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Abstract

In the current paper, the nonlinear absorption characteristics and laser modulation performance of
the ternary anisotropic semiconductor material ZrGeTes were successfully explored. The recovery
time of the ZrGeTes+PVA thin film was measured to be 5.74 ps by pump-probe technology. By
employing ZrGeTe: as a saturable absorber, a passive mode-locked Yb-doped fiber laser was
demonstrated for the first time. In the 1 um mode-locked operation, the central wavelength is 1031.29
nm, the pulse repetition rate is 24.85 MHz, and the pulse width is 786.3 ps. In an Er-doped fiber laser
operating at the wavelength of 1561.10 nm, the pulse width as short as 1.26 ps with a repetition rate
of 4.38 MHz. The results show that ZrGeTes has excellent broadband nonlinear optical characteristics.

Keywords: ultrafast fiber laser; saturable absorber; passive mode-locked; ZrGeTesnanoparticles

1. Introduction

Near-infrared (NIR) pulsed fiber laser sources have been widely applied in precision micro-
processing, optical communication, biomedicine, nonlinear dynamics, etc [1-5]. The pulsed laser in
the 1 um band can achieve high pulse energy and peak power output due to its high conversion
efficiency, making it widely used in the research of ultra-fast dynamics of materials by serving as a
pump source [6]. Moreover, the 1 um band laser is widely used in multi-photon imaging and
biomedical treatment. For instance, Wang et al. successfully distinguished the distribution of water
and fat in tissues using a dual-wavelength of 1064 nm and 1176 nm, opening up new directions for
metabolic monitoring [7]. The 1.55 um band laser is in the communication band, compared with other
lasers, it can provide a broader bandwidth, higher gain, and reduced attenuation. They have excellent
performance in long-distance fiber transmission and thus have significant research value [8].
Additionally, the 1.55 um band pulsed fiber laser is the most typical dissipative system, containing
periodic gain, loss, dispersion, and nonlinear effects. It is the most commonly used tool for exploring
temporal and spatial mode-locking, various new optical soliton phenomena, and their interactions
[9,10]. It is also widely regarded as a pump source for the 1.7 um band laser applied in the medical
industry [11]. Therefore, the 1 um and 1.55 um fiber lasers are two important and most researched
bands in the near-infrared spectrum.

Pulsing in fiber lasers may be achieved by many approaches, such as Gain-Switching, Actively
Q-switching and Mode-locking (Electro-optic modulator and Acousto-optic modulation), and
Optical Switches, although passively mode-locking probably the most prevalent [12-15]. So far,
various nanomaterials have been employed widely as saturable absorbers (SAs) in passively mode-
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locking fiber lasers to generate ultra-short pulses, such as carbon nanotube (CNT), graphene, black
phosphorus (BP), topological insulator (TI) and transition metal dichalcogenides (TMDs) [16-22].
Two-dimensional (2D) materials possess unique atomic-layer structures and exhibit superior
nonlinear optical absorption properties compared to traditional bulk materials. In particular, their
ultrafast carrier dynamics and tunable bandgap structure provide a new platform for generating
ultra-short pulse laser pulses [23,24]. To obtain better-performance broadband passive mode-locked
fiber lasers, researchers should explore new nonlinear nanomaterials as SAs.

ZrGeTes is a kind of layered ternary semiconductor compound with tunable bandgap, whose
bandgap varies with the number of layers [25,26]. Few-layer ZrGeTes and bulk ZrGeTes are indirect
bandgap semiconductors, while single-layer ZrGeTes has been proven to be a direct bandgap
semiconductor [27]. The band gap value of the few-layer ZrGeTes varies with the number of layers
and decreases as the number of layers increases. Its single-layer structure exhibits a direct bandgap
of 0.686 eV. The structure from the 2n4 layer to the 5 layer exhibits a direct band gap, with the band
gap value ranging from 0.339 eV to 0.536 eV [28]. The spacing between adjacent layers is 0.82 nm [29].
The van der Waals forces between layers are relatively weak, which means that ZrGeTes materials
with only a few layers or a single layer can be fabricated through simple exfoliation methods (such
as liquid-phase exfoliation). The nonlinear optical properties of ZrGeTes have been reported in the
1.55 um wavelength range, but there is a lack of research in the 1 um wavelength range [28,30,31].
Therefore, it is of great significance to prove that ZrGeTes is a nonlinear optical material with
broadband saturated absorption characteristics.

