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Since the emergence of graphene, transition metal dichalcogenides, and black phosphorus, two-dimensional ma-
terials have attracted significant attention and have driven the development of fundamental physics and optoelec-
tronic devices. Metal phosphorus trichalcogenides (MPX3), due to their large bandgap of 1.3–3.5 eV, enable the
extension of optoelectronic applications to visible and ultraviolet (UV) wavelengths. Micro-Z/I-scan (μ-Z/I-scan)
and micro-pump-probe (μ-pump-probe) setups were used to systematically investigate the third-order nonlinear
optical properties and ultrafast carrier dynamics of the representative material AgInP2S6. UV-visible absorption
spectra and density functional theory (DFT) calculations revealed a quantum confinement effect, in which the
bandgap decreased with increasing thickness. The two-photon absorption (TPA) effect is exhibited under the ex-
citation of both 520 and 1040 nm femtosecond pulses, where the TPA coefficient decreases as the AgInP2S6 thick-
ness increases. In contrast, the TPA saturation intensity exhibits the opposite behavior that the TPA saturation is
more likely to occur under visible excitation. After the valence band electrons undergo photon transitions to the
conduction band, the non-equilibrium carriers relax through non-radiative and defect-assisted recombination.
These findings provide a comprehensive understanding of the optical response process of AgInP2S6 and are a valu-
able reference for the development of optoelectronic devices. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.510142

1. INTRODUCTION

Two-dimensional (2D) materials with layered structures, such
as graphene, black phosphorus,MoS2, and the like, are consid-
ered some of the most promising and valuable nanomaterials
because of their unique physicochemical properties, and they
have been proven to have critical applications in the fields
of optoelectronics [1–6], catalysis [7–9], solar cells [10–13],
and sensors [14–17]. Graphene has excellent physical proper-
ties, such as high electron mobility, high thermal conductivity,
and strong toughness [18–20], but its development in optoelec-
tronic devices is limited by the centrosymmetric structure and
zero-bandgap [21,22]. Black phosphorus possesses a high
charge-carrier mobility and broadband bandgap tunability
[23,24], but its nonlinear optical properties degrade rapidly be-
cause of poor air stability. Transition metal dichalcogenides
(TMDs) have a bandgap in the near-infrared to visible region
[25,26] and exhibit excellent performance in areas such as

electronics and catalysis. However, the small bandgap limits
their potential applications at higher photon energies [27].
Therefore, developing structurally stable 2D materials with a
large bandgap would benefit applications in a broad wavelength
range.

Since the discovery of metal phosphorus trichalcogenides
(MPX3) by Friedel and Ferrand more than a century ago
[28–30], a large family of layered compounds has been syn-
thesized and studied, and more than 200 compounds have been
developed, far more than the TMD family [27,31]. The variety
of functionalities exhibited byMPX3 compounds is mainly due
to the structure of the metal cations. Because of the inter-
changeability of their metal elements,MPX3 compounds cover
a wide bandgap range of 1.3–3.5 eV [32–34], enabling the ex-
pansion of optoelectronic applications into the visible and UV
wavelengths. This wide-bandgap structure combining mag-
netic, electronic, ferroelectric, and optical intercalation proper-
ties performs well in many applications such as catalysis
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[27,35,36], field-effect transistors [37–39], photodetectors
[40,41], chemical sensors [42–44], and energy storage devices
[45–47]. MPX3 is a class of layered crystalline materials where
the interlayer coupling is a relatively weak van der Waals inter-
action. Because of their low formation energy, these layered
structures can be easily exfoliated from crystals and show
unique electronic properties compared to their crystalline struc-
tures. Weak dielectric shielding, strong light-matter inter-
actions, and firmly bound excitons are the characteristics of
low-dimensional MPX3 [32].

