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ABSTRACT

Ternary 2D materials, potential candidates for next generation technology showcase boundless opportunities by providing
greater degree of freedom through integration of various elements with compositional variety. GeSeTe is a chalcogenide
compound with great environmental stability and phase changing feature, making it eligible for many advanced photonics
and optoelectronics devices such as ultrafast optical switching, optical modulator, parametric amplifier to name some. In
this work, Ternary 2D GeSeTe nanosheets were synthesized employing facile LPE method, followed by extensive
characterization have been conducted to comprehend various features of the prepared nanosheets such as thickness, optical
absorption etc. Then, the NLO responses of the prepared nanosheets under NIR regime have been realized employing Z-
scan methods. The obtained nonlinear absorption coefficient varies from -73 ~ -4.5 cm/GW and -220 ~ -35 cm/GW at
1062 nm and 1560 nm wavelengths respectively indicating superior SA characteristics of GeSeTe nanosheets. The sample
nanosheets switched its nonlinear absorption from SA to RSA with increased input intensity enabling potential
opportunities for GeSeTe in optical limiting devices. Furthermore, the nonlinear refraction n, was recorded to be -9.5x<10°
4 cm?/GW and -5x10* cm?/GW at 1062 nm and 1560 nm respectively. To authors best knowledge, it is the very first time
the NLO responses of GeSeTe nanosheets have been investigated and the achieved responses confirms the superior NLO
features of GeSeTe that could be widely utilized in various photonics and optoelectronics devices.
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1. INTRODUCTION

The exceptional physical, electrical, mechanical, and optical features of low-dimensional layered materials, bearing
thickness-dependent bandgaps, great mechanical strength, speedy carrier mobility, firm nonlinear optical properties and
good environmental stability have garnered significant interest [1-8]. These low-dimensional materials can be easily
transformed into ultrathin nanosheets with unique characteristics and thereby various applications can be probed owing to
their weak interlayer interaction. The progression of modern society firmly depends on material, energy and information.
The growth of modern society relies on new materials that act as the fundamental source of energy and information. In this
cutting-edge era, the technological advancement and the sustainable development have exerted great emphasis on the
exploration of novel functional materials and signifies the requirements to investigate their dynamic properties that would
challenge the traditional paradigm [9]. Owing to their novel, remarkable and special features, 2D materials offer massive
potential in a variety of fields like electronics, spintronics, energy conversion and storage, optoelectronics, and photonics
[10-13].

Nonlinear Optics is one intriguing section of photonics and optoelectronics. When materials interact with an electric field
of the order of interatomic fields (105-108 V/m) [14, 15], they can display nonlinear optical (NLO) responses. The
intriguing nonlinear optical responses, high charge carrier mobility and ultrafast response of these 2D materials have been
effectively utilized in wavelength converters, optical limiters, saturable absorbers (SAs) for Q-switching and passive mode
locking, and all-optical modulators [16-19]. Over a wide spectral range, graphene showcases nonlinear optical absorption
that firmly depends on the input intensity [20-22]. It displays saturable absorption behavior at low pump intensity and
transitions to an optical limiting response at higher intensity. It has been discovered that by changing the input intensity,
nonlinear absorption can be transitioned from saturable absorption to optical limiting owing to the gapless bandgap
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structure of graphene [20-21, 23-26]. Nonlinear optical response is a distinctive and dynamic property of 2D materials that
can be observed in various other 2D materials beyond graphene, such as BP, Topological insulators (TIs), h-BN, TMCs,
perovskites, and their hybrid structures [27-34]. Interestingly, each 2D material has their own distinctive nonlinear optical
responses and thereby can be applied to certain advanced photonic and optoelectronics applications [35].

Ternary 2D materials are a significant addition to the 2D platform, combining three distinct elements with varying
compositions to produce a variety of unique features. Ternary 2D materials exhibit more dynamic and unique electrical
and optical properties than elemental and binary 2D materials because they offer greater flexibility by enabling the
combination of different elements in a variety of combinations [36]. To date, a great deal of research has been done on
layered ternary materials, focusing on their unique characteristics and electronic structure. Additionally, it is important to
highlight that bandgap modification plays a major role in obtaining nonlinear optical properties in 2D materials. Because
ternary compounds are made up of three distinct element types with distinct bandgaps, they can effectively change their
bandgap distribution [37-39]. Thus, large number of 2D ternary materials can be constructed and with thorough
investigation of their various properties they can be employed in various applications. A ternary chalcogenide compound,
GeSeTe exhibits several intriguing characteristics, including low phonon energies, tunable photo-induced properties, and
high environmental stability to mention a few. Consequently, GeSeTe can be probed into various applications in a variety
of industries, including memories, optoelectronics, electronics, and advanced photonics [40-42]. GeSeTe has great
potential in NLO devices, photoelectric detection, and microelectronic devices because of its anisotropic nature and
superior optical qualities. GeSeTe, similar to other ternary 2D materials, has a configurable bandgap due to compositional
change, which offers a range of unique properties [43-44].