This study demonstrated the application of ZrGeTes SA material for generating mode-locked
pulses in Yb-doped fiber laser at a working wavelength of 1 pm and Er-doped fiber laser at 1.55 pm.
The modulation depth of the ZrGeTes-polyvinyl alcohol (PVA) film SA prepared by the liquid-phase
exfoliation method is 7.7% at 1031 nm and 14.5% at 1561 nm, respectively. Based on ZrGeTes SA, we
have achieved mode-locked operation in a ytterbium-doped fiber laser for the first time, with a central
wavelength of 1031.29 nm, a pulse repetition rate of 24.85 MHz, and a pulse width of 786.3 ps. In the
highly stable mode-locked Er-doped fiber laser, the central wavelength located at 1561.10 nm, the
pulse width is 1.26 ps, and the pulse repetition frequency is 4.38 MHz. The results demonstrate that
ZrGeTes SA possess distinct advantages for the development of high-efficiency, highperformance
and broadband multi-wavelengths fiber lasers.

2. Characterization and Synthesis of the ZrGeTe: Nanoparticles

Through means such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), Raman spectrum, energy-dispersion X-ray spectroscopy (EDS), and
atomic force microscopy (AFM), it has been confirmed that large-scale, multi-layer ZrGeTes
nanoparticles with high quality have been formed. The film-formable saturable absorber was
prepared by the liquid-phase exfoliation method. Through the I-scan technology, the modulation
depth, saturation intensity and non-saturable absorbance at wavelengths of 1 um and 1.55 pum were
measured. The recovery time was measured by using the pump-probe detection technique.

To investigate the surface characteristics of the prepared ZrGeTe: nanoparticles, it was
characterized by using the SEM (Sigma 500, ZEISS, Oberkochen, Germany), revealing a distinct
layered structure. Figure 1a presents the SEM microscopic image of the vertical direction of ZrGeTes
at a resolution of 2 um. Obvious lamellar structures can be observed. Figure 1b is a detailed view,
showing that the morphology of ZrGeTes has clear and irregular particle boundaries. Figure 1c
presents the SEM microscopic image of the horizontal direction of ZrGeTes at a resolution of 2 um.
Figure 1d is an enlarged view of the area shown in Figure 1c. There is a distinct layered phenomenon,
indicating that the ZrGeTes nanoparticles have anisotropic nature.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1241.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2026

EHT= 300KV E
wo= 60mm Mag= 500KX k ! = Mag= 1500KX

Figure 1. SEM image of ZrGeTes nanoparticles.

The morphology and layered structure of ZrGeTes nanoparticles were characterized by a TEM
(JEM-2100, JEOL, Tokyo, Japan). Figure 2a shows that ZrGeTes nanoparticles with the optical
resolution of 100 nm confirms their high purity. As shown in Figure 2b, the ZrGeTes nanoparticles
exhibit distinct lattice stripes, and at their edges, an irregularly shaped sheet-like structure is
observed. The ZrGeTesnanoparticles sample were analyzed by XRD (D8 Advance, Bruker, Billerica,
MA, USA). The results are shown in Figure 2c, where the diffraction peaks are observed at positions
(020), (040), (060), and (080), respectively, which is consistent with previous reports [31]. Figure 2d
presents the Raman spectrum of ZrGeTes nanoparticles. From the Raman spectrum, three
characteristic peaks can be observed, located at 91 cm, 120 cm, and 150 cm respectively.
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Figure 2. (a) TEM image. (b) HR-TEM image. (c) XRD. (d) Raman spectrum.

Figure 3a-e display the element distribution map and spectral map of ZrGeTes nanoparticles.
Figure 3a shows the SEM image of selected area layered ZrGeTes nanoparticles. The element mapping
images obtained through EDS (QUANTAX EDS, Bruker, Germany) surface scanning analysis are
shown in Figure 3b-d, where Zr, Ge, and Te are represented by different colors, and the regional
distribution is clearly visible, indicating that the ZrGeTes nanoparticles we used is very pure. Figure
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3e represents the signal peaks of the elements Zr, Ge, and Te, respectively, the atomic ratio is close to
1:1:4, demonstrating the uniform distribution of these three elements. AFM (Multimode 8, Bruker,
Germany) is employed to measure the thickness of the ZrGeTes nanoparticles, as shown in Figure 3f.
The illustration reveals that the thickness of the prepared ZrGeTes sample is 3 nm. Since the thickness

of a single layer of ZrGeTes material is approximately 0.82 nm, the thickness of the prepared ZrGeTes
sample is approximately 4 layers.