AgInP2S6 is a member of the MPX3 crystal family, which
belongs to a tripartite crystal system with a centrosymmetric
structure exhibiting ABAB stacking. The unique layered struc-
ture consists of two layers of S atoms sandwiched between the
metal ions and P2 pairs. The S atoms comprise closely-packed
surfaces, forming a regular pattern of octahedral coordination
sites, with 2/3 of the octahedral centers occupied by the metal
cations Ag� and In�, and the remaining 1/3 filled by P-P
dimers. The layers are rotated by 180° around the Oz crystal
axis and separated by a van der Waals gap. Each Ag-centered
polyhedron is connected to three In-centered polyhedra with
triple rotational symmetry. The high covalency of the
Ag-�P2S6� bonds and strong hybridization of the 4d- and 5s-
orbitals of the Ag atoms provide stable crystal properties
[48]. AgInP2S6 crystal with an appropriate bandgap structure
(Eg � ∼2.0 eV) is favored for visible light absorption and has
important applications in photo-driven reduction reactions,
and the centrosymmetric structure is conducive to the improve-
ment of catalytic product yields and the enrichment of product
species [49]. AgInP2S6 belongs to the category of indirect

bandgap semiconductors, and its lamellar structure allows
for greater flexibility in tuning the bandgap. By choosing suit-
able contact metals and appropriate thicknesses, the AgInP2S6
nanosheet photodetector exhibits fast response rate with re-
sponse/recovery time down to ∼1∕2 ms, and the AgInP2S6 de-
vices do not require any special protective treatments due to
their excellent thermal robustness [50]. The nonlinear optical
activities and ultrafast carrier dynamics of AgInP2S6 can be
studied to have a comprehensive understanding of its optical
properties. The optical and electronic properties can be ad-
justed by changing the thickness of the sample, which is of great
significance for the application of AgInP2S6 in optoelectronic
devices.

In this study, we prepared a series of AgInP2S6 flakes with
different thicknesses using chemical vapor transport (CVT) and
mechanical exfoliation (ME). X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), and X-ray photoelectron spec-
troscopy (XPS) were used to characterize the quality of the ob-
tained flakes. The band structure and vibrational modes were
analyzed using Raman and absorption spectroscopy. The third-
order nonlinear optical properties were investigated using
micro-Z/I-scan (μ-Z/I-scan) setup with 520 and 1040 nm fem-
tosecond laser. μ-pump-probe and photoluminescence (PL)
spectroscopy were used to study the carrier relaxation process.

2. RESULTS AND DISCUSSION

The AgInP2S6 crystal was synthesized in a two-zone furnace
using CVT and exhibited a bright yellowish-brown color.

Fig. 1. (a) Typical XRD pattern of AgInP2S6 crystal. (b) XPS survey scan and (c) Ag 3d, (d) In 3d, (e) P 2p, and (f ) S 2p region of AgInP2S6.
Black dots and red solid lines represent experimental and fitting results, respectively. (g) TEM image of AgInP2S6. The top-right inset is the SAED.
(h) SEM image and (i) EDS results of AgInP2S6.
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The crystal structure was characterized by XRD measurements,
as shown in Fig. 1(a). A set of sharp diffraction peaks was ob-
served in the XRD pattern, with a strong peak at 13.71° attrib-
uted to the (002) facet, and two weak peaks at 41.89° and
56.93° attributed to the (006) and (008) facets, respectively,
which are in good agreement with the simulated one from
the crystal structure of PDF#40-0634 with the P3̄1c space
group. The intensity of the (00l ) peak and the disappearance
of other diffraction peaks indicate that the sample is in the
nanocrystalline form and mainly crystallizes along the c-axis.
The complete XPS spectrum shown in Fig. 1(b) indicates
the presence of Ag, In, P, and S, in addition to the ubiquitous
C and O elements, confirming the synthesis of the crystal.
Figures 1(c)–1(f ) illustrate the binding energy and verify the
high quality of AgInP2S6. Ag elements generate peaks at
366.81 eV and 372.80 eV, and the main peaks of In are located
at 444.00 eV and 451.53 eV, respectively. The split-peak fitting
shows that the two peaks of P atoms correspond to 130.76 and
132.75 eV, while the two peaks of S atoms correspond to
160.91 and 162.19 eV, respectively. The binding energies of
the AgInP2S6 atoms were consistent with those reported in
the literature [51]. The HRTEM images and corresponding
selected-area electron diffraction (SAED) patterns provide a
comprehensive study of the microstructure. Figure 1(g) shows
well-defined lattice fringes with a face-to-face spacing of
0.30 nm and 0.33 nm, corresponding to the (110) and
(103) face of AgInP2S6, respectively, with an interfacial angle
of 60°. The SAED reveals an ordered array of spots [Fig. 1(g),
inset], confirming the single crystal nature of the AgInP2S6. As
shown in Fig. 1(h), the SEM images show that the sample has a
clear layered structure. Energy dispersive spectroscopy (EDS)
results are illustrated in Fig. 1(i), demonstrating a uniform

spatial distribution of Ag, In, P, and S, which can better reflect
the elemental distribution of the entire crystal owing to the rel-
atively large depth of EDS susceptibility.

