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ABSTRACT

Present study represents the effect of defect states on the nonlinear absorption and optical
limiting performances of TIInSSe and Tl2In2S3Se single crystals with near-infrared excitations.
The band gap energies are 2.2 and 2.22 eV and the Urbach energies are 0.049 and 0.034 eV for
TIInSSe and Tl2In2S3Se, respectively. The trapping time of localized defect states is found as 8
ns by femtosecond transient absorption measurements. The analysis of open aperture Z-scan
data depends on two different fitting models to determine the effect of defect states on the
nonlinear absorption (NA) properties of the studied crystals. Model 1 only considers two-
photon absorption (TPA), while model 2 includes one-photon absorption (OPA), TPA and free
carrier absorption (FCA). The NA coefficients (f.,) obtained from model 2 are higher than
the values () obtained from model 1 at same intensities reveals that defect states contribute to
NA through OPA. The optical limiting properties of TlIInSSe and Tl2In.S3Se crystals were
examined at 1064 nm wavelength excitations. The limiting thresholds were found to be 1.16
mJ/cm? and 0.27 mJ/cm? at 29.8 GW/m? and 99.5 GW/m? input intensities, respectively. The
results show that TlInSSe and Tl2In2.SsSe crystals have promising potential for near-infrared
optical limiting applications.
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1. INTRODUCTION

Chalcogenide materials have wide usage areas such as solar cells 12, supercapacitors 3, sensors

46 optical limiting 7, ovonic threshold switch (OTS) selectors 8, photocatalysis °, energy storage

10 11 12

, infrared-imaging *!, spintronics 2, and water splitting **. Moreover, crystal forms of
chalcogenide materials have a significant role in certain optoelectronic applications such as
optical signal processing, imaging, biomedical sensing, gas detection, and light detection and
ranging (LIDAR) due to their infrared transmissions, adjustable refractive index, mid-infrared
nonlinear optical properties, and low phonon energies 47 . Among the chalcogenide crystals,
the TlInSeS crystal is a layered structured semiconductor material formed by replacing half of
the sulfur atoms of the TIInS; compound with selenide atoms 8, Thallium dichalcogenides are
a family of crystals with the chemical formula TIBX2, where B can be In or Ga, and X can be
S, Se, or Te 1>2° This group includes both layered structures (such as TIGaS,, TIGaSe;, and
TIInS>) and chain structures (such as TlInSez, TlIinTez, and TIGaTez). TlInS,, a layered crystal
within this family, belongs to the monoclinic system with a space group of C5,. It serves as a
chemical analog to TISe, featuring a univalent thallium atom and a trivalent In atom. The lattice
is composed of two-dimensional layers arranged periodically, with each subsequent layer
rotated by 90° relative to the one below it. Interlayer bonds are formed between Tl and S atoms,
while intralayer bonds are formed between In and S atoms. The ac plane view of the crystal
structure, with the a-axis oriented in the [110] direction, is depicted in the inset of Fig. 1,
showing the layered arrangement 2. The primary structural component of each layer is the InsSe
adamantane-like unit, connected by bridging S atoms. These units combine to form layers with
trigonal prismatic voids that house Tl atoms, which align into nearly planar chains along the
[110] and [110] directions. TIInS; and TlInSe> crystals have potential in various application
areas such as photovoltaics 2, electrical switching 23, and dilute magnetic semiconductors 2.
Additionally, TIS> and TISe>-based materials combined with In and Ga show two-photon
absorption (TPA) properties, which are important for optical power limiting applications 227,
The temperature-dependent optical properties, electrical and dielectric properties, structural
analysis, and nonlinear optical characterizations of TlInSeS crystals are available in the
literature. The band gap energy of the TlInSeS crystal is about 2.2 eV. Therefore, it is a proper

semiconductor material for near-infrared nonlinear optical applications 18 28 29,

The nonlinear optical response of semiconductor material to high-intensity light is a useful

property for various applications such as photodetection %, ultrafast solid-state laser 333, self-

