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Materials exhibiting broadband nonlinear optical responses are critically important for ultrafast photonics applications,
particularly as saturable absorbers (SAs) that facilitate broadband optical pulse generation. In this study, tea polyphenol-
polyvinyl alcohol (TP-PVA) composite films are synthesized via a polymer embedding method and employed as SAs to
initiate ultrafast pulse operation in fiber lasers. The TP-PVA SA film exhibits excellent broadband saturable absorption
performance at wavelengths of 1.0 pm, 1.5 pm, and 2.0 um, with modulation depths of 54.21%, 41.41%, and 51.16%,
respectively. Stable passively mode-locked pulses with pulse widths of 588 fs, 419 fs, and 743 fs are generated in Yb-,
Er-, and Tm-doped fiber lasers, respectively. This work confirms the effective performance of TP-PVA as a broadband SA,
and establishes a foundation for the integration of novel and sustainable materials within ultrafast photonic systems. The
approach paves the way for developing compact broadband ultrafast laser systems operating in the near-infrared spectral

region.

Keywords: ultrafast fiber lasers, saturable absorbers, broadband modulators, natural dyes, tea polyphenol
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1. Introduction

The rapid advancement of ultrafast photonics, charac-
terized by the generation and manipulation of femtosecond-
to-picosecond optical pulses, has significantly expanded the
frontiers of scientific research and technological innova-
tion. Within this domain, fiber lasers emerge as pivotal
enabling platforms by virtue of their exceptional efficiency

1-3] These characteristics have

and operational versatility.!
propelled their widespread adoption across diverse fields,
such as telecommunications, laser micro/nano-processing, and
biomedical technologies. These lasers are crucial for appli-
cations ranging from high-resolution imaging and precision
material processing to forefront optical communication tech-
nologies. Fundamental to ultrafast laser systems, mode-locked
fiber lasers operate via precise phase synchronization to gen-
erate ultrashort optical pulses that are critical for a wide range
of advanced applications. [+

Mode-locked fiber lasers leverage critical wavelength-
dependent material interactions at 1.0 um (Yb3*), 1.5 um
(Er’"), and 2.0 um (Tm3*), where dopant-specific transi-
tion probabilities and host matrix compatibility optimize non-
linear optical responses essential for high-efficiency pulse
generation. Critical to system performance, saturable ab-

sorbers (SAs) enable mode-locking initiation and stabilization

fCorresponding author. E-mail: hqp97 @wtu.edu.cn
fCorresponding author. E-mail: syz@wtu.edu.cn

CSTR: 32038.14.CPB.ael56¢

through intensity-dependent transmission. These components
facilitate stable operation across both passively mode-locked
and Q-switched regimes via the Pauli exclusion principle —
wherein photon absorption saturates upon conduction band
filling. Traditional real SAs, such as semiconductor saturable
absorbing mirrors (SESAM),[%7! graphene,®! carbon nan-
otubes (CNTs),>1% topological insulators (TIs),!!'=14] transi-
tion metal dichalcogenides (TMDs),[!3] MXene,'®! and black
phosphorus (BPs),!!”l have made significant contributions.
Despite their efficient modulation capabilities, the fabrica-
tion costs associated with these materials remain prohibitively
high. Their synthesis typically involves intricate multi-step
processes that often require specialized equipment or stringent
conditions, thereby hindering widespread adoption. Moreover,
these materials often face limitations in operating bandwidth,
response time, stability, preparation process, and tunability.
An ideal SA should provide sufficient nonlinear effects for sta-
ble laser operation with minimal losses. As the demand for
more efficient and versatile modulation solutions continues to
grow, there is an urgent need to explore alternative materials
that can overcome these challenges.[!8-2?]

Leveraging intrinsic advantages including low cost, flex-
ibility, thermal stability, solution processability, and facile
film formation, organic semiconductors have been extensively

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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implemented in photonic and electronic devices such as so-
lar cells, organic thin-film transistors, and bistable memory
systems. 23281 Despite their pioneering role as gain media in
dye lasers, conventional organic dyes suffer from fundamen-
tal limitations arising from inherent flammability, toxicity, and
carcinogenic potential, which constrain their technological vi-
ability. Tea polyphenols (TPs), derived from natural sources
and exhibiting environmental friendliness along with excel-
lent optical properties, offer unique advantages for fiber laser

29301 Their chemical and thermal stability render

applications.|
them promising candidates for SAs, which is crucial for main-
taining laser stability. However, investigations into their non-
linear optical properties remain limited, necessitating further
exploration.

