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Abstract: Germanium phosphide (GeP), a rising star of
novel two-dimensional (2D) material composed of Group
IV–V elements, has been extensively studied and applied in
photonics thanks to its broadband optical absorption,
strong light–matter interaction and flexible bandgap
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structure. Here, we show the strong nonlinear optical (NLO)
properties of 2D GeP nanoflakes in the broadband range
with open-aperture Z-scan technique to explore the performance of 2D GeP microfiber photonic devices (GMPDs) in
near-infrared (near-IR) and mid-infrared (mid-IR) ultrafast
photonics. Our results suggest that employing the GMPD as
an optical device in an erbium-doped fiber laser (EDFL)
system results in ultrashort pulses and rogue waves (RWs) at
1.55 μm. Likewise, by the incorporation of GMPD into a
thulium-doped ﬁber laser (TDFL) system, stable ultrashort
pulse operation is also achieved at 2.0 μm. We expect these
ﬁndings to be an excellent GMPD that can be applied in
mode-locked ﬁber lasers to open up new avenues for its
development and application in ultrafast photonics.
Keywords: 2D GeP nanoflakes; mid-infrared; nonlinear
optical properties; ultrashort pulses.

1 Introduction
Two-dimensional (2D) materials have attracted great interests due to their intriguing nonlinear optical (NLO)
properties and extensively applied in various optical devices, including ultrashort pulse fiber lasers [1, 2], optical
switching [3, 4], optical modulation [5, 6] and photodetectors [3, 7]. However, it is just getting started to explore
NLO performances of new 2D materials. As a novel 2D
material of Group IV–V compounds, 2D GeP in particular
has recently attracted signiﬁcant attentions of researchers
in the ﬁeld of optics. Interestingly, 2D GeP has appealing
properties of tunable bandgap structure (0.51–1.68 eV) and
large optical absorption [8, 9], evidencing its potentiality
towards NLO devices in the broadband range. 2D GeP has
been used as the excellent mode locker for 1.55-µm ultrashort pulse ﬁber laser [8]. On the other band, the reports on
GeP-based photonic devices applied in ultrafast ﬁber laser
at mid-infrared bands are limited.
Ultrashort pulse fiber lasers with their distinct advantages of low cost, convenient operation, high efficiency
and excellent heat dissipation have attracted extensive
research interests in various applications, such as
This work is licensed under the Creative Commons Attribution 4.0
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frequency comb, medical surgery, optical imaging and
micromachining [10–13]. In general, the mode locking in
ﬁber lasers by employing the NLO absorption properties of
2D materials can be regarded as one of the most efﬁcient
approaches to achieve ultrashort pulse generation. Up to
now, the ultrashort pulse ﬁber lasers based on 2D materials
at near-IR band have been widely investigated, including
1.0-µm ﬁber lasers [14–16] and 1.55-µm ﬁber lasers [17, 18].
In order to further promote the application and development of ultrashort pulses, it is greatly important to investigate the ultrashort pulse ﬁber lasers at mid-IR band. It is
interesting to note that mid-IR ultrafast pulse ﬁber lasers
have great potential applications in diversiﬁed ﬁelds,
ranging from the medical diagnosis, military lidar, gas
detection to material processing [19–22]. In addition, ultrashort pulse ﬁber lasers can be considered as a suitable
platform for observing the multiple pulse dynamics, such as
the bound solitons [23, 24], noise-like pulses [25, 26] and
rogue waves (RWs) [27, 28]. As an unpredictable wave, RW is
a kind of special phenomenon in physical system and has
been widely reported in numerous physical systems,
including the oceanography, plasma physics, nonlinear
optics and other ﬁelds [29–32]. Studying its evolution process enables the control of extreme events. Besides, the
observation of RWs has a beneﬁcial effect on the generation
of high-energy pulses in the laser systems [33]. Compared
with other systems, the ultrashort pulse ﬁber laser can be
used as a fascinating system to compliment an excellent test
bed for the investigation of optical RWs [34–36]. Generally,
multiple-pulse collision and pulse-to-pulse interactions
with dispersive waves are signiﬁcant factors in optical RWs
generation [37, 38]. Furthermore, the combination of chaotic
multiple-pulse dynamics and highly nonlinear effects in the
ﬁber laser cavity are also favorable for generating optical
RWs [39, 40]. Recently, the researchers have established that
2D GeP possesses not only the broadband nonlinear saturable absorption performances, but also stronger NLO responses [8], depicting its promising potential in optical RWs
generation. Moreover, the 2D GeP-decorated microﬁber
photonic devices (GMPDs) have evidenced special structures with long-interaction length between light and 2D GeP
material [41], effectively enhancing the nonlinear action for
the multiple-pulse formation in ultrafast ﬁber lasers.
Therefore, ultrafast ﬁber lasers with GMPDs could be a
powerful bench for exploring optical RWs generation.
In this study, we have fabricated the 2D GeP nanoflakes
by using the known liquid-phase exfoliation technique and
investigate their NLO properties in near-IR and mid-IR bands
by employing the typical open-aperture (OA) Z-scan technique. Besides, the GMPD was made by the optical deposition method and its saturable absorption response at both

