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1. Introduction

Layered van der Waals materials have emerged as a new class
of materials with fascinating properties for versatile potential ap-
plications owing to their unique atomic structures and ultrathin
thickness [1-7]. As a subcategory of layered van der Waals mate-
rials, group IV monochalcogenides, including Ge (S, Se, Te) and Sn
(S, Se, Te), possess similar atomic structures and comparable elec-
tronic structures, rendering them becoming promising alternatives
for applications in thermoelectric [8], ferroelectric [9-11], photo-
catalytic [12], optoelectronic [13-16], and memory devices [17-19].
Moreover, group IV monochalcogenides exhibit remarkable changes
in electronic and optical responses by thinning layer numbers and
tuning stacking sequences owing to their modified interlayer cou-
pling and band structures, which enable the development of an
ideal two-dimensional (2D) platform to fulfill novel optoelectronic
devices.

Germanium sulfide (GeS), a representative group IV chalco-
genide 2D material, has captured significant attention due to its
emerging nanostructures, environmental compatibility, high elec-
tron mobility, and strong light-matter interaction. Its anisotropic
structure and wide bandgap characteristics give rise to interest-
ing electric, spintronic, and optical behaviors [20,21]. Furthermore,
the electronic states of GeS are topography-, layer-, and defect-
dependent, which triggers flexibility in structural design and per-
formance manipulation, thereby providing a foundation for a broad
range of applications [8,21,22]. Recently, layered GeS materials in
different dimensions have been successfully synthesized, includ-
ing 3D single crystals, 2D nanosheets and nanoribbons, and 1D
helical nanowires. The corresponding energy bandgaps (Eg) un-
dergo a substantial blue shift from 1.20-1.65 eV for a bulk crys-
tal [23,24] to 0.76 eV [25] for a monolayer. The helical nanowires
show a much larger bandgap of Eg (1.87-2.4) eV due to their radial
size and screw angles [26]. Liu et al. reported that the electron
conductivity and thermal conductivity of GeS nanowires are piv-
otal to thermoelectric applications and can be tailored by control-
ling the twisting morphology and defect engineering [8]. Addition-
ally, GeS also exhibits intriguing optical properties. A 3D optical
anisotropy due to the anisotropic crystal structure has been the-
oretically predicted and experimentally realized in ~100 nm-thick
GeS nanosheets [14]. Sutter et al. revealed that GeS nanosheets ter-
minated by edges or facets can serve as good alternatives for light
emission, as the edges or facets can interfere with emitted light,
resulting in the tuning of light emission by geometrical fashion
[24]. Fan et al. have found that GeS nanosheets with a thickness
of less than 5 nm exhibit enhanced light absorptions in the visible
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light and ultraviolet regions, and a layer-dependent photorespon-
sivity has been detected in the GeS-based photodetectors [13].

The crystal structure, thickness, and defect density of 2D mate-
rials often significantly affect their electronic, optical, mechanical,
and thermal properties. For instance, the bandgap of a 2D mate-
rial can be tuned by its thickness, and the electrical conductivity
of a 2D material can be altered by introducing defects or con-
trolling the orientation of its crystal structure [27,28]. Therefore,
a fundamental understanding and manipulation of the microstruc-
tures of GeS are essential to identifying exceptional functional
properties of ultrathin GeS materials, e.g., their optoelectronic
performances.

Here, we conduct a systematical three-dimensional analysis of
the atomic-scale structure of GeS van der Waals materials and in-
vestigate their nonlinear optical properties. We find that the GeS
nanosheets show exceptional nonlinear optical properties with an
effective nonlinear coefficient (Bef) of -0.318 cm/GW and a non-
linear refractive index coefficient (n,) of 0.52x10~1® m2/W, mak-
ing them a highly promising nonlinear optical media for ultra-
fast laser generation. Noticeably, the Tm-doped fiber laser upon
the GeS nanosheets produces robust and stable ultrashort pulses
at the center wavelength of 1934 nm. These findings indicate the
potential of GeS for integrated nonlinear photonic applications in
the mid-infrared waveband.