In this work, GeSeTe nanosheets have been synthesized with simple Liquid Phase Exfoliation (LPE) method. Followed
by several characterizations of the as prepared nanosheets have been performed to comprehend various features such as
thickness, chemical composition, crystallinity, uniformity to name some. Afterwards, the nonlinear optical (NLO)
responses of the GeSeTe-IPA solution in NIR (1062 nm & 1560 nm) regime have been investigated by Z-scan technique.
Employing OA technique, the nonlinear absorption coefficient (8) has been observed and recorded to be -73 ~ -4.5 cm/GW
and -220 ~ -35 cm/GW for 1062nm and 1560nm respectively. Moreover, the sample switched its nonlinear absorption
behavior from SA to RSA when the input intensity increased to 208.05 MW/cm? and 218.23 Mw/cm?. This imparts a wider
range of opportunities for GeSeTe to be integrated in various NLO devices. Further, the nonlinear refraction (n;) has been
calculated as -9.5%10* cm?GW and -5x10 cm%GW at 1062nm & 1560 nm respectively. Based on the acquired results,
it can be inferred that the remarkable nonlinear responses of GeSeTe nanosheets make them highly promising for usage in
various advanced photonics applications.

2. MATERIAL CHARACTERIZATION

GeSeTe-nanosheets were prepared from the bulk powder by using the simple and inexpensive liquid phase exfoliation
(LPE) process, as shown in figure 1(a). Isopropyl alcohol (IPA) was employed as the solvent to dissolve the bulk GeSeTe
powder. Two milligrams of powder were added to each milliliter of IPA to create the combination. The mixture was then
ultrasonicated for 25 hours at 40 kHz frequency and 400 W of o/p power. By maintaining water circulation during
ultrasonication, a constant temperature of 28 T was maintained, preventing the powder from oxidizing. For five minutes,
the GeSeTe-IPA solution was centrifuged (Zonkia HC-3018) at 6000 rpm to make sure the supernatant mixture contained
no unexfoliated bulk materials. To further characterize the material, sample was taken from the supernatant and drop-
casted over copper grid and quartz substrates.

Figure 1(b) shows the 3D height profile from the AFM image of the GeSeTe nanosheets in 5pm scale. From the image the
nano-feature of the prepared nanosheets can be clearly observed as the height of the nanosheets goes maximum up to
around 21 nm. Furthermore, 14 flakes were randomly chosen in AFM measurement and figure 1(c) depicts the height of
those 14 flakes ranging from 5.7 nm to 12 nm. This further substantiated the 2D feature of the as prepared nanosheets. In
order to realize the NLO response of the nanosheets, it is imperative to have a proper uniformity with fabrication process.
The UV-vis-NIR spectrum in figure 1(d) showcases the absorption of the prepared nanosheets covering the wavelength
from 750-2000 nm. The outcome shows extensive absorption of GeSeTe nanosheets, which is encouraging for a variety
of infrared optoelectronic device applications. The SEM image in figure 1(e) showcases the excellent uniformity of the as
prepared nanosheets achieved after adopting the LPE method. Figure 1(f) presents the XRD peaks of the GeSeTe
nanosheets indicating the firm crystalline state of the nanosheets. Therefore, it can be inferred that with the utilized
fabrication process no harsh impact has been imposed on the material.
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Figure 1: Preparation and Characterization of GeSeTe nanosheets (a) Schematic Diagram of LPE method producing GeSeTe
nanosheets, (b) AFM image showing 3D height profile of as prepared Nanosheets in 5pm scale, (c) Height profile of randomly
selected 14 flakes, (d) UV-Vis-NIR spectrum of exfoliated nanosheets () SEM image of GeSeTe nanosheets, (f) XRD peaks of
GeSeTe nanosheets, and (g) distribution of Ge, Se and Te in randomly selected 2 flakes

Finally, these material characterizations allow us to conclude that the prepared samples bear good crystalline state with
height profile facilitating 2D feature, great uniformity ensuring no impurity or presence of any other element other than
Ge, Se and Te and lastly exhibit broad absorption spectrum.