35 36

frequency doubling 3, optical limiting *°, and optical switching 3¢. In the presence of



sufficiently high-intensity light, the nonlinear response can occur in the form of nonlinear
absorption (NA) corresponding to a decrease in the transmittance by absorbing light via one-
photon absorption (OPA) 3732, TPA 4948 or free-carrier absorption (FCA) #’, or in the form of
saturable absorption (SA) “8 which results in an increase in the transmittance due to the filling
of excited states by electrons. For protecting the human eye and detectors from irreversible
damage of high-intensity light the properties of materials to limit the light passing through them
via NA are investigated “°°2, While the optical limiter allows light to pass up to a certain

intensity, it prevents the passage of light above this intensity.

This study has two strategies. The first is to reveal the effect of defect states on nonlinear
absorption through OPA. By introducing this effect, the nonlinear absorption performance can
be tuned using the defect state density. For this purpose, nonlinear adsorption performances
were investigated according to model 1 containing only TPA and model 2 containing OPA and
TPA. The second aim is to investigate the optical limiting performance in the NIR and IR
regions. Optical limiting is attracting more attention, especially in the NIR and IR regions, in
terms of defense industry applications. Studies on the examination of nonlinear absorption
properties of various chalcogenides are available in the literature 53°, However, the optical
limiting properties of TIInSSe and Tl21n2S3Se crystals have not been determined, although their
nonlinear absorption is in the NIR region. Considering all this information, our study aims to
examine the nonlinear absorption and optical limiting properties of TIInSSe and Tl2In2SsSe
crystals with the effects of defect states. Linear and optical characterization of TlInSSe and
Tl2In2S3Se crystals was performed in the previous studies 2 %6, Nonlinear absorption properties
of TIInSSe and Tl2In2S3Se crystals are investigated under various intensities via open aperture
(OA) Z-scan measurements with 4 ns pulsed laser excitations at 1064 nm.

2. EXPERIMENTAL PROCESSES

TIINSSe: (TIINS2)o5(TlINSe2)o5 and Tl2In2S3Se: (THNS2)o0.75(T1INSe2)o.25 crystals were grown
employing the Bridgman method. Thallium (TI), Indium (In), Sulfur (S), and Selenium (Se)
were used as raw materials throughout the growth process. All raw materials were of high
purity, with TI, In, S, and Se being 99.999% pure. The raw materials were mixed in a
stoichiometric ratio corresponding to the formula of TlIInSSe and Tl2In2S3Se; specifically, Tl,
In, S, and Se were combined in a 1:1:1:1 molar ratio for TIInSSe and 2:2:3:1 molar ratio for
Tl2In2S3Se. In this process, molten constituents were introduced into silica cylinders possessing
a diameter of 10 mm and a length of 25 cm. The system was maintained under a vacuum of

approximately 10 Torr, and the sealed ampule was incrementally translated at a rate of 1.0



mm per hour through a thermal gradient of 30 °C/cm. Subsequently, an X-ray diffraction
analysis was conducted using a Rigaku Miniflex diffractometer, which utilized Cu-Ka radiation
with a wavelength (1) of 1.54 A. The resulting crystalline ingots, exhibiting an orange hue,
demonstrated favorable optical properties, and freshly cleaved surfaces exhibited a mirror-like
quality. The chemical composition of the Tl2In,S3Se crystals was determined through Energy
Dispersive Spectroscopic Analysis using a JSM-6400 Electron Microscope, as detailed in a
prior publication *’. The composition of the investigated samples (T : In: S : Se) was identified
as 25.9:26.1:35.9:12.1, aligning well with the chemical formula of Tl2In,S3Se.

