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Ultrafast photonics of two dimensional AuTe,Sey 3
in fiber lasers
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The exploration of promising nonlinear optical materials, which allows for the construction of
high-performance optical devices in fundamental and industrial applications, has become one
of the fastest-evolving research interests in recent decades and plays a key role in the
development and innovation of optics in the future. Here, by utilizing the optical nonlinearity
of a recently synthesized, two dimensional material AuTe,Se,/ 3 prepared by the self-flux
method, a passively mode-locked fiber laser operating at 1557.53 nm is achieved with 147.7 fs
pulse duration as well as impressive stability (up to 91dB). The proposed mode-locked fiber
laser reveals superior overall performance compared with previously reported lasers which
are more widely studied in the same band. Our work not only investigates the optical non-
linearity of AuTe,Se4, 3, but also demonstrates its ultrafast photonics application. These
results may stimulate further innovation and advancement in the field of nonlinear optics and
ultrafast photonics.
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onlinear optics, as an important discipline describing the
N interaction between light and material, has become one of

the fastest-evolving scientific fields in recent decades!. In
this discipline, the nonlinear response of materials to external
electromagnetic field under linear field amplitude has been stu-
died in depth. Optical nonlinearity is also the intrinsic cause of
some interesting optical phenomena, such as optical rectification,
Kerr effect, higher harmonics and saturable absorption®=>. It is
believed that the explorations of promising nonlinear optical
materials for fundamental and industrial applications play a key
role in the development and innovation of optics in the future.

In recent years, femtosecond lasers, which are widely applied in
micromachining®, medical operation”:8, molecular spectroscopy®!,
and optical communications'!, have become good platforms for
nonlinear materials to be applied effectively. After the early use of
semiconductor saturable absorber mirrors, the nonlinear proof and
experimental observation of graphene have aroused the upsurge of
research on two dimensional (2D) materials!>~1°. Subsequently,
black phosphorus!”7-19, topological insulators?0-22 and transition
metal dichalcogenides?3-2° have been extensively studied. The high
third-order optical nonlinearity, simplicity of fabrication and
ultrafast excited state carrier dynamics of mentioned 2D materials
have endowed them unique advantages in laser applications.
Meanwhile, the research and attempt on new materials are still
going on20-28,

Recently, a new 2D material AuTe,Sey; has been successfully
prepared by Guo et al.2°. Through the introduction of Se element,
they have successfully transformed the three-dimensional dis-
ordered cubic AuTe, phase into a 2D layered structure, and
have proved that the 2D state of AuTe,Sey; comes from the
Berezinsky-Kosterlitz-Thouless topological transition. As the
main nonlinear source of optical modulators, 2D materials have a
huge impact on the performance of lasers. Thus, AuTe,Se,/; may
bring about new breakthroughs and opportunities in ultrafast
photonics. However, the potential applications of AuTe,Sey/; in
ultrafast photonics have not been explored yet.

In this paper, the possibility of generating mode-locked pulses
by AuTe,Seys is investigated by a combination of experiments
and calculations, in which AuTe,Sey s is used as a saturable
absorber (SA). By utilizing the optical nonlinearity of AuTe,Sey/s
prepared by the self-flux method, a passively mode-locked fiber
laser operating at 1557.53 nm has been demonstrated, which
features ultrafast pulse duration (147.7 fs) as well as impressive
stability (up to 91 dB). From the comparison with previously
reported lasers which are more widely studied in the same band,
the overall performance of the proposed lasers is highlighted.
Experimental results suggest that AuTe,Se,/; is a kind of excellent
nonlinear optical materials, and has advantages in ultrafast
photonics application.

Results
Preparation and characterization. The band structure and total
energy calculations of AuTe,Sey/; are presented in Supplementary
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Note 1, which indicates the AuTe,Se,/3 is a metallic material with
environmental stability. The process of preparation and transfer
of AuTe,Se,; is described in Fig. 1. The detailed operation pro-
cess is discussed in “Methods” section. Figure 2a shows powder x-
ray diffraction pattern of AuTe,Sey; single crystal. Only (001)
Bragg peaks show up, suggesting that the crystallographic c-axis is
perpendicular to the plane of the single crystal. The peaks are
sharp and well-defined, indicating good crystallized quality. A
transmission electron microscope (TEM) image of exfoliated thin
flake of AuTe,Sey/; shows a good 2D layer of ab plane in Fig. 2b.
Besides, Fig. 2c displays the high resolution TEM (HRTEM)
image, and the corresponding selected-area electron diffraction
(SAED) pattern is presented. The atomic intra-spacing of two
perpendicular direct is about 2.8 A, which corresponds to the
interlayer spacing of (310) or (031) plane?®. The chemical com-
position is further investigated by x-ray photoelectron spectro-
scopy (XPS). The Te peaks (3ds/, at 573.30 eV, 3d;,, at 483.74
eV), Au peaks (3f;/, at 84.37 eV, 3fs/, at 88.03eV) and Se peaks
(2ds), at 53.59 €V, 2d3/, at 54.31 eV) can be observed in Fig. 2d.
The atomic force microscopy (AFM) image of ultrasonically
exfoliated thin-flake with the 5nm thickness, which equates to
the 5 layers of AuTe,Seys, is shown in Fig. 2e.