Polyvinyl alcohol (PVA) is characterized by high den-
sity, high crystallinity, and strong adhesion. The resulting
film is flexible, smooth, oil-resistant, solvent-resistant, wear-
resistant, gas-impermeable, and water-resistant after appro-
The TP-PVA SA film was prepared us-

ing a polymer embedding method,*!! and the above char-

priate treatment.

acteristics of PVA enable effective integration of saturable
absorber materials into fiber lasers. The nonlinear optical
properties of TP were characterized using a balanced syn-
chronous twin-detector measurement system. The TP-PVA
SA film enables stable mode-locking in Yb- (1030 nm/588 fs),
Er- (1556 nm/419 fs), and Tm-doped (1955 nm/743 fs) fiber

Magnetic stirring
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100 mg PVA o Mixed ultrasonic
5 ml DI = 4 1 hr
' -
Ultrasonic - . |
60 °C 1 hr ' \
? y

10 mg PVA
5 ml DI

-
\I-

50 °C 4—5 days

lasers, demonstrating broadband functionality across the 1.0—
2.0 pm spectral range. Consequently, these findings advance
saturable absorber design principles and open new pathways
for developing sustainable ultrafast photonic systems with en-
hanced optical modulation capabilities.

2. Preparation and characterization of TP-PVA
film

Figure 1 shows the preparation process of the TP-PVA
film. 10 mg of TP compound powder was added to 5 mL of
deionized water (DI) and sonicated for 1 hour using an ul-
trasonic cleaner. Subsequently, 0.1 g of PVA powder (1788,
100 mesh) was dissolved in 5 mL of DI. Dissolution was
achieved by magnetic stirring in a water bath maintained at
96.0 °C and 1200 rpm for 1 hour. The TP solution was com-
bined with the PVA solution, followed by sonication for 1 hour
to ensure complete mixing. The resulting mixture was trans-
ferred to a cuvette and placed in a constant-temperature drying
oven at 50.0 °C for 4-5 days. Following complete evapora-
tion of the aqueous component, the residue constituted a TP-
PVA composite film. This process yielded a relatively intact
saturable absorption film. The film was subsequently cut to
match the diameter of the fiber jumper ferrule and transferred
onto the end face of the ferrule using anhydrous ethanol. The
saturable absorber device was then integrated into the optical
path via transmission coupling to achieve laser modulation.

Drying

-

SA film

Fig. 1. Preparation process of the TP-PVA film.

The microstructure of the TP-PVA SA film was char-
acterized using scanning electron microscopy (SEM). Fig-
ure 2(a) presents SEM images at a 10 um scale, revealing a
smooth surface devoid of significant undulations or particles,
indicative of a uniform deposition process during fabrication.
Figure 2(b) shows the cross-sectional energy-dispersive spec-
troscopy (EDS) pattern of TP, which records the content of
each element. To verify the effectiveness of the TP-PVA SA,
its absorption spectrum was measured using a UV-visible near-
infrared spectrometer. The TP-PVA SA exhibited broadband
linear absorption in the range from 900 nm to 2100 nm, as
shown in Fig. 2(c). This broadband absorption contributes to
the realization of ultrashort pulse generation.*?! Figure 2(d)

displays the full x-ray photoelectron spectroscopy (XPS) spec-
trum, indicating that the sample is exclusively composed of
carbon (C) and oxygen (O). The material exhibits a distinct
second harmonic generation signal, demonstrating its nonlin-
ear optical activity. High-resolution XPS spectra of C 1s and
O 1s are shown in Figs. 2(e) and 2(f), respectively. The C 1s
spectrum is deconvoluted into four peaks: C-C (284.8 eV),
C-0 (286.5 eV), C=0 (289.2 eV), and a C satellite peak
(292.0 eV). The O 1s spectrum reveals two peaks correspond-
ing to C=0 (532.4 eV) and C-0 (533.4 eV), consistent with
the C s fitting results. Further analysis indicates that the rela-
tive content of C=0 and C—O bonds positively correlates with
the nonlinear optical properties of the material.
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Fig. 2. Characterization of the TP-PVA SA film. (a) SEM images. (b) EDS mapping of C and O. (c) Linear absorption spectrum. (d) Full XPS