The linear absorption properties of the studied crystals were investigated by a UV-VIS
spectrophotometer (Shimadzu-1800). The charge transfer dynamics of the crystals were
determined by performing ultrafast pump probe spectroscopy in femtosecond (fs) regime. The
pump probe setup includes a Ti:Sapphire laser amplifier (Spectra Physics, Spitfire Pro XP,
TOPAS) with 52 fs pulse duration and 1 kHz repetition rate. To set pump wavelength an optical
parametric amplifier was used. The pulse duration of the laser source was determined as 120 fs
by cross-correlation within the pump probe assembly. Pump wavelengths were determined
depending on the maximum linear absorption wavelength of the crystals. The measurement of
the excited state dynamics were performed between 0.1 picosecond (ps) and 3.2 nanosecond
(ns) time scale with a white light continuum probe (Spectra Physics, Helios). Experimental
results were analyzed by Surface Xplorer software (Ultrafast Systems). The nonlinear
absorption properties of the crystals at various intensities were investigated through an open
aperture (OA) Z-scan setup with 1064 nm wavelength Q-switched Nd:YAG laser source
(Quantel Brilliant) at 4 ns pulse duration and 10 Hz repetition rate.

3. RESULTS AND DISCUSSIONS
3.1. Structural characterization

Figure 1 presents the X-ray diffraction (XRD) pattern obtained from the Tl1InSSe crystal. Within
the angular range of 10-70°, the XRD spectrum presents three distinct and well-defined peaks,
located at approximately 23.70°, 47.20°, and 62.80°. The sharpness and clarity of these peaks
signify the good crystalline quality of the grown TlInSSe compound. Notably, the positions of
these observed peaks align with the characteristic data found in the standard reference (JCPDS
No. 34-0097), reinforcing the fidelity of the crystal's structure. Furthermore, the Miller indices
corresponding to these prominent peaks are thoughtfully provided directly above them. Upon
scrutinizing the XRD pattern of the powdered form of the TIInSSe compound, the material's

crystalline structure was discerned to be monoclinic .



In our recent paper 2 published with the aim of determining the crystal and optical properties
of Tl2In2SsSe crystal, in which nonlinear absorption properties will be examined throughout
this study, the x-ray diffraction pattern of the crystal was reported. Three distinct peaks were
identified at angular positions of approximately 23.75°, 30.95°, and 48.50 associated with the
monoclinic crystalline structure. The compound Tl2In2S3Se exhibits characteristics indicative
of a layered semiconductor. Its structural framework bears resemblance to TlInS,, albeit with a
modification involving the substitution of one-quarter of the sulfur atoms with selenium atoms.
The crystal structure of Tl2In,SsSe comprises alternating two-dimensional layers oriented
parallel to the (001) plane *'. Sequential layers are rotated by a 90° angle relative to their
predecessors. Interlayer interactions manifest between Tl and S(Se) atoms, while intralayer
bonds form between In and S(Se) atoms. Detailed crystallographic characteristics of TIInSxSe,-
«x compounds was previously reported °8. An analysis of the diffraction patterns revealed that
two series of solid solutions are formed within the TlInSxSe>_x system. The first series, TIInSex>—
TlInSo.4Sews, is dominated by TlInSe2, which has a tetragonal structure and belongs to space
group D;E. The second series, THINSoeSe1s—TIINS,, is dominated by TlInS,, characterized by a
monoclinic structure and belonging to space group Cs,. The boundary between these two series
occurs at approximately x ~ 0.5. According to this study the lattice constants of TlInSSe (x =
1) and Tl2In2SsSe (x = 1.5) were around a = 10.94 A, b = 10.98 A, ¢ = 15.28 A, = 100.5° and
a=10.92 A, b=10.96 A, c =15.22 A, # = 100.3°, respectively.
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Figure 1. XRD pattern of TIInSSe crystal. Inset indicates the crystal structure of the TIInS..



3.2. Linear optical characterization

The linear absorption spectra of TIInSSe and Tl.In>S3Se crystals are given in Figure 2(a) and
Figure 2(c). As seen in the figures, wide absorption bands occurred between 600 and 1100 nm
due to the existence of defect states within the band gap of the crystals. Accordingly, it can be
said that the defect states narrow the band gap. Further, the electronic transitions between the
valence and the conduction bands correspond to about 550 nm which represents the absorption
edge.