Figure 3. (a) The corresponding SEM image. (b-d) Elemental mapping corresponding to the EDS surface

scanning analysis of Zr, Ge, and Te in ZrGeTes. (e) EDS point scanning analysis image of ZrGeTes material. (f)
AFM image.

The preparation process of the ZrGeTes-PVA film SA is shown in Figure 4a. Grind the bulk
ZrGeTes into fine powder in an agate grinding bowl. Firstly, 50 mg of ZrGeTes powder was added to
100 ml of anhydrous ethanol, and a layered ZrGeTes nanosheet dispersion was successfully prepared
by ultrasonic cleaning for 48 hours. A portion of the sample was taken for characterization and
detection. Secondly, a 6% (volume ratio) polyvinyl alcohol solution was mixed with the ZrGeTes
dispersion at a volume ratio of 1:1 and treated in an ultrasonic cleaner for 24 hours. Then, the uniform
ZrGeTes-PV A solution was spin-coated onto a glass slide, which was placed in a drying oven at 30°C
for 12 hours to obtain an ZrGeTes-PVA film. Finally, a 1 mm x 1 mm ZrGeTes+PVA film was cut as a
SA and transferred to the end of an optical fiber jumper. Using an FC/PC connector to couple the
single-mode fiber containing the SA with another clean single-mode fiber jumper.
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Figure 4. (a)Synthesis procedure of ZrGeTes -PVA SA. (b) Linear transmission spectra of ZrGeTes:-PVA SA at
different wavelengths. (c) Transient reflectivity change of ZrGeTesPVA thin film under pump fluence densities
ranging from 0.49 to 1.21 mJ/cm?2. (d) The experimental setup used for testing nonlinear optical properties. (e)
Non-linear absorption measurements of the ZrGeTes -PVA SA at 1 um. (f) Non-linear absorption measurements
of the ZrGeTes -PVA SA at 1.55 um.

The linear transmittance spectrum was analyzed using an ultraviolet/visible/near-infrared
(UV/vis/NIR) spectrophotometer ((U-4100, Hitachi, Tokyo, Japan) within the range of 800 nm to 1800
nm to characterize the absorption properties of the prepared ZrGeTes-PVA thin film. As shown in
Figure 4b, the transmittance of the film was measured to be 51.1 % at 1031 nm and approximately
50.8 % at 1561 nm. Due to the bandgap of ZrGeTey, its relatively broad optical absorption band
ensures its potential light absorption capability in the near-infrared range. In addition, we conducted
high energy fluence pump-probe experiments at the laser amplification stage (Ascend, 800 nm, 35 fs,
5 kHz) (Solstice Ace, Spectra-Physics, CA, USA). The pump energy fluence ranged from 0.49 to 1.21
mJ/cm?, as can be seen from the figure 4c, the kinetic curves of ZrGeTes thin film with different
thicknesses are similar. After fitting the relaxation part with a single exponential function, the carrier
lifetime or relaxation time is approximately 5.74 ps. The nonlinear optical properties of ZrGeTes-PVA
thin film SA were measured using I-scan technology, and the experimental setup is shown in Figure
4d. The light source for I-scan measurement was a self-made 1 um and 1.55 um pulsed fiber laser. In
the I-scan experiment, the incident laser intensity was controlled by adjusting the optical attenuator.
The beam splitter divided the probe laser into two beams, and two identical power meters were used
to simultaneously record the transmittance under different incident power densities. The
experimental data were fitted using the following equation:

T(I) =1 — Tps — AT X exp (—1/Lsq) (1)

in which T(I) and Txs are the nonsaturable loss and transmission rate, respectively, I and I« are
the saturation intensity and input pulse energy, respectively, and AT is the modulation depth. As
described in Figure 4e and 4f, the fitting results yields modulation depths of 7.7 % and 14.5 %,
saturation intensities of 21.4 MW/cm? and 5.8 MW/cm?, and non-saturable absorbance of 53.8 % and
49.2 % for the ZrGeTes-PVA thin film SA at 1 um and 1.55 pum, respectively. Furthermore, in mode-
locked fiber lasers, a smaller modulation depth can effectively suppresses Q-switched mode-locking
and reduces the start-up threshold, enabling highly efficient and stable continuous-wave mode-
locked laser operation. These results highlight the nonlinear optical potential of ZrGeTe: and
contribute valuable insight into the development of cost-effective and sensitive mode-locking
devices.