2. Experimental

GeS single crystals with an orthorhombic structure were pre-
pared via chemical vapor transport (CVT) using I, powder as a
transport additive (Fig. S1(a) in Supplementary Information). GeS
single crystals were then thinned into layered flakes/nanosheets
via the tape-assisted mechanical and liquid-phase exfoliation
methods (Fig. S1(b)). Raman spectra were measured using a
Confocal Raman Microscope (WITec Alpha300M+, Witec Ulm Ger-
many) with an excitation wavelength of 532 nm at 0.5 mW for 10 s
with a 1800 g/mm grating. The X-ray photoelectron spectroscope
(XPS) data were collected using an ESCALABE 250Xi spectrometer
(Thermo Scientific) with monochromatic Al Ko X-rays. The scan-
ning probe microscopy (AFM) images were acquired in a tapping
mode using a AFM microscope (AFM Dimension Icon, Bruker) at
ambient atmosphere. The energy-dispersive X-ray spectroscopy
(EDX) analysis was performed in a probe-corrected FEI Titan G2
ChemiSTEM operated at an accelerating voltage of 200 kV. The
atomic-resolution high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF STEM) and bright-field STEM
(BF STEM) imaging were carried out using a double Cs-corrected
Titan G3 Cubed Themis operated at 200 kV. The high-resolution
TEM (HRTEM) images and selected-area electron diffraction (SAED)
patterns were taken on a JEOL JEM-2100 TEM operated at 200 kV.
The nonlinear absorption characteristics were investigated by the
open aperture (OA) and closed aperture (CA) Z-scan methods
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[29]. A mode-locked ultrafast pulse was generated at 2 um by
integrating GeS nanosheets saturable absorber (SA) with thulium
(Tm)-doped fiber laser. A detailed description of the experimental
section is given in the Supplementary Information.

3. Result and discussion
3.1. Synthesis, structure, and morphology

Fig. S2 shows the EDS mapping of a GeS flake prepared by
mechanical exfoliation, indicating that the GeS crystal is well
formed with a homogeneous distribution of Ge and S elements. A
quantitative chemical analysis reveals a 1:1 atomic ratio of Ge:S
in the flake. The microstructure of the flake was systematically
investigated by high-resolution STEM imaging (Fig. 1) and electron
diffraction simulation (Fig. S3). The atomic-column imagings of
GeS flakes were taken along the [001], [011], [101], and [012]
zone axes, as illustrated by their corresponding structural models
in Fig. 1(a-d). The STEM images and the fast Fourier transform
(FFT) patterns (Fig. 1(e-h)) confirm that the GeS flakes have an
orthorhombic crystalline structure in the space group Pnma [21].
Further analysis of the STEM images reveals a high degree of
crystallographic perfection for the GeS crystal. Note that the STEM
images were collected from different TEM samples, and no visible
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structural distortions or extra super-lattice diffraction spots can be
detected compared to the simulated diffraction patterns in Fig. S3.
We also present the zoom-in HAADF STEM images (Fig. 1(i-1)) and
BF STEM images (Fig. 1(m-p)) viewed along the [001], [011], [101],
and [012] directions, where the atomic columns with periodically
strong and weak intensity can be identified because the brightness
of the HAADF signal increases with the averaged atomic number
(Z) as ~Z'7 [30,31]. This dependence makes the HAADF signal
from heavy atoms much brighter than that from light ones, which
gives the inverse contrast for each column in a BF-STEM image.
Thus, individual Ge and S atoms can be clearly distinguished from
the enlarged HAADF STEM images, in which bright spots represent
Ge atoms and dark spots S atoms. We also conducted an annular
bright-field (ABF) image simulation, which further confirms the
crystal structure of GeS (Fig. 1(q-t)).

Since mechanical exfoliation falls short of scalability, i.e., it is
rather hard to produce large quantities of few-layered 2D materials
[32], we also adopted liquid-phase exfoliation, which is emerging
as a promising approach for large-scale production of 2D materi-
als. The NMP solvent was chosen for the exfoliation of GeS due to
its low intralayer to interlayer force constants ratio and low chem-
ical stability in ambient conditions [33]. The size and thickness of
the liquid-phase exfoliated GeS nanosheets are greatly affected by
the centrifugation velocity. The main size of the GeS nanosheets
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Fig. 1. Microstructural characterization of GeS. (a-d) Atomic models of the GeS lattice viewed along [001], [011], [101], and [012] zone axis. (e-h) HAADF STEM images taken
along different directions. The inset shows the corresponding fast-Fourier transform patterns. (i-1) Enlarged HAADF STEM images. (m-p) Enlarged BF STEM images. (q-t)

Simulated ABF STEM images.
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Fig. 2. (a) Size and thickness of GeS nanosheets with a centrifugation velocity from 2000 r/min to 9000 r/min. (b) AFM image, (c) size distribution, and (d) thickness of the
prepared GeS nanosheets. (e) Raman spectra and (f) high-resolution XPS spectra from the Ge 3d and S 2p regions for the GeS nanosheets and bulk GeS.

decreases from 1348 + 335 nm to 123 + 37 nm, and their average
thickness reduces from 3.94 4+ 0.41 nm to 1.21 £ 0.19 nm when the
centrifugation velocity increases from 2000 r/min to 9000 r/min
(Fig. 2(a)). Given the fine lateral dimension and atomic thickness,
the GeS nanosheets centrifuged at 9000 r/min (N9-GeS) are se-
lected for subsequent experiments. The AFM imaging clearly shows
that the GeS spin-coated on a SiO,/Si substrate is well separated
with a lateral dimension ranging from 50 nm to 250 nm and an
average topographic height of 0.77-1.538 nm, which corresponds
to 2, 3 atomic layers of GeS (Fig. 2(b-d)).