By using the balanced twin-detector measurement system, the
saturable absorption property of the AuTe,Seys SA is investi-
gated. The schematic diagram of the balanced twin-detector
measurement system is shown in Fig. 3a. The incident optical
pulses come from a home-made mode-locked laser with the pulse
duration of 700 fs and repetition rate of 120 MHz. The source
light from the mode-locked laser is divided into two parts by a
50:50 output coupler (OC). It is worth noting that by adjusting
the variable optical attenuator (VOA) before OC, the power of
light passing through OC in the total channel can be changed.
Half of the light divided by OC is measured directly by the
detector of the power meter for reference. The other half is
received by the detector after the saturable absorption of the
AuTe,Sey3 SA. Saturable absorption at a given power can be
obtained by the ratio of two power channels. With the adjustment
of VOA, the whole process of the SA from light absorption to
light saturation in wide power range can be obtained, as shown in
Fig. 3b. From the fitted absorption curves, the modulation depth
of the AuTe,Se 3 SA is about 65.58%.

Mode-locked fiber laser. The experimental schematic design of
the proposed laser, which is used to prove the optical nonlinearity
of the AuTe,Sey 5 SA, is shown in Fig. 4. The erbium-doped fiber
(EDF) laser is formed by the 0.6 m-long EDF (Liekki 110-4/125),
a 20:80 OC, an isolator (ISO) and a polarization controller (PC).
The main function of the PC is to adjust the polarization state
and optimize the laser state. The AuTe,Seys SA is successively
placed between ISO and PC. The standard SMF-28 fibers are
commonly used to make up the pigtails of all optical elements.
The whole system is pumped by a commercial stabilized laser
diode (LD), which operates at 980 nm and owns the maximum
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Fig. 1 Schematic preparation process of the AuTe,Se, 3 saturable absorber (SA). a the self-flux method. b the transfer process of AuTe,Sey4, 3.
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Fig. 2 The characterization of AuTe,Se, 3. a X-ray diffraction (XRD) pattern. b Transmission electron microscope (TEM) images. ¢ High resolution TEM
(HR-TEM) and selected-area electron diffraction (SAED) (inset) images. d x-ray photoelectron spectroscopy (XPS) of Te 3d, Au 4 f and Se 3d of the
AuTe,Sey 3 crystal. @ Atomic force microscopy (AFM) images of AuTe,Sey 3 saturable absorber (SA) and typical height profiles.
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Fig. 3 Nonlinear measurement of AuTe,Se,, 3 saturable absorber (SA). a Schematic diagram of saturable absorption measurement. VOA: variable optical
attenuators; OC: optical coupler. b Nonlinear transmission of the AuTe,Se,, 3 saturable absorber (SA). The error of the power is 5% due to the

uncertainty of the power monitors.
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Fig. 4 The experimental schematic design of the proposed laser. LD: laser
diode; WDM: wavelength division multiplexor; EDF: erbium-doped fiber;
OC: output coupler; PC: polarization controller; I1SO: isolator.
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output power of 630 mW. The wavelength division multiplexor
(WDM) is the key interface unit for guiding pumped light into
the cavity. With 20% of the light output from the cavity, the
working status of the laser can be observed on the oscilloscope
(Tektronix DPO3054) in time. The corresponding spectra and
radio frequency (RF) spectrum can be measured with the help of
spectrum analyzer (Yokogawa AQ6370C) and RF spectrum
analyzer (Agilent E4402B).

With the coordination of the gradual increase of pump power
and proper adjustment of PC, the mode-locked pulses are
generated. At the pump power of 93 mW, the stable mode-
locked pulses are successfully observed on oscilloscope. The
round-trip time of pulses shown in Fig. 5a conforms to the
fundamental frequency of 69.9 MHz. From the optical spectrum in
Fig. 5b, the center wavelength of the mode-locked pulse is 1557.53
nm with the 3-dB bandwidth of 30.26 nm. As shown in Fig. 5¢, the
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Fig. 5 The Er-doped fiber laser performance mode-locked by the AuTe,Se, 3 saturable absorber (SA). a Stable mode-locked pulse train. b Long-term
monitoring for mode-locked spectrum. € Autocorrelation traces of mode-locked pulses. The error of the pulse duration is 7 fs due to the uncertainty of the
autocorrelation instrument. d Radio frequency (RF) spectrum of mode-locked pulses with resolution bandwidth of 10 Hz (the illustrations is the RF

spectrum with the wide band of 1GHz).

pulse duration of the mode-locked pulse is as short as 147.7 fs after
the sech? fitting. Further, the time-bandwidth product of the
system is calculated as 0.5523. The RF spectrum of the pulse is
shown in Fig. 5d. The signal-to-noise ratio (SNR) of the
fundamental repetition rate is measured as 91 dB. Moreover, no
significant interference peaks are observed in the illustrations in
Fig. 5d with the wide band of 1 GHz. In other words, the mode-
locked system works well with good stability. The output power of
the proposed mode-locked laser versus pump power are provided
in Fig. 6. The average output power of the proposed laser is
21.4mW. When the AuTe,Sey; SA is removed, the mode-locked
pulses could not be obtained at the same cavity. This result
indicates that the optical nonlinearity of the AuTe,Sey/; SA is the
main cause of the mode-locking phenomenon. The optical
damage threshold of AuTe,Se,/; SA is about 0.169 ] cm™2.