As shown in Fig. 2(a), we prepared six AgInP2S6 flakes (la-
beled S1–S6) with thicknesses of 11.14, 21.15, 23.76, 29.29,
102.95, and 443.74 nm using the ME technique. Raman spec-
tra were obtained with 532 nm continuous-wave (CW) laser at
room temperature to study the structure and vibrational modes.
As can be seen in Fig. 2(b), the Raman peaks are located at
182.08, 253.41, 374.74, and 560.44 cm−1 corresponding to
the S-P-P, S-P-S, P-P, and P-S modes. The Raman modes
in the high-frequency region (200–600 cm−1) are mainly
attributed to the internal vibrations of the �P2S6�4− unit,
whereas the Raman spectra in the low-frequency part
(<200 cm−1) are mainly affected by the vibrations of the metal
atoms. The Raman signals are significantly enhanced with in-
creasing sample thickness, but we did not observe any signifi-
cant frequency shifts in the Raman modes, which may be
attributed to the weak interlayer interactions.

The UV-visible absorption spectra measured by MStarter
ABS system [52,53] are given in Fig. 2(c), which shows a
gradual increase with decreasing wavelength. This demonstrates
that AgInP2S6 has significant application potential in UV-vis-
ible photodetectors. As shown in Fig. 2(d) and the inset, we
used the Tauc plot method to calculate the energy band struc-
ture of the flakes, and the optical bandgap was determined to be
2.57, 2.41, 2.37, 2.28, 2.11, and 2.00 eV, respectively. With an
increase in the sample thickness, the bandgap decreases gradu-
ally, which shows a strong quantum constraint effect in the
transverse direction. A large bandgap can effectively reduce
the intrinsic ionization effect caused by thermal radiation
and resist environmental thermal perturbations [49].

Fig. 2. (a) Optical image of AgInP2S6 flakes with different thicknesses exfoliated on a quartz substrate. (b) Room temperature Raman spectra
obtained under 532 nm CW laser excitation. (c) UV-visible absorption spectra of AgInP2S6 flakes. (d) Tauc plots and the optical bandgap of
AgInP2S6 flakes with different thicknesses.
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The band structure and bandgap parameters of AgInP2S6
were calculated using the DFT approach [54] in the first-prin-
ciples method, which helps us understand the qualitative as-
pects of the electronic properties, showing the indirect
bandgap in both the few-layer and bulk samples. In the
DFT method part, we adopted the GGA-PBE functional
[55] and the plane-wave basis function under the generalized
gradient approximation [56]. The calculation process uses the
quasi-Newton method and dispersion correction [57] to opti-
mize the structure and then the self-consistent wave function is
calculated. The K points in all the calculations were unified as
11 × 11 × 1. Finally, we used the complex energy band correc-
tion algorithm [58] for ultrathick energy bands (100 and
400 nm). The results are shown in Figs. 3(a)–3(d). The indirect
bandgap of the monolayer sample is 2.1 eV, and the conduc-
tion band minima and valence band maxima are located at the
Γ and K points in the two-dimensional Brillouin zone, respec-
tively. The calculations in Fig. 3(e) indicate that the indirect
bandgap decreases to 1.29 eV as the thickness increases to
400 nm. Although the DFT calculations usually underestimate
the bandgap, this trend agrees well with the Tauc plots exper-
imental results.

Figure 4(a) shows the μ-Z/I-scan setup used for the nonlin-
ear optical activity experiment of small size samples. The exci-
tation laser source is a 380 fs pulse at 1040 nm and its second
harmonic at 520 nm, with a pulse repetition rate of 1 kHz. The
incident laser energy is changed by a motorized attenuation fil-
ter and focused through a 20× objective lens, with beam waists
of ∼2.09 μm and ∼3.53 μm at the focus of the 520 nm and
1040 nm, respectively. The sample is placed on a motorized

translation stage that moves in and out of the focal region from
−150 to �150 μm. We utilize a 50× objective lens to collect
the signal light, and the nonlinear optical response of the sam-
ple is recorded by measuring the intensity change of the laser
using detectors PD0, PD1, and PD2, with a small aperture di-
aphragm placed in front of PD2 to partially block the trans-
mitted signal. To ensure precise targeting during the
measurement, the focal position is visualized using a white light
source and a CCD camera.