Raman and XPS characterization of the GeS were further car-
ried out together with those of bulk GeS as a reference (Fig. 2(e,
f)). As shown in Fig. 2(e), three Raman peaks at 211.3, 236.6, and
269.2 cm~! are visible, which correspond to the in-plane Bsg, Ag?,
and Ag! shear vibration modes, respectively, as can be confirmed
in the bulk GeS [13]. Similar Raman frequencies are observed for
the GeS, indicating that the atomically thin GeS maintains struc-
tural integrity after exfoliation. Notably, the GeS sample shows a
shift in Raman peak shifts and a decrease in peak intensity, which
may be attributed to the thickness effect and interference effect
that cause variation in the in-plane atomic vibration (B3 and Ag)
[34]. The XPS peaks at ~162.8 and ~161.6 eV are assigned to the
S 2pqp; and S 2ps); of the Ge-S bonds, respectively [35]. After the
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liquid exfoliation, the S 2p;, and S 2p;p, peaks exhibit an appar-
ent right-shift of 0.65 and 0.75 eV, respectively. Similarly, the XPS
peaks of the Ge 3ds, and Ge 3ds, of the Ge-S bonds also shift no-
tably to the lower binding energy compared to those of the ultra-
thin nanosheets achieved from bulk GeS via the liquid-exfoliation
method. The shift in the XPS peak generally reflects changes in the
electron transfer and electronic configuration between the nearest-
neighbor atoms [36-38]. Therefore, the noticeable right-shift of the
S 2p and Ge 3d peaks confirms that the bonding environment and
electron density distribution of the S and Ge elements somewhat
alter due to the liquid exfoliation, consistent with the Raman re-
sults.

Fig. 3(a) shows the ADF and the corresponding EDS elemental
mapping, revealing that Ge and S elements are uniformly dis-
tributed in the whole nanosheets, which confirms the formation
of pure atomic-layer GeS nanosheets. The HRTEM images of the
GeS sample collected along [001] and [010] directions (Fig. 3(c,
d)) show that the GeS nanosheets maintain their bulk structure
(Fig. S4). However, compared to the HRTEM images in Fig. S4, one
can note additional structural distortion in the GeS nanosheet,
indicating that the periodic layered structure is somewhat de-
stroyed after chemical exfoliation. The change in crystallography
is also confirmed by the corresponding fast Fourier transform
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Fig. 3. Chemical composition and microstructure analysis of the GeS nanosheet. (a) ADF STEM image and the corresponding EDS mappings for the Ge and S elements. (b)
TEM image with two regions (A) and (B) highlighted. (¢, d) HRTEM images taken from (c) region A and (d) region B in (b). (e-h) (e, f) Corresponding FFT patterns and (g, h)

IFFT images for the region A (e, g) and B (f, h).

(FFT) patterns (Fig. 3(e, f)) and inverse fast Fourier transform
(IFFT) patterns (Fig. 3(g, h)). The extra diffraction spots in FFT
patterns (indicated by circles) and lattice distortions in the IFFT
images confirm the degradation in the crystallinity of the GeS
nanosheet.