survey spectrum. Fitted XPS core-level spectra of (e) C 1s and (f) O 1s.
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Fig. 3. Nonlinear optical characteristics of the TP-PVA SA film. (a) Schematic diagram of the balanced twin-detector device. Nonlinear optical

characterization at (b) 1030 nm, (c¢) 1556 nm, and (d) 1955 nm.

The nonlinear optical characteristics of the TP-PVA SA
at wavelengths of 1.0 um, 1.5 pm, and 2.0 pm were stud-
ied using a balanced synchronous twin-detector measurement
system, as shown in Fig. 3. At 2.0 um, the high pulse energy
and the limited accuracy of the photodetector introduce signif-

icant uncertainty in quantifying the nonlinear response of low-

power signals. Although this does not affect the main conclu-
sions regarding SA performance, more detailed investigations
are planned for future work using high-sensitivity, calibrated
measurement systems to further refine these quantitative re-
sults. The experimental setup is shown in Fig. 3(a). The beam

emitted by a pulsed laser source is transmitted through a vari-
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able optical attenuator (VOA) and introduced into an optical
fiber embedded between two fiber connectors. Subsequently,
a 50:50 optical coupler (OC) is connected after the attenua-
tor to evenly split the output beam. The two output ports of
the OC are connected to a fiber optic jumper incorporating the
TP-PVA film and a bare fiber optic jumper without material
coverage, respectively. Finally, the average optical powers at
both ports are measured using optical power meters. The ratio
of detected light intensities between the two outputs reflects
the modulation depth of the SA.

The working wavelengths of the three laser sources used
in the measurement experiment are 1030 nm, 1556 nm, and
1955 nm, respectively. The narrowest pulse widths are 560 fs,
511 fs, and 547 fs, and the repetition rates are 35.01 MHz,
25.63 MHz, and 28.21 MHz, respectively. By using a VOA
to vary the input light intensity in the optical path, a series
of corresponding stable average powers can be obtained. The
modulation depth of the material can be determined using the

following function: 14331

o (1)

s

= — + s 1
11 /T Ohng (1

where o(I) is the absorption corresponding to the incident
light intensity (), o is the modulation depth, o, is the non-
saturable loss, and I, is the saturation intensity. The ability of
the SA to modulate pulses becomes stronger with increasing
modulation depth. The fitting results are shown in Figs. 3(b)-
3(d). In the 1.0 wm, 1.5 pwm, and 2.0 um bands, the satura-
tion intensity fluences of the TP-PVA SA are 0.6552 MW/cm?,
0.2270 MW/cm?, and 39.726 GW/cm?, respectively, while the
modulation depths are 54.21%, 41.41%, and 51.16%, respec-
tively. The measured non-saturable losses of the TP-PVA film
are 45.84%, 14.17%, and 42.61% at 1.0 um, 1.5 pum, and
2.0 pum, respectively. These relatively low values are bene-
ficial for reducing the lasing threshold, as they minimize in-
trinsic cavity losses. The results indicate that the fabricated
TP-PVA SA has the potential to be applied for mode-locking
in the 1.0 um, 1.5 pm, and 2.0 um regions.

3. Experimental setup

In this work, to investigate the nonlinear optical prop-
erties of the TP-PVA SA, laser experimental setups based
on ytterbium-doped fiber (YDF), erbium-doped fiber (EDF),
and thulium-doped fiber (TDF) were established, as shown in
Fig. 4. The resonant cavity lengths of the YDFL, EDFL, and
TDFL experimental optical paths are 6.8 m, 8.2 m, and 7.2 m,
respectively. The net group velocity dispersion (GVD) values
of the YDFL, EDFL, and TDFL cavities are calculated to be
0.166 ps?, —0.166 ps?, and —0.180 ps?, respectively.