Discussion

The overall performance of the proposed laser based on the
AuTe,Seys SA and previously reported lasers which are more
widely studied in the same band are summarized in Table 1.
Modulation depth, as an important parameter reflecting the
regulation ability of materials for light, has an important refer-
ence role in evaluating SA ability. It has reported that materials
with large modulation depth are conducive to the formation of
ultrashort pulses’®. In Table 1, the modulation depth of
AuTe,Seys SA is up to 65.58%, which is the largest. The output
power of 21. 4mW is the highest. The SNR up to 91 dB reveals
the stability of the whole mode-locked system, which is proved to
be superior by comparison. In terms of the pulse duration, the
proposed laser is only inferior to that of the carbon nanotube
(CNT). However, considering that the absorption wavelength of
the CNT is related to its diameter, it is necessary to select CNTs
with different diameters in different wavelength bands. This
property is not conducive to broadband applications. AuTe,Sey/3
is considered to be a metallic material after the theoretical
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Fig. 6 The output power of the proposed mode-locked laser varies with
the pump power. The error of the power is 5% due to the uncertainty of
the power monitors.

calculation, which indicates that it has great potential in broad-
band absorption application. Therefore, in terms of broadband
absorption characteristics and overall performance, AuTe,Sey/3
can be a strong candidate for a new generation of SAs.

In summary, the 2D material AuTe,Ses; has shown good
prospects for saturable absorption applications in theory and
experiment. The DFT calculations of AuTe,Se,,; indicates that it is
a metallic material with environmental stability. Based on the
AuTe,Sey/; SA, the mode-locked pulses have been realized in the
fiber laser based on the nonlinear optical properties of AuTe,Sey/s.
Besides, compared with previously reported lasers which are
widely studied in the same band, the 147.7 fs pulse duration and
91dB SNR of the proposed laser are the best. Moreover, the
proposed AuTe,Sey;; has better results in overall performance,
especially in the ultrafast photonics application. This potential in
ultrafast optics may stimulate further innovation and progress in
related nonlinear optics and photonic applications.
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Table 1 Comparison between mode-locked lasers based on different SAs.

Materials MD (%) AMA (nm) T (fs) P (mW) SNR (dB) Refs.

Graphene 36 6/1555 590 0.91 70 30

CNT 15.8 41/1554 97 3.93 - 3

BPs 8.1 2.9/1571.45 946 - 70 32

SbyTes 39 6/1556 449 0.9 74 33

Bi,Ses 39 4.3/1557.5 660 1.8 55 34

WS, 2.9 5.2/1572 595 ~7 75 35

MoS, 43 4/1569.5 710 1.78 60 36

MoSe, 0.63 1.76/1558.25 1450 0.44 61.5 37

WSe, 03 2/1556.7 1310 0.45 ~50 38

AuTe,Se, s 65.58 30.26/1557.53 147.7 214 91 This work
Methods 16. Sun, Z. et al. Graphene mode-locked ultrafast laser. ACS Nano 4, 803-810

Sample fabrication. By the self-flux method, AuTe,Sey/; was successfully grown as
shown in Fig. la. The detailed operation process is as follows. At first, three high-
quality powders including Se powder (99.99%, Sigma Aldrich), Te powder (99.999%,
Sigma Aldrich) and Au powder (99.99%, Sigma Aldrich) were prepared. After the
stoichiometric weighting, the starting materials with a weight of 2-4 g were sealed in
the evacuated silica tube with a vacuum of 10~> mbar. Then, the sealed materials were
loaded into the muffle furnace. When the materials were ready, the temperature in the
furnace was increased to 800 °C and remained for 10 h. After that, the temperature in
the furnace was dropped to 450 °C uniformly within 4 days, and then the furnace was
turned off. As shown in Fig. 1b, 60 mg of AuTe,Se,/; was added to 20 mL of ethanol
and treated with ultrasonic for 20 min until it was completely dispersed in ethanol.
Subsequently, 40 pL of the dispersion was dropped on the end face of fiber. After
drying at room temperature, the AuTe,Se, 3 SA was fabricated.

Data availability

The data that support the findings of this study are available from the corresponding
authors upon reasonable request. The DOI of the data is https://doi.org/10.6084/m9.
figshare.11363099.v4.
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