3. NONLINEAR OPTICAL RESPONSE OF GESETE NANOSHEETS

To date, many experimental methods have been devised to describe the unique nonlinear optical characteristics of photonic
materials which include pump-probe (PP) [45], four-wave mixing (FWM) [46], self-phase modulation (SPM) [47], HG
[48-50], two-photon-induced fluorescence [51], and Z-scan techniques [52]. All these methods can provide a quantitative
understanding of various nonlinear optical features in photonic materials. The fundamental principle behind the simple yet
effective experimental method known as Z-scan is the spatial distortion of the transmitted beam at the sample end,
including both amplitude and phase distortion. Open aperture (OA) and Closed Aperture (CA) are two common methods
of Z-scan technique employed for experimental reasons [53].

In this work, Z-scan was used to observe the broadband NLO responses of the prepared GeSeTe nanosheets using both
open aperture (OA) and closed aperture (CA) mechanisms. Two distinct laser systems were used for the Z-scan analysis.
Our in-house Mode-locked fiber lasers with 352 fs and 600 fs pulse durations, central wavelengths of 1062 nm and 1560
nm, and having repetition rate of roughly 12.077 MHz and 8.247 MHz were employed as the source laser. The laser beam
was focused on Z=0 by a plano-convex lens to ensure a beam waist (Wo) of approximately 58 um. A drive stage (Thorlabs,
DDSM100/M) was used to travel the sample in -z to +z direction. Furthermore, the NLO behavior at 1062 nm and 1560
nm were studied using the two-photodiode power sensors (Thorlabs, S121C and S122C). Figure 2 shows the schematic
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diagram of the Z-scan technique. Figure 3 and figure 4 depict the Nonlinear optical responses of GeSeTe-IPA solution at
1062 nm and 1560nm respectively. Figure 3(a-b) and figure 4(a-b) showcase the results obtained from OA methods under
1062 nm and 1560 nm respectively. CA results are given in figure 3(c) and figure 4(c). Lastly, figure 3(d) and figure 4(d)
represent the variation of nonlinear absorption coefficient () with varying peak intensity of the pump.
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Figure 2: Schematic diagram of Z-scan method where Lens 2 is employed during OA technique and Aperture is used during CA
technique
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Figure 3: Nonlinear Optical responses of GeSeTe-IPA Sample at 1062 nm (a) OA response of GeSeTe nanosheets under low
intensity featuring SA behavior (b) OA response of GeSeTe nanosheets under high intensity featuring RSA behavior (c) CA
results (d) Values of B at varying input peak intensity

The nonlinear beam propagation model is used to fit all of the results of the OA method using eq. 1 [53-54] and the
nonlinear absorption coefficient () was deduced from the fitting results:

o ~BloLess)" —BIyL,
T(2) = Sig— ot s q - Hobar Y7 ®
(1+Z /z(z)) (n+1) /2 <1+Z /Z%))Z 2

where T(z) is the normalized transmittance, lo is the peak intensity at the focus, zo is the Rayleigh length, z is the position
of the sample, and L is the effective length.

From the OA analysis under 1062nm and 1560 nm in figure 3(a) and figure 4(a), it is worth mentioning that with low laser
intensities [32.14~203.89MW/cm? (1062nm) and 28.91~140.28MW/cm? (1560nm)], when the sample goes from -Z to +Z,
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the transmittance upsurges, and peaks at Z = 0. Since SA is accountable for these phenomena, in these circumstances the
B value is negative [-0.073x10%~-0.0045x10%cm/GW (1062nm) and -0.220=103~0.035>10%cm/GW (1560nm)]. The SA
feature can be delineated with Pauli Blocking Principle which forbids the occupancy of electrons at the identical energy
level. As the conduction energy level gets occupied with the excited electrons from the valance band, the increasing number
of absorbed photons gets saturated and consequently reducing the photon absorption rate and increasing the transmittance
[55]. However, with increasing laser intensity (333.16~405.99 MW/cm? for 1062nm and 208.05~218.23 MW/cm? for
1560nm), the transmittance gradually falls as it approaches the focus point [refer to figure 3(b) and figure 4(b)]. This
phenomenon, which is pertinent to the TPA process, is known as RSA. [56]. For the RSA behavior, the recorded B value
is positive [ 0.0051>102% ~0.0062>10%cm/GW (1062nm) and 0.075x103~0.082x10° cm/GW (1560nm)], and with > 0; as
the optical intensity rises, the absorption coefficient gets better, suggesting a decrease in the sample's optical transmission.
Usually, the excited-state absorption mechanism is accountable for the change from SA to RSA [53]. Furthermore, the
values of imaginary part of third order nonlinear susceptibility [Im (x®)] and FOM (Figure of Merit) were calculated with
the help of B and shown in Table 1.
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Figure 4: Nonlinear Optical responses of GeSeTe-IPA Sample at 1560 nm (a) OA response of GeSeTe nanosheets under low
intensity featuring SA behavior (b) OA response of GeSeTe nanosheets under high intensity featuring RSA behavior (c) CA
results (d) Values of P at varying input peak intensity.