A 12.5 GHz photodetector (Newport 818-BB-51F) is
used to detect the output signals, which are further recorded

by an 8 GHz oscilloscope (Keysight, DSOS804A). The EDFL
and TDFL share the same optical spectrum analyzer (Yoko-
gawa, AQ6375E) to monitor the spectral information, while
the output signal of the YDFL is monitored by another optical
spectrum analyzer (Yokogawa, AQ6370D). The average laser
output power is recorded using optical power meters (Thor-
labs, PM400KS5). The radio-frequency (RF) spectra of the
three bands are recorded using the same RF spectrum ana-
lyzer (Keysight, N9321C). A fixed non-spherical fiber colli-
mator (LBTEK, AFC1550-2.1-APC) is used to collimate the
beam for pulse width measurement, and the pulse duration is
measured using autocorrelation instruments (APE pulseCheck
NX50; Femtochrome, FR-103XL).

| 976 nm LD for YDFL

1 1 1
) for Y/EDFL!  ______ !
] | Pump '-i 980 nm SMFL for EDFL |
1 1
 Blel for TDFL | [ *====+ | 1570 nm SMFL for TDFL
ritei Tl (N ettt
CoS oSt 1
L e 4
PO WDM
A YDF
ISO Gain fiber :@ :——: EDF |
1 I 1
_______ - 1
: Filter for : -@2 _T_D_F_ 3
IYDFL !
““““ SA oc
! m—" a »

Fig. 4. Schematic diagram of Yb-, Er-, and Tm-doped mode-locked
lasers. Pump: 976 nm laser for 1.0 pm, 980 nm laser for 1.5 pm, and
1570 nm laser for 2.0 pum; WDM: wavelength division multiplexer; YDF:
ytterbium-doped fiber; EDF: erbium-doped fiber; TDF: thulium-doped
fiber; PC: polarization controller; ISO: isolator; SA: saturable absorber;
OC: output coupler; Filter: bandpass filter.

4. Broadband ultrafast photonics applications

By carefully adjusting the polarization state and pump
power, all laser cavities achieved stable and continuous mode-
locking operation. In Figs. 5(a)-5(c), the center wave-
lengths of the mode-locked pulses are located at 1029.36 nm,
1562.23 nm, and 1970.40 nm, with corresponding 3 dB spec-
tral bandwidths of 2.77 nm, 7.20 nm, and 4.80 nm, respec-
tively. During a continuous 12-hour spectral recording period,
no significant changes were observed in the spectral profiles
of the mode-locked lasers, thereby confirming the excellent
long-term stability of the generated laser pulses. In the YDF
laser system, the autocorrelation pulse width obtained after
Gaussian fitting is 588 fs (Fig. 5(d)). In the EDF and TDF
laser systems, the autocorrelation pulse widths obtained after
Sech? fitting are 419 fs and 743 fs, respectively (Figs. 5(e) and
5(f)). Figures 6(a)-6(c) show pulse trains recorded over dif-
ferent time scales, including 0.5 us for the YDF laser cavity
and 1 ps for the EDF and TDF laser cavities. These long-term
pulse trains clearly demonstrate the excellent stability and re-
peatability of the output mode-locked pulses over extended
measurement periods.
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In addition, shorter-scale pulse trains are presented in
Figs. 6(a)-6(c), illustrating the precise temporal period of
the pulses. The measured pulse periods (Figs. 6(a)-6(c)) of
32.70 ns (at 1.0 um), 40.96 ns (at 1.5 um), and 35.45 ns (at
2.0 um) closely correspond to the respective cavity lengths of
the fiber laser systems (Fig. 4). This remarkable consistency
unambiguously demonstrates that pulse generation originates

(a)

Intensity (dBm) (P)

from a robust mode-locking mechanism. The radio frequency
(RF) spectra of the lasers are shown in Figs. 6(d)-6(f). The
stability of the mode-locked operation is further confirmed
by the consistently high signal-to-noise ratio (SNR) values of
65.5 dB, 75.1 dB, and 87.0 dB for the 1.0 pm, 1.5 pm, and
2.0 um laser cavities, respectively, as well as by the wide-
range RF spectra clearly displayed in the figures.