wavelengths was evaluated. Our main objective is to study
the performances of GMPD in the erbium-doped fiber laser
(EDFL) and thulium-doped fiber laser (TDFL) systems.
Thanks to the excellent NLO properties of GMPD, we realized
the ultrashort pulses and optical RWs in the EDFL for the
first time. In addition, we also obtained the stable modelocked pulses in the TDFL by using the GMPD as SA. Our
experimental results suggest that GMPD can be used as an
efficient NLO device in ultrafast photonics. Thus, the present
work will be helpful to further study the NLO performances
of Group IV–V compounds and enable them to be widely
used in ultrafast nano-photonics.

2 Results and discussion
2.1 Characterizations of 2D GeP nanoflakes
Growth of GeP single crystals was achieved by a method
similar to that previously reported [9]. Then 2D GeP nanoﬂakes were obtained by traditional liquid-phase exfoliation (LPE) method. Figure 1 shows the structure and
morphological characteristics of the prepared 2D GeP
nanoﬂakes. The transmission electron microscopy (TEM) in
Figure 1A evidences the successful synthesis of 2D GeP
nanoﬂakes. In addition, an obvious irregular 2D structure
is revealed. The HR-TEM (high resolution TEM) image
illustrated in Figure 1B clearly shows the lattice fringes,
and its ∼0.27 nm spacing is consistent with the characteristics of GeP [8]. The thickness of 2D GeP nanoﬂakes was
evaluated by using atomic force microscopy (AFM), as
presented in Figure 1C. On careful investigation along the
height proﬁle of the white line in Figure 1C, it is understood
that the GeP nanoﬂakes have an ultra-thin structure with
4.8 nm thickness (Figure 1D). Raman spectroscopy was also
adopted to characterize the prepared GeP nanoﬂakes, as
depicted in Figure 1E, highlighting three Raman peaks at
∼204.1, 248.4 and 365.1 cm−1. The linear optical absorption
of 2D GeP from 300 to 2200 nm was also detected, as
illustrated in Figure 1F. The strong optical absorption of 2D
GeP in the broadband region is an evident for its great
application prospect in advanced nanophotonic devices.

2.2 Nonlinear optical properties of 2D GeP
nanoflakes
The NLO response of 2D GeP was characterized by utilizing
the OA Z-scan approach with femtosecond pulse sources
excited at two different wavelengths (1550 and 1800 nm).
Experimental setup is similar to that in the previous
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Figure 1: Characterization of 2D GeP nanoflakes. (A) TEM image. (B) HR-TEM image. (C) AFM image. (D) Height profile along the white line in (C).
(E) Raman spectra. (F) Optical absorption spectrum.

reported work [42]. In order to conduct Z-scan measurement, we fabricated the polymer composite ﬁlm with 2D
GeP nanoﬂakes. Consequently, the prepared composite
ﬁlm was then moved along the Z-axis and across the incident light. Figure 2A illustrates the measured results at
1550 nm. It is clearly noticed that there are two symmetric
peaks located in the middle, suggesting the NLO of 2D GeP at
1550 nm. Besides, the transmission increases with the
increment of the incident light intensity from 400 to
600 nJ. By processing the measuring data of Z-scan experiment, the nonlinear transmission behavior as a function of
incident light intensity can be also obtained, as depicted in
Figure 2B. The estimated saturation intensity is about

12.2 GW/cm2. The results of the Z-scan measurement at
1800 nm are shown in Figure 2C. Obviously, the symmetric
peaks are also observed, indicating the broadband NLO
response. Figure 2D depicts the corresponding nonlinear
transmission with the increment of incident light intensity.
The saturation intensity is calculated to be 68.3 GW/cm2.