The energy of band gap of a crystal can be expressed through the following equation °°,
(ahv)/™ = A(hv — E,) (1)

where n is 1/2 for direct transitions, « is the linear absorption coefficient, hv is the photon
energy, A is a constant in the equation, and Ej is the band gap energy of the crystal. Figure 2(b)
and Figure 2(d) indicate the Tauc plot of TIInSSe and Tl2In.S3Se crystals, respectively. The
point of intersection between the fit line on the linear part of the curve and hv axis corresponds
to the direct band gap energies of the crystals, and they were found as 2.2 eV for TlInSSe crystal
and 2.22 eV for Tl2In2S3Se crystal. Crystals with direct band gap showed better nonlinear
absorption compared to crystals with indirect band gap, which can be explained by a decrease
in the refractive index for photon energies below the band gap energy due to saturation of
available states by the photo-induced carriers in crystals with indirect band gap. Hence, indirect
band gap crystals show saturable absorption at low irradiances and nonlinear absorption at high
irradiances, making them ideal materials for optical switching applications, while direct band
gap crystals show nonlinear absorption at low irradiances, making them ideal materials for

optical limiting applications % 61,
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Figure 2. (a, ¢) Absorption spectra and (b, d) Tauc plot of TIInSSe and Tl.In2S3Se crystals.

Mid-gap defects in TlInSSe and Tl2In2SsSe crystals may be based on the TI, In, S, and Se
vacancies. It was reported that the existence of S vacancies provides reduced band gap,
enhanced light absorption capacity and carrier density 52 %, In the presence of Se vacancies,
defect states can occur just below the conduction band and just above the valence band . This

makes the band gap of a material relatively suitable for NIR studies.

Defect states that occur in the band structures of semiconductor materials can provide
absorption of photons whose energies are lower than that of the band gap by trapping excited
electrons. As a result of this, absorptions can occur at lower energy photons than the 2.2 and
2.22 eV, as seen in Figure 2(a). Moreover, defect states can contribute to the NA even lower
intensities by trapping electrons excited to higher energy states from valance band. Defect states
distribution is determined by the Urbach energy of the crystal that can be obtained through the

equation (2) ® given as

a = agy exp (hv/ Eu) (2)



where «a, is a constant, and E;; is the Urbach energy. The Urbach energies of TlInSSe and
Tl2In2SsSe crystals were obtained as 0.049 and 0.034 eV, respectively, from the inverse slope
of the linear part of Ina vs. hv curves given in Figure 3. Therefore, it is understood that the
defect states are distributed at 0.049 and 0.034 eV below the conduction band of the TIInSSe

and Tl2In2SsSe crystals.
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Figure 3. Ina vs. hv plot of (a) TIInSSe and (b) Tl2In2S3Se crystals.

3.3. Femtosecond transient absorption spectroscopy
The NA mechanisms and decay kinetics of TIInSSe and Tl2In2S3Se crystals were revealed by
femtosecond transient absorption spectroscopy. The wavelength of pump light was set at 550
nm corresponding to absorption edge of the studied crystals. In this way, it was possible to
excite defect states localized below the conduction band. Transient absorption spectra of
T1InSSe and TI2In2S3Se crystals showed continuous and broad excited state absorption (ESA)
bands between 400 and 800 nm (Figure 4). The strength of the ESA signals around 575 nm can
be attributed to the transitions from the localized defect states. Also, a red shift of the ESA

signal maxima with time delay was observed due to the increasing population of trapped

electron by defect states.
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Figure 4. Transient absorption spectra of (a) TlInSSe and (b) Tl2In2S3Se crystals with 550 nm

excitation.