Intensity (dBm) (C) Intensity (dBm)
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Fig. 5. Operational wavelengths of broadband mode-locked lasers with center wavelengths located at (a) 1029.36 nm (YDFL), (b) 1562.23 nm
(EDFL), and (c) 1970.40 nm (TDFL). Autocorrelation traces of the output laser pulses with Gaussian fitting for (d) 1.0 um (YDFL) and Sech?

fitting for (e) 1.5 pm (EDFL) and (f) 2.0 um (TDFL).
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Fig. 6. Small-scale pulse trains of mode-locked lasers illustrating the pulse intervals for (a) 1.0 um (YDFL), (b) 1.5 um (EDFL), and (c) 2.0 pm
(TDFL). RF spectra at (d) 1.0 um (YDFL), (e) 1.5 um (EDFL), and (f) 2.0 um (TDFL); Inset: broad-range RF spectrum.
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Table 1. Comparison of the performance of different SAs in Yb-, Er-, and Tm-doped fiber lasers.

SAs a2 (um) o (%) °t (fs) 4 frep (MHz) °SNR (dB) Poutpuc (MW) Refs.
1.0 10 46220 11.35 68 13.72
GaS 15 53 614 12.35 56 4,519 [32]
2.0 - 1020 14.87 58.3 21.4
1.0 7.78 12350 18.74 65 20.5
Nb,C/MoS, 1.5 18.27 96.5 60.04 75 3.9 [36]
2.0 16.28 551 22.41 70 20
1.0 19.8 801 20.37 35.46 731
SrFeO-NPs 15 22 857 26.75 82 12.07 [37]
2.0 16.23 671 7.8 78 186.12
1.0 54.21 588 30.53 65.5 33.9
TP-PVA 15 41.41 419 24.41 75.1 233 this work
2.0 51.16 743 28.19 87 162.7

Note: A: wavelength. Pay: modulation depth. ©7: pulse width. ¢ frep: Tepetition frequency. ®°SNR: signal-to-noise ratio. fP(,utpm: output power.

The pump power thresholds of the three laser systems are
274 mW, 512 mW, and 350 mW, respectively. The highest
output powers observed in the 1.0 pm, 1.5 pm, and 2.0 um
laser systems are 33.48 mW, 23.3 mW, and 162.7 mW, re-
spectively. The corresponding conversion efficiencies (4.4%,
3.9%, and 9.5%) show a clear and nearly linear relationship
between the output and pump powers, as shown in Figs. 7(a)—
7(c). The peak powers are calculated as 1.86 kW (at 1.0 pm),
3.61 kW (at 1.5 um), and 7.76 kW (at 2.0 um), with corre-
sponding single-pulse energies of 1.09 nJ, 0.95nJ, and 5.77 nJ,
respectively (Figs. 7(d)-7(f)). The Tm-doped fiber laser at
2.0 pm exhibits a remarkably high-power conversion effi-
ciency of 9.5%, significantly surpassing that of the lasers at
shorter wavelengths. This superior efficiency can be primar-
ily attributed to the unique and complex energy-level dynam-
ics of Tm3* ions, particularly the efficient cross-relaxation

process. (34]

The time-bandwidth product (TBP) of a soliton pulse can

be theoretically calculated using the equation3!

A
TBP:TXCX 7L7

o 0

where 7 is the pulse width, ¢ is the speed of light, AA is
the 3 dB spectral bandwidth, and A, is the center wavelength.
The TBPs calculated from the spectral bandwidths and pulse
widths are 0.461 (at 1.0 um), 0.370 (at 1.5 um), and 0.275
(at 2.0 pm), respectively. Deviations of the TBP from the
Fourier-transform limit indicate distinct chirp dynamics and
variations in pulse compression efficiency. At 1.0 pm and
1.5 pm, elevated TBPs of 0.461 and 0.370 indicate signifi-
cant positive chirp accumulation due to the combined effects
of the initial positive chirp from self-phase modulation (SPM)
and subsequent amplification by the net normal GVD in the
cavity. In contrast, the near-transform-limited TBP at 2.0 pm
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(0.275) signifies efficient and highly effective pulse compres-
sion enabled by the TP-PVA SA. This sub-Fourier-limit value
arises from enhanced nonlinearity that counteracts and par-
tially reverses the dispersive chirp in the net anomalous dis-
persion regime. Enhanced modulation depth beyond 1.5 um
(51.16% at 2.0 um) intensifies SPM suppression, which coun-
teracts dispersive broadening and actively narrows the pulse
duration. TBP < 0.315 (transform limit for Sech? pulses) oc-
curs when nonlinear compression dominates dispersive chirp,
clearly validating the superior and robust pulse-shaping capa-
bility of TP at longer wavelengths.