3. Experimental Setup

The scheme of the fiber-ring cavity that incorporates the ZrGeTes-SA is shown in Figure 5. A
laser diode (LD)( Taizhou Tonghe Laser technology co. LTD, Wenling, China) operating at 980 nm in
the CW regime was used as a pumping source. The wavelength division multiplexer (WDM) was
spliced with a pump and the other port was spliced with the gain fiber. The length of the ytterbium-
doped optical fiber (LIEKKI Yb1200, nlight, Vancouver, WA, USA) is 30 cm, and the length of the
erbium-doped optical fiber (LIEKKI Er110, nlight, Vancouver, WA, USA) is 40 cm. The total cavity
lengths of the ytterbium-doped fiber laser and the erbium-doped fiber laser are 8.27 meters and 46.63
meters, respectively. A polarization controller (PC) was employed to change the polarization state of
the laser. The generated fiber laser was extracted through an optical coupler (OC) with 10% output
for monitoring. Unidirectional light propagation was maintained inside the cavity using a
polarization-independent isolator (PI-ISO). Then, ZrGeTes-PVA thin film SA was incorporated inside
the laser cavity using a fiber ferrule where light interacts with the material. Finally, the light was split
into 90% and 10% using a 90:10 couplers; 90% was connected to the WDM to form the ring cavity,
and the remaining 10 % was used for the analysis. The output laser was analyzed using optical
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spectrum analyzer (MS9710C, Anritsu and AQ6317B, Yokogawa, Tokyo, Japan), a digital oscilloscope
(Wavesurfer 3054z, Teledyne LeCroy, New York, USA), an intensity autocorrelator (FR-103XL,
Femtochrome, California, USA), an InGaAs photo-detector (PD-03, Taizhou Tonghe Laser technology
co. LTD, Wenling, China), radio frequency (RF) spectrum analyzer (N9020A, Agilent, California, USA
and R&S FPC1000, Jena, Germany) and a power meter (PM100D-5122C, Thorlabs, New Jersey,
American).
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Figure 5. The experimental setup of the mode-locked laser.

4. Results and Discussion

At the beginning of the experiment, the Yb-doped fiber laser was operated without the
integration of ZrGeTes-SA. In this configuration, mode-locked pulses were not detected, even when
the pump power was gradually increased up to 800 mW and the PC was tuned. Then, ZrGeTes-SA
was inserted into the fiber laser. By adjusting the PC and increasing the pump power, the stable
mode-locked operation at a fundamental frequency of 24.85 MHz was achieved. Figure 6 shows the
output characteristics of mode-locked operation.
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Figure 6. The output characteristics of mode-locked operation at 1 pm. (a) Optical spectrum. (b) Pulse sequence.
(c) RF spectrum. (d) Output power relative to pump power. (e) Optical spectrum in 6 h. (f) Output power
variation during 32 h.

When the pump power is added to 272 mW, a mode-locked pulse of fundamental frequency at
24.85 MHz is detected. Figure 6a is its optical spectrum, and the central spectrum is located at 1031.29
nm. The pulse sequence diagram is shown in Figure 6b. The pulses are very stable, and the time
interval between each pulse is 40.26 ns. The corresponding length of the laser cavity is approximately
8.27 m. The pulse width displayed by the oscilloscope is 786.3 ps. The radio frequency spectrum with
a bandwidth of 100 MHz was tested, and the results are shown in Figure 6c. The signal-to-noise ratio
(SNR) of the fundamental frequency mode-locked is 36 dB. The SNR of the fourth-order mode-
locking is 47 dB. This indicates that the higher harmonics also exhibit good stability. As shown in
Figure 6d, the mode-locking operation is achieved between 272 mW and 318 mW, with the output
power linearly increasing from 0.67 mW to 1.32 mW. In addition, we also tested its long-term stability.
Figure 6e and Figure 6f show the optical spectrum within 6 hours and the output power variation
within 32 hours, respectively. All results indicate that the mode-locking operation is very stable.