Defect-assisted nonlinear absorption requires pulse duration to be shorter than trapping
lifetimes. In this case, trapped electrons can be excited into the conduction band without passing
into the valence band. Therefore, since the tapping time of the defect states is higher than the
pulse duration of laser source (4 ns), sequential TPA was observed. Moreover, SA properties
were also observed at higher intensities due to blocking carriers by the occupation of available
states. Accordingly, the decay kinetics were fitted multiexponentially to gain insight into the
charge transfer dynamics of the localized defect states. Figure 5 indicates the decay traces of
T1InSSe and Tl2In2SsSe crystals by probing 589 and 650/660 nm. In crystals, excited carrier
absorptions give rise to transient absorption signals and occur immediately after pump
excitation. The fast component below 100 fs suggests that the thermalization process within the
conduction band is completed via carrier-carrier scattering of photoexcited carriers. The second
time component around 0.12 ps represents the recombination of charges without being trapped
by localized defect states. The time components of the TIInSSe crystal are 0.12 ps and 0.5 ps
for 589 nm and 650 nm probe wavelength, respectively. The time components of the Tl>In2S3Se
crystal are 0.86 ps and 1.18 ps for 589 nm and 660 nm probe wavelengths, respectively. The
situation shows that the electrons in defect states localized in the upper energy levels have
slower decay compared to the lower energy levels. The slow component, which lies outside the
time scale of the pump-probe assembly, represents the loss of carriers after the cooling process,

either by recombination at recombination centers or by trapping by local defect states.
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Figure 5. Decay traces of the NA at 550 nm excitation of (a) TIInSSe and (b) Tl2In2S3Se
crystals for 589 nm and 650/660 nm probe wavelengths.

3.4. Nonlinear absorption properties

Nonlinear absorption properties of TIInSSe and Tl2In2SsSe crystals were examined by the OA
Z-scan technique at 1064 nm and 4 ns pulsed excitations at various intensities. The OA Z-scan
curves were fitted according to two different models. The results of the Z-scan measurements

are given in Figure 6.
In model 1 the optical nonlinearity can be defined in the following equations
a(l) = ag + Bl 3)

where a, and g are linear absorption and TPA coefficients, respectively. The transmittance can
be given by the Eq. (4),

T(z,S=1) n[l + po(z, O)e‘TZ] dt (4)

_ 1 J‘OO 1
— Jmpo(z,0) V-0

where po(z,0) = BloLers/(1+ z2/z%), z is the position of the material and z = 0 at he focus,
zy = kw? /2 is the Rayleigh range, w, is the beam waist at focus, I, is the intensity of laser
beam at the focus, and L. is the effective thickness of the material and given as L.sr =

[1— e %L]/ay,, L is the thickness of the material.

In model 2, to indicate the effects of defect states on the NA, the Z-scan data was also fitted by
using a theoretical model which includes the OPA, TPA, FCA, and their saturations given in

following equations 7,

dl al BI? 0oANI

dz' — 14I/Isar  1412/1¢4p  1+12/124p

(®)



where [ is the output intensity propagates from the crystals, z’ is the propagation distance of
light inside the crystal, Isat is the saturation intensity threshold, g is the TPA coefficient, oo is

FCA cross-section, and 4N is a function of o and p.

N = (JTO/ hwo) ! ©

where 10 is the pulse duration of laser and wo is the beam waist at the focus. Therefore, equation

(3) becomes the equation (5) as following.

da . a BesfI? _

dz' —  1+I/Isar  1412/1%4p f ()
and

Bery =B+ (7 pay) ®)

where B, is effective TPA coefficient obtained from the analysis of Z-scan data by model 2.
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Figure 6. Z-scan data fits of TIInSSe and Tl2In,S3Se crystals performed by using (a, ¢) model
1 and (b, d) model 2.



The normalized transmittance of TIInSSe and Tl2In2S3Se crystals decreased with input intensity
increasing from 29.8 and 98.6 GW/m? to 74.6 and 246.7 GW/m?, respectively, then it refers to
the NA. In general, NA performance depends on factors such as bandgap, laser excitation
wavelength, and localized defects. The incident beam energy that is 1.16 eV is higher than half
of the band gap energy (Eq > 1.16 eV > Eg/2), and therefore TPA is allowed %. Thus, TPA is
the main nonlinear absorption mechanism in TIInSSe and Tl2In,SsSe crystals under 1064 nm
wavelength excitations. Additionally, it is possible that electrons can be excited to localized
defect states at around Urbach energies by OPA. Some of the excited electrons to conduction
band may also lose their energy and were trapped by the localized defect states having smaller
energy. In addition, the other electrons were excited from defect states to the conduction band
by excited state absorption (ESA). This process which includes OPA and ESA is known as

sequential TPA. A schematic illustration of the TPA mechanisms is given in Figure 7.
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Figure 7. Schematic illustration of the TPA mechanisms.