The CA Z-scan experimental results under 1062nm and 1560nm were fitted using the following eq. 3, where A® represents
the nonlinear phase shift value [57]. From eq 4, the value of A® can be calculated, where A is the central wavelength, n
is the nonlinear refractive index, Les is the effective length, and lo is the peak intensity at the focus. Moreover, by
calculating the values of n, from the CA/OA Z-scan findings, the nonlinear refraction response without the nonlinear
absorption effect was ascertained [58]. The values of n, of the GeSeTe sample were recorded to be -9.5 % 10* cm?/GW
and -5 x10* cm?/GW at 1062 nm and 1560 nm, respectively.

1
T(z) = z )
1 4 /Z() 2A¢+ 4 .
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Where, A represents nonlinear phase shift calculated with eq. (3), n2 is the nonlinear refractive index and Ac is the
central wavelength.

Table 1. Nonlinear Optical parameters obtained from GeSeTe nanosheets in two different wavelengths (1062 nm & 1560 nm)
employing OA z-scan method. SA: saturable absorption, RSA: Reverse Saturable absorption and Im %% Imaginary part of third order

nonlinear optical susceptibility.

Wavelength, Nonlinear absorption Im »? Figure of Merit, FOM
A [nm] coefficient, B [cm/GW] [x 107 esu] [x10° esu cm™]
-73 [SA] -0.0467 -0.0101
-16 [SA] -0.0102 -0.0023
1062 -10.5 [SA] -0.0067 -0.0015
-4.5 [SA] -0.0029 -0.00067
5.1 [RSA] 0.0033 0.00076
6.2 [RSA] 0.0040 0.00093
-220 [SA] -0.2070 -0.0210
-63 [SA] -0.0593 -0.0061
1560 -50 [SA] -0.0471 -0.0048
-35 [SA] -0.033 -0.0034
75 [RSA] 0.0706 0.2651
82 [RSA] 0.0772 0.0439

The NLO response is known to be highly wavelength dependent [59-60]. This work determines the NLO responses of the
GeSeTe nanoparticles at two distinct wavelengths, 1062 nm and 1560 nm, respectively. All the obtained results highlight
the great potential of GeSeTe nanomaterials in the field of nonlinear optics.

4. CONCLUSION

In this work nonlinear optical responses, namely nonlinear optical absorption, and nonlinear refraction of 2D ternary
GeSeTe nanosheets have been studied employing OA and CA z-scan under two different wavelengths. The admirable
values of nonlinear absorption coefficient (B) ranging from -0.073x10° ~ -0.0045>10%cm/GW (for 1062nm) and -
0.220>10° ~ -0.035>10%cm/GW (for 1560 nm) depict the superior SA characteristics of the sample material which allows
GeSeTe to be effectively employed as SA in ultrafast and ultrashort photonics. Further, with the increase of laser intensity
the nonlinear absorption switches its behavior from SA to RSA. Thus, widening the opportunities for GeSeTe to be utilized
as optical limiting sensors and devices. Additionally, the large values of third order nonlinear susceptibility [y @], -46x10"
12 gsu (for 1062nm) and -207> 102 esu further substantiate the potential of GeSeTe to be used in ultrafast laser systems.
The nonlinear refraction (n2) was calculated as -9.5 < 10* cm?GW and -5 x 10 cm?/GW at 1062 nm and 1560 nm,
respectively from CA z-scan method. The admirable outcomes indicate the competency of GeSeTe as NLO material and
thereby enabling greater prospects of GeSeTe in various advanced photonics and optoelectronics applications.
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