2.3 Saturable absorption performances of
2D GeP-decorated microfiber devices
The prepared few-layer 2D GeP nanoflakes were uniformly
dispersed in the ethyl alcohol solution. The 2D GeP

Figure 2: Characterization of the NLO
responses of 2D GeP nanoflakes. OA Z-scan
results at (A) 1550 nm and (C) 1800 nm,
respectively. The normalized transmittance
versus input peak intensity at (B) 1550 nm
and (D) 1800 nm, respectively.
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Figure 3: The nonlinear absorption
transmission curves of GMPDs in (A)
1.55 µm and (B) 2 µm regions.

nanoflakes were subsequently deposited onto a microfiber
as an optical device by means of the optical deposition
technique [43]. Here, the microﬁber was drawn by
employing typical ﬂame-brushing method [44]. The fabricated microﬁber has a diameter of ∼15 µm with a low insert
loss of ∼0.2 dB at communication band. In this process, the
deposition length of GeP on microﬁber is about 300 µm.
Due to the long interaction length, there is strong evanescent ﬁeld interaction with light propagating along the GeP
sample, thereby greatly improving the damage threshold of
GMPD. The nonlinear absorption transmission behavior of
the GMPD at different wavelengths was eventually examined via the typical twin-power-meter measuring system,
similar to that reported in the previous work [45]. The pump
sources involved are the ultrafast EDFL (400 fs, 100 MHz,
1557 nm) and TDFL (1 ps, 6 MHz, 1900 nm). The GeP-decorated microﬁber devices display typical intensitydependent properties, as shown in Figure 3A and B. The

optical modulation depths (ΔT) of the GMPDs at both
wavelengths are 43.8 and 51.3%, respectively. Their corresponding non-saturable losses are 46.6 and 43.8%,
respectively. The corresponding saturation intensities (Is)
are 65.07 and 801.67 MW/cm2, respectively.

2.4 Ultrafast photonics applications
2.4.1 Ultrashort pulses and optical RWs in EDFL
The fabricated GMPD is used as a SA for an EDFL (see
Figure S1 in the Supplementary material). Due to the strong
saturable response of the GMPD, the ultrashort pulses are
easily obtained by appropriately changing pump power
and polarization controller (PC). Figure 4 shows the stable
ultrashort pulses at a pump power of 200 mW. As depicted
in Figure 4A, the optical spectrum has a center of

Figure 4: Mode-locked operation at 1550 nm.
(A) Optical spectrum, (B) pulse trains,
(C) autocorrelation trace, (D) RF spectrum.
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Figure 5: Multiple-pulse operation at 1550 nm. (A) Optical spectrum, (B) pulse trains, (C) magniﬁed trains in red dashed part of (B), (D) intensity
histogram.

1560.4 nm. The corresponding full width at half maximum
(FWHM) is ∼3.72 nm. Besides, the appearance of obvious
Kelly sidebands seen from the optical spectrum shows that
the EDFL operates in a soliton mode-locked state [46, 47].
Figure 4B illustrates the observed pulse trains. The temporal interval between two neighboring pulses is around
90.9 ns, corresponding to the fundamental frequency rate
of 11 MHz. This also matches with the total length of EDFL
cavity. The autocorrelation measurement is presented in
Figure 4C. There is a FWHM of ∼1.4 ps. The pulse duration is
∼908 fs assuming a sech2 ﬁtting. The corresponding timebandwidth product (TBP) is calculated to be ∼0.416, which
indicates the operation of slightly chirped pulses. The
associated radio-frequency (RF) spectrum is given in
Figure 4D. Obviously, there is a signal-to-noise ratio (SNR)
of ∼74.9 dB, suggesting that the laser operation is relatively
stable.
It is widely known that when the pump power is at
high level, the ultrafast fiber laser cavity easily generates
the multiple pulses due to soliton energy quantization
effect [48, 49]. Thus, with the pump power further