In order to reveal the contributions of defect states to NA through OPA and ESA mechanisms,
open aperture Z scan data were fitted with model 1 and model 2 detailed above. Therefore, the
NA coefficients (8) and (B.s) were obtained from the theoretical fits of the Z-scan data by
using Eq. (4) and Eq. (5), respectively. Results are listed in Table 1 and Table 2. The g values
of TIInSSe crystal decreased from 4.49 x 102°m/W to 1.58 x 10" m/W with increasing input
intensity from 29.8 GW/m? to 99.5 GW/m?. The Berr also indicated a decrease from 6.05 x 10°
& m/W to 1.95 x 10 m/W while the I, increased from 1.13 x 10 W/m? to 4.72 x 10** W/m?
with increasing input intensity. The fact that the g, values are 100 times higher than the

values reveals that the defect states also contribute to NA through OPA and ESA. The decrease



of B values was also observed in Tl2InSsSe crystal from 5.62 x 10° m/W to 2.99 x 10° m/W
with increasing input intensity from 98.6 GW/m? to 328.9 GW/m?. The B, decreased from
1.51 x 10 m/W to 8.77 x 10 m/W while the I, increased from 4.23 x 10'° W/m? to 1.02 x
10 W/m? with increasing input intensity from 98.6 GW/m? to 328.9 GW/m?. The fact that the
Berr Values are higher than the g values reveals that the defect states contribute to NA through
OPA and ESA. Intensity dependent SA behaviors were observed as shown in Fig. 6. Saturation
occurs if the pulse duration of the light source is shorter than the trapping time of the localized
defect states. It supports that the most of electrons are excited to higher energy states and the
ground state electrons are depleted at higher light intensities, called ground state bleaching %
. Additionally, when the appropriate energy levels for electrons to pass through under
excitation conditions are occupied, the excitation of more carriers is blocked due to the Pauli
exclusion principle and SA is observed . Therefore, filling the localized defect states
contributes to SA behavior while the input intensity increases. OPA always contributes to
saturation absorption due to the localized defect states since OPA is fluence dependent. When
the intensity increases, TPA (simultaneously) and ESA (sequential TPA) will increase and

contribute to saturation absorption.

Table 1. Model 1: the S values obtained from the Z scan fit considering only TPA of TlInSSe

and Tl2In2SsSe crystals with excitation wavelength (4.,.) and pulse duration (z).

Materials Aexc(m) T (ns) Iy (GW/m?) B (m/W)
TIInSSe 1064 4 29.8 4.49 x 10720
crystal 49.7 3.24 x 1010
74.6 2.28 x 1010
99.5 1.58 x 1010
Tl2InzS3Se 1064 4 98.6 5.62 x 10°
crystal 164.5 6.45 x 10°
246.7 478 x 10°
328.9 2.99x10°

Table 2. Model 2: Is,r and S, parameters from the Z scan fits considering the defect states of

T1InSSe and Tl21n2S3Se crystals with excitation wavelength (4.,.) and pulse duration (7).

Materials Aexc(nM) T (NS) I, (GW/m?) Igsr (W/m?) Bess (m/W)

TIINSSe 1064 4 29.8 1.13 x 101 6.05 x 108
Crystal 49.7 1.72 x 10 4.09 x 108




74.6 2.59 x 10% 2.76 x 10°®

99.5 4.72 x 101 1.95x 108
Tl2In,S3Se 1064 4 98.6 4.23 x 101° 151x 10
Crystal 164.5 5.78 x 10% 1.65x 108
246.7 8.59 x 10% 1.16 x 10°®
328.9 1.02 x 101 8.77 x 10°°

3.5. Optical limiting properties

The optical limiting quality of a material is determined by a threshold that corresponds to a
fluence value where the normalized transmittance curve begins to decrease. Therefore, the
threshold value must be as low as possible for a high-quality optical limiter. Figure 8 illustrates
the normalized transmittance curves as a function of distance-dependent fluence of TIInSSe and

Tl2In2SsSe crystals in the near-infrared region.

