique optical properties for use in ultrafast pulse
generation in fiber lasers and provide insights for further development of and research

into the use of COFs in ultrafast optics.
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