increased, EDFL operates in the multiple-pulse state.
With proper changes of PC, the chaotic multiple-pulse
bunches can be obtained. The corresponding output
characteristics at 400 mW are presented in Figure 5. The
measured optical spectrum centered at 1559.1 nm is
depicted in Figure 5A. Additionally, we can observe
obvious Kelly sidebands from the optical spectrum.
Figure 5B illustrates the temporal pulse trains measured
by means of the real-time oscilloscope with 20-GHz
bandwidth. As can be seen from the ﬁgure, there are
several typical multiple-pulse bunches in the temporal
domain. Furthermore, the intensities of multiple pulses
among these bunches are random and even chaotic. The
detailed view of single bunch is presented in Figure 5C.
Obviously, the multiple-pulse bunch is composed of
several smaller pulse bunches, in which there are random
pulses with variational intensities. To study the amplitude ﬂuctuations of these multiple-pulse bunches, the
statistical distributions of pulse intensity are recorded.
Figure 5D displays the corresponding histogram, exhibiting a non-Gaussian distribution. We further evaluated
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Figure 6: Evolution of multiple-pulse bunch over successive roundtrips.

the signiﬁcant wave height (SWH), demonstrating a value
of ∼32.8 mV. The recorded maximum amplitude (RMA) is
∼111.2 mV, which is about 3.39 times that of the SWH.
Generally, the judgment criterion of optical RWs is that
the RMA is more than twice the SWH [27, 50, 51]. Thus, the
events of chaotic multiple-pulse bunches can be considered as optical RWs since the RWA is around 3.39 times
that of the SWH. In order to clearly illustrate the variation
trend of optical RWs, Figure 6 displays the changing
process of these chaotic multiple-pulse bunches at successive roundtrips, evidencing that the multiple-pulse
packets with different amplitudes ﬂuctuate randomly.

Moreover, to further investigate the influence of
pump power on the optical RWs generation, the statistical
properties of chaotic pulse intensity are studied by
keeping the PC fixed and boosting the pump power, as
illustrated in Figure 7. It is worth noting that there are
larger pulse-intensity ﬂuctuations at higher pump power,
indicating stronger interactions exist in the chaotic
multiple-pulse bunches [28]. As can be seen from the
ﬁgure, the histograms exhibit a statistical distribution
with a long tail. In Figure 7A, the RMA is 122.9 mV, which
is around 2.31 times larger than the SWH (37.1 mV).
Meanwhile, the RMA value of 133.6 mV from Figure 7B is

Figure 7: Intensity histograms of chaotic
multiple-pulse bunch at (A) 500 mW and (B)
600 mW.
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Figure 8: (A) Optical spectrum; (B) pulse trains; (C) autocorrelation trace; (D) RF spectrum; (E) relation between average output power and
pump power; (F) optical spectra with different hours.

about 2.11 times larger than the SWH (42.9 mV). These
experimental observations suggest that RWs are generated and even easily obtained at higher pump power level
because of the threshold effect of pump power [28].
Furthermore, to check the effect of GeP nanosheets in the
EDFL experiment, the GMPD is replaced by a 2D GeP SA
based on a ﬁber connector. Irrespective of the pump power and the tuning of PC, the chaotic multiple-pulse
operation is not obtained in the EDFL. Therefore, it can be
concluded that the GMPD can play an important role in
the formation of mode-locked pulses and optical RWs. In

this experiment, the GMPD can not only be employed as
the excellent saturable absorber, but also induce the
highly nonlinear effects for the laser cavity [39, 40], which
may facilitate the generation of chaotic multiple-pulse
bunches.
2.4.2 Ultrashort pulses in TDFL
To further explore the NLO absorption performances of the
GMPD in mid-IR wavelength region, we also established a
TDFL system (see Figure S1 in the Supplementary material).
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Table : Summary of the pulse performance of ultrafast ﬁber lasers
with different D material SAs at  µm.
Material
Graphene
BP
BiTe
WS
WSe
MXene
GaTe
GeP