In Er-doped fiber laser, when the pump power reaches the threshold of 52 mW, the traditional
soliton mode-locking is achieved. As shown in Figure 7a, the central wavelength of the spectrum is
1561.10 nm, and it has a clearly symmetrical double Kelly sidebands, which is a typical feature of the
normal formation of a traditional soliton in a laser cavity with anomalous dispersion. The full width
at half maximum (FWHM) of the spectrum is 3.08 nm. The corresponding autocorrelation data at this
point is Figure 7b, and after being fitted by sech? profile, the pulse width measured was 1.26 ps. Using
the spectral pulse width, A, and 3-dB bandwidth, the time-bandwidth product (TBP) was calculated
to be 0.388, to some extent exceeding the transform-limited value of 0.315, indicating slight chirping.
As shown in Figure 7c, the pulse train exhibits a stable pulse interval of 228.25 ns and a frequency of
4.38 MHz. This results correspond to a laser cavity length of 46.63 m. This result is also confirmed by
the RF spectrum in Figure 7d. The SNR ratio of 59 dB indicates that the mode-locking operation of
the laser is stable. In addition, the RF spectrum with a bandwidth of 2 GHz was also tested. The test
results are shown in the inset of Figure 7d. This figure indicates that the higher harmonics exhibit
good stability and long-term stability. These results confirm that the demonstration of achieving
stable passive mode-locked pulses in Er-doped fiber laser by using ZrGeTes SA is successful.
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Figure 7. (a) Optical spectrum. (b) Autocorrelation trace by sech? fitting. (c) Pulse train. (d) RF spectrum.
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The stability of fiber lasers and ultrafast photonic devices is crucial in their applications. We
monitored the long-term output power stability and output optical spectrum of mode-locked erbium-
doped fiber laser under the pump power of 220 mW. As is shown in Figure 8a, at the threshold of 52
mW pump power, the output power in the mode-locked state is 0.35 mW. As the pump power
increases to 220 mW, the laser output power also linearly increases to 0.45 mW. At the highest pump
power of 220 mW, we tested the output power for 18 hours with minimal variation, as shown in
Figure 8b. Figure 8c shows the variation of the output optics spectrum over a period of 15 hours, and
the results indicate that the spectrum remains largely unchanged. Long term continuous testing has
proven the stability and durability of ZrGeTes photonic devices.

1
0.50 0.54 4
(@) (b) © |
0.45 o 0.52 5
& 095
g ° £ 0.50
E 040 ® = —_
=
g o5& % 0.48 : 9 09
46| 02 250002%5 550002
o
§' 030 ° §' 0.44 4 E 6 0.85
= 025 2 042 e
g 0.20 g 0.40 4 3 o2
0.15 [+ 0.38 ‘ ] e
e 0.36 N 1550 1555 1560 1565
40 60 80 100 120 140 160 180 200 220 240 o 2 4 6 8 10 12 14 16 18 Wavelength (nm)
Pump power (mW) Time (h)

Figure 8. (a) Output power relative to pump power. (b) Output power variation during 18 h. (c) Optical spectrum
in 15 h.

5. Conclusions

In conclusion, the nonlinear optical properties of ZrGeTes at 1 um were first detected,
demonstrating its saturable absorption characteristics at 1 pm. We have demonstrated the fast
response time of ZrGeTes-PVA thin film for the first time through pump-probe technology. The
modulation depth of the ZrGeTes-PVA thin film SA in the 1 um and 1.55 um wavelength bands was
7.7% and 14.5%, respectively. By employing ZrGeTe: as a saturable absorber, a passive mode-locked
fiber laser at the wavelength of 1031.29 nm was demonstrated for the first time. In the Yb-doped
mode-locked fiber laser, stable pulses with a pulse repetition rate of 24.85 MHz under the excitation
of 272 mW of pump power were achieved. In an erbium-doped fiber laser operating at a wavelength
of 1561.10 nm, we measured a pulse width as short as 1.26 ps with a pulse repetition rate of 4.38 MHz.
Expanding the application of ZrGeTessaturable absorber to other wavelength regions such as 2 um
will also be considered to explore its broader photonic potential. It can be widely used in ultrafast
photonics and optoelectronics in the future.
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