3.2. Optical nonlinearity characteristics

The optical nonlinearity characteristics of GeS are related to
its atomic structure and thickness. The band gap of a bulk GeS
is 1.6 eV, whereas the band gap of ultrathin GeS nanosheets
(less than 5 layers) ranges from 1.69 eV to 1.9 eV [13,14]. The
structural distortion in the GeS nanosheets could generate shear
forces between layers and provide additional electronic states,
leading to exciting optical responses [39]. Using the reliable
Z-scan measurement method, the effective nonlinear absorption
coefficient (B.f) and the nonlinear refractive index coefficient (n,)
could be determined, e.g., the nonlinear optical response of the
GeS nanosheets could be investigated [40]. The schematic setup
used in the study can be found in Ref. [41]. Figs. 4(a) and S5 show
the open aperture (OA) and closed aperture (CA) Z-scan profiles
for the GeS nanosheet measured with an excitation wavelength
centered at 1800 nm. The noise of optical response may be
attributed to the degraded crystallinity of the GeS nanosheets,
including recoverable deformation and surface damage [39]. An
evident saturable absorption phenomenon is identified as the
normalized transmission increases nonlinearly with decreas-
ing distance between the sample and the focus point (Z = 0)
(Fig. 4(a)).
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By fitting the experimental data of the OA Z-scan configura-
tions, the largest value of B is determined to be -0.318 cm/GW.
Such a negative B.g value further confirms the saturable ab-
sorption. Note that the PB4 value of the GeS nanosheet is
comparable to the previously reported data for 2D materials
and is about 103 times larger in magnitude than those of the
BPQDs/PMMA composite nanofiber films [42]. The typical peak-
valley type signal of the CA Z-scan profile (Fig. S5) indicates a
self-focusing nonlinear optical response with a positive n, value
of 0.52x10-18 m2/W [43]. Fig. 4(b) illustrates the nonlinear sat-
urable absorption property of the GeS sample measured via a
power-dependent method at 1800 nm. The saturable absorption
feature is quite evident when the peak power intensity increases.
Based on Fig. 4(b) and the equation T = 1- [os/(1+I/Is)]-otps, the
modulation depth (o), saturation intensity (Is), and unsaturable
loss (ans), which are known as the three primary parameters in
assessing the saturable absorption performance, are estimated
to be 41.35 %, 53.1 GW/cm?2, and 39.92 %, respectively (Table
S1 in Supplementary Information). The findings suggest that
2D GeS holds potential applications as an optical modulator for
generating ultrafast pulses in the mid-infrared wavelength re-
gion, offering a feasible solution to the lack of efficient optical
modulators [44].

A saturable absorber (SA) fabricated using the GeS was in-
tegrated into a Tm-doped passively mode-locked fiber laser to
achieve mode-locking at 1934 nm (Fig. S6). Fig. 4(c-f) shows the
characteristics of the mode-locked pulses obtained by regulating
the PC at a pump power of 840 mW. The optical spectrum of
the mode-locked pulses is centered at 1933.96 nm with a 3-dB
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Fig. 4. Optical measurements of the GeS nanosheets. Nonlinear optical characterization of the GeS sample recorded at 1800 nm: (a) open-aperture (OA) Z-scan traces and (b)
relationship between the normalized transmittance and input peak intensity. (c-f) Ultrafast pulse generation near 2 pm using the GeS nanosheets as a saturable absorber. (c)
Output mode-locked pulse spectrum with a spectral bandwidth of 2.52 nm at 3 dB. (d) Mode-locking pulse train with ~102 ns interval. (e) Autocorrelation trace with a pulse
duration of ~1.56 ps fitted by a Sech? function. (f) Radiofrequency (RF) spectrum with a single-to-noise ratio of 43 dB at ~9.7 MHz. The solid lines represent theoretical

fitting to the experimental data.

bandwidth of 2.52 nm (Fig. 4(c)). The stable symmetrical Kelly
sidebands in the output spectrum indicate a soliton mode-locked
laser [45]. The output pulse train in Fig. 4(d) has a pulse train
interval of approximately 102 ns (i.e., repetition rate of 9.7 MHz),
which verifies the mode-locking state of the laser. Fig. 4(e) plots
the experimental intensity autocorrelation trace fitted with a
sech? profile, from which the pulse full width at half maxi-
mum is calculated to be 1.56 ps, leading to a time-bandwidth
product (TBP) of 0.317. The TPB value of the GeS-based laser
is very close to the Fourier transform limit of 0.315, which is
deemed the smallest pulse duration for a given spectral width
[46]. The radio frequency (RF) spectrum of the mode-locked
pulse has a signal-to-noise ratio of 43 dB (>10% contrast) at the
cavity fundamental repetition rate of 9.7 MHz (Fig. 4(f)). Further
analysis of the wideband RF spectrum confirms that the GeS
laser enables the generation of high-stabile mode-locking pulses
(Fig. S7). These results demonstrate that the GeS nanosheets

are an excellent candidate for ultrafast laser pulse generation
devices.

4. Conclusion

We have comprehensively characterized the atomic-scale struc-
ture and chemical composition of GeS nanosheets from various
zone axes and investigated their optical properties. The GeS
nanosheets with an average thickness of 1.21 + 0.19 nm can be
fulfilled by the liquid-phase exfoliation, which induces structural
distortions. We demonstrate that the GeS nanosheets could yield a
significant effective nonlinear coefficient of -0.318 cm/GW, holding
potential for ultrafast photonics application in the mid-infrared
range. We further employ the GeS nanosheets to fabricate sat-
urable absorbers for a Tm-doped mode-locked fiber laser and
show that a highly stable and ultrafast pulse of 1.56 ps can be
generated at near 2 pm wavelength. These findings offer critical
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insights into the unique 2D structures of GeS for emerging ultra-
fast photonics applications, opening up an avenue in manipulating
the ultrafast pulse generation capability of 2D material-based
saturable absorbers by defect engineering.
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