The distinct TBPs at 1.0 um, 1.5 pum, and 2.0 um arise
from the strong wavelength-dependent nonlinearity of the TP-
PVA SA, combined with intracavity dispersion. At 1.0 um
and 1.5 pm, under net normal dispersion, positive chirp from
SPM is amplified, causing pulse broadening and higher TBPs
(0.461, 0.370), while the nonlinearity of the SA is insufficient
to fully counteract it. At 2.0 um, the system operates under
net anomalous dispersion, and the SA performance is sub-
stantially enhanced — its modulation depth rises to 51.16%,
strengthening nonlinear compression. This enables a large
nonlinear phase shift that, together with SPM, effectively com-
pensates dispersive chirp and drives efficient soliton-like com-
pression, yielding a near-transform-limited TBP of 0.275.

Comparison with other research results shown in Ta-
ble 1 indicates that the TP-PVA SA demonstrates superior
modulation depth in femtosecond mode-locked lasers, en-
abling shorter pulse durations than conventional saturable ab-
sorbers. Critically, the central wavelengths of the resulting
fiber lasers align with the optimal absorption bands of TP, en-
abling highly efficient resonant absorption of the pump energy
by TP ions and maximizing laser efficiency. TP possesses su-
perior modulation depths of 54.21%, 41.41%, and 51.16%,
respectively. Such high modulation depth is critical for ef-
fective optical modulation and high-quality pulse generation,
surpassing the performance typically achievable with other
SAs. Furthermore, the pulse widths — 588 fs (Yb), 419 fs
(Er), and 743 fs (Tm) — outperform those obtained with other

[32.36.37] Collectively, these results confirm that TP

materials.
can serve as a more efficient, stable, and robust SA material

compared to currently applied materials.

5. Results and discussions

This study conclusively establishes the TP-PVA com-
posite film as a new class of high-performance, broadband
SA for ultrafast fiber lasers.
embedding method, the TP-PVA film is engineered to ex-

Through a scalable polymer

hibit exceptional nonlinear optical properties across the near-
infrared spectrum (1.0-2.0 um), achieving modulation depths
of 54.21% (1.0 pm), 41.41% (1.5 pm), and 51.16% (2.0 um).
The highly efficient saturable absorption characteristics of the

TP-PVA SA facilitate effective control over laser pulse for-
mation and properties, thereby enhancing overall laser perfor-
mance. Crucially, the SA device enables stable, sub-750 fs
mode-locked pulse generation in Yb-, Er-, and Tm-doped fiber
lasers, validating its ability to unify broadband optical modula-
tion in a sustainable material platform. The pulse-shaping ca-
pabilities of the TP-PVA SA are evidenced by near-transform-
limited operation and high SNR, which directly enhance laser
performance metrics, including peak power (up to 7.76 kW)
and wall-plug efficiency (9.5%).

Beyond its exceptional nonlinear performance, the TP-
PVA SA offers distinct practical advantages over conventional
SAs, 03411 in terms of material sourcing, fabrication, and
environmental compatibility. Unlike SAs requiring complex
epitaxial growth or chemical synthesis, TP-PVA is solution-
processable and easily sourced. Its fabrication is simple, and
the non-toxic, biodegradable PVA matrix offers a greener al-
ternative to nanomaterials involving harsh chemical process-
ing. Combining these practical benefits with broadband oper-
ation (1.0-2.0 wm) and high modulation depth, TP-PVA SA
stands as a promising candidate for cost-effective and scalable
ultrafast lasers in applications such as free-space communi-
cation, biomedical imaging, and material processing, where
reliability and cost efficiency are critical.
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