The distance dependency of the fluence can be determined by the following relation "2,

E
Tw?(2)t

1(z) = )

where E is the energy of incident light per pulse, w(z) is the distance dependent beam waist,

and t is the pulse duration. w(z) can be defined by the relation for Gaussian beam waist © given

as,
w?(z) = w} (1 + i) (10)
ZR
and
_ mwd 11
Zg = 2 (11)

where zy is the Rayleigh distance, w, is the beam waist at focal point, and.A is the wavelength

of the incident light.

The optical limiting threshold of TIInSSe and Tl21n>SsSe crystals was found to be 1.16 and 0.27
mJ/cm? at 29.8 and 98.6 GW/m? input intensities, respectively. Additionally, a comparison of
the results with some reported studies is given in Table 3. A good optical limiter requires as
low a limiting threshold as possible. Compared to materials in the crystal, thin film, and glass
form in the literature such as TIGaSe», TIGaS, InSe, InTe, and GexoTezsBis, Tl2In2S3Se crystal

has the best near-infrared limiting threshold in the table. TIInSSe crystal has both relatively low



limiting threshold value. Consequently, TIInSSe and Tl2In.S3Se crystals are promising optical

limiter candidates for the near-infrared applications.
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Figure 8. Fluence-dependent nonlinear absorption plots of (a) TlInSSe and (b) Tl2In2S3Se

crystals.

Table 3. Comparison of near-infrared optical limiting threshold values of reported materials.

Materials Aexc(nm) Thresholds (mJ/cm?) References
TlInSSe 1064 1.16 Present
Tl2In,SsSe 0.27 work
TIGaSe; 1064 0.38 2%
TIGaS; 0.54

InTe 1064 2.58 87
InTe:Er 1.16

Bi12TiO2 1064 5.45 &
GexTersBis 800 12 &
Al-doped InSe 1064 19 »
Bi,Tes/rGO-PVA 1064 520 6

4. CONCLUSIONS

The NA properties of TlInSSe and Tl2In,SsSe crystals were investigated under near-infrared
excitations (1064 nm) via OA Z-scan measurements at various light intensities. The lifetime of
localized defect states was found to be 8 ns, which is higher than the 4 ns pulse duration, by
femtosecond transient absorption spectroscopy. TPA is the main absorption mechanism in the

observed NA. Band gap energies are around 2.2 eV allow these crystals to indicate TPA under



near-infrared wavelength excitations (1.16 eV). On the other hand, when the NA contribution
of the defect states was taken into account, it was determined that the NA absorption
coefficients increased 100 times. This indicates that electrons retained in the defect state by
OPA contribute to NA via ESA (sequential TPA). In this way, TlInSSe and Tl2In2SsSe crystals
have better absorbing properties at high light intensities. It was observed that the examined
crystals showed SA behavior as the intensity increased. This suggests that in addition to the
major contribution of TPA to the observed SA, there is also a significant contribution of
sequential TPA. The NA behavior of TIInSSe and Tl2In2S3Se crystals enables them to be optical
limiting materials in the near infrared region. The optical limiting thresholds of TIInSSe and
Tl2In2S3Se crystals were found to be 1.16 mJ/cm?and 0.27 mJ/cm? at input intensities of 29.8
GW/m? and 98.6 GW/m?, respectively. These values are quite promising when compared to the
literature. TlInSSe and Tl2In2S3sSe crystals have an advantage in terms of application area
diversity, thanks to their NA and SA properties. NA properties provide these crystals with
potential for near-infrared optical limiting applications. Additionally, SA properties may make
these materials suitable for optical switching applications in optoelectronic devices.
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