ΔT (%)
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With increasing pump power to 280 mW, TDFL starts to
operate in the continuous-wave (CW) regime. The stable
mode locking is successfully realized by optimizing the PC
and the pump power. At 900 mW, the pulse characteristics
of typical mode-locked operation are displayed in Figure 8.
Clearly, the typical Kelly sidebands can be observed, as
seen in Figure 8A. The central wavelength is 1896 nm and
the corresponding FWHM is 0.62 nm. Besides, a few characteristic dips are seen, resulting from the water absorption
peak in air. Figure 8B shows measured pulse trains, having
the temporal separation of 164.7 ns. Thus, the corresponding repetition rate is calculated to be 6.07 MHz that
matches well with the cavity length. Figure 8C illustrates
the measured autocorrelation trace with a FWHM of
∼9.87 ps, corresponding to a pulse width of 6.4 ps if a sech2
intensity proﬁle is assumed. The TBP is estimated to be
∼0.331, which suggests the operation of slightly chirped
pulses. The measured RF spectrum is displayed in
Figure 8D. The SNR of ∼58 dB indicates that the ﬁber laser is
relatively stable. The output power of stable pulses for
different pump power is also evaluated, as illustrated in
Figure 8E. It is obvious that the increasing trend is almost
linear and the corresponding slope efﬁciency is ∼6.5%. The
maximum output power of ultrashort pulses is around
58.4 mW, which is higher than that of the 2-µm ﬁber lasers
with other 2D materials SA (Table 1). Moreover, the GMPD
shows a higher modulation depth, exhibiting promising
potential in the ultrafast photonics applications [52, 53].
Besides, the saturation intensities of SAs with various 2D
materials in the 2 μm region are summarized (see Table S1
in the Supplementary material). It can be revealed that the
GPMD exhibits typical nonlinear optical characteristics,
indicating that 2D GeP exhibits promising potential in ultrafast photonics at 2.0 µm. To evaluate the stability of
ultrashort pulse operation, the optical spectra are
measured at different hours, as shown in Figure 8F. The
spectral intensity and central wavelength are reasonably
stable during the measurement period, suggesting the
high-time stability of the TDFL with GMPD.

3 Conclusions
In summary, we have reported on the fabrication and
characterization of 2D GeP nanoflakes with a special
emphasis on their NLO applications in ultrafast photonics
at near-IR and mid-IR bands. The Z-scan measurement of
2D GeP illustrates that it possesses the excellent saturable
absorption properties. By taking advantage of the NLO
characteristics of 2D GeP nanoflakes, the GMPD is fabricated and demonstrated its efficiency as an optical mode
locker at wide wavelengths. With the incorporation of the
GMPD into the EDFL, the chaotic multiple-pulse bunches
are successfully obtained for the first time. The optical
RWs generated from the chaotic multiple-pulse wave
packet can possibly arise from the nonlinear interaction
in the chaotic pulse bunches. Moreover, the TDFL based
on the GMPD can be achieved and generate the stable
ultrashort pulses at 2 µm. Our experimental results evidence the promising potential of 2D GeP in ultrafast
photonics, which can offer a new direction for the
application of Group IV–V compounds in nonlinear
photonics.

4 Experimental section
4.1 Preparation of 2D GeP nanoflakes
In detail, 30 mg GeP single crystal and N-methyl pyrrolidone (NMP) solvent were grounded in agate mortar to
obtain a small size GeP crystal. The GeP/NMP slurry was
further collected and transferred to the probe ultrasonicator, and the sonication was performed at 300 W
power in Ar atmosphere for 3 h. Subsequently, the mixture
was placed in a beaker containing a large amount of NMP
solvent and settled at an ultrasonic power of 400 W. In
order to remove the residual large-size GeP crystal, the
GeP/NMP mixture was centrifuged at 3000 rpm for 15 min.
Finally, 2D GeP nanoﬂakes were obtained by centrifuging
the supernatant at a higher centrifugation speed of
8000 rpm.

4.2 Characterization
The morphology and the thickness of the obtained 2D GeP
nanoflakes were characterized by using TEM (FEI Tecnai G2
F30) and AFM (Bruker, Dimension ICON), respectively. A
high-resolution confocal Raman microscope (WITec alpha
300R) with a laser wavelength of 532 nm was used to
analyze the crystal structure of 2D GeP. By using UV–vis–
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NIR spectrometer (Cary 60, Agilent), we measured the
linear absorption of the prepared 2D GeP nanoﬂakes and
polymer composite ﬁlm from ultraviolet to mid-IR optical
region.
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