The third-order nonlinear optical properties of 443.74 nm
AgInP2S6 were studied using μ-Z-scan technique, and previous
studies demonstrated the reliability of this setup by testing InSe
flakes [59]. Figures 4(b) and 4(c) illustrate the open-aperture Z-
scan results of the 443.74 nm AgInP2S6 flakes under excitation
at 520 and 1040 nm, respectively. The data points represent the
experimental results, and the solid lines represent the fitting
results. Note that we did not observe any obvious nonlinear
optical signal from the substrate, and these responses come
solely from the AgInP2S6. The sample’s transmittance decreases
as it approaches the focal point; that is, the higher the excitation
energy, the lower the transmittance is. The valley value reduced
from ∼97% at 29.15 mJ∕cm2 to ∼93.8% at 43.72 mJ∕cm2,
and ∼99.4% at 76.63 mJ∕cm2 to ∼98.7% at 153.27 mJ∕cm2

under 520 nm and 1040 nm excitation, respectively, and the
shorter wavelength has larger optical absorption effect, which is
in good agreement with the linear absorption spectra. We did
not observe any nonlinear signals from the blank substrate, im-
plying that the nonlinear absorption originated from AgInP2S6.
The order of the nonlinear optical response can be identified by
the dependence of the normalized transmittance TNorm on the

Fig. 3. Theoretical band structure of (a) monolayer, (b) 10 nm, (c) 100 nm, and (d) 400 nm AgInP2S6. (e) Theoretical bandgap as a function of
thickness.
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incident laser intensity I. The equation of dependence is as fol-
lows [60,61]:

ln�1 − TNorm� � k × ln�I� � C0, (1)

where the slope k represents the nonlinear response order, for
example, k � 1 for TPA, k � 2 for three-photon absorption,
and so on; C0 is a constant. After fitting the open-aperture Z-
scan results (Fig. 5), we conclude that the slopes of AgInP2S6
are close to 1 for both 520 and 1040 nm, indicating that the
nonlinear absorption of the sample is degenerate TPA [62].

Different from nonlinear absorption, as shown in Figs. 4(d)
and 4(e), the closed-aperture Z-scan exhibits two different
shapes, which have been divided by the corresponding
open-aperture results to remove the influence of nonlinear op-
tics absorption. The normalized transmittance presents a valley

followed by a peak when the sample is scanned along the laser
propagation direction at 520 nm, indicating a self-focusing ef-
fect, whereas a peak followed by a valley under excitation of
1040 nm indicates a self-defocusing effect. We derive the non-
linear absorption coefficients β and nonlinear refractive index
n2 obtained from the open- and closed-aperture Z-scan results
using the analytical solution of the Z-scan curves, respectively
[63,64]. Because the linear absorption can be neglected
[65,66], the real and imaginary parts of the third-order non-
linear optical susceptibility Re χ �3� and Im χ�3� can be further

derived from Reχ�3� � n20c
12π2

n2 × 10−7 and Imχ�3� � 10−7cλn2
96π2

β,
where c and λ are the velocity and wavelength of incident laser,
and n is the refractive index. We can use the figure of merit
(FOM) to eliminate the differences in nonlinear magnetization
caused by different linear absorption coefficients, which can be

Fig. 4. (a) Schematic of the μ-Z/I-scan setup used for the nonlinear optical activities experiment. (b) Open-aperture and (d) closed-aperture Z-
scan results of the 443.74 nm AgInP2S6 flake at 520 nm femtosecond pulse. (c) Open-aperture and (e) closed-aperture Z-scan results of 443.74 nm
AgInP2S6 flake at 1040 nm femtosecond pulse.
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calculated from FOMRe � j Reχ�3�α0
j and FOMIm � j Imχ�3�

α0
j,

where α0 is the linear absorption coefficient. These parameters
are all summarized in Table 1.

For other thinner AgInP2S6 flakes, due to their small trans-
verse sizes, we can only use μ-I-scan to study the nonlinear ab-
sorption properties. Although previous work has proved the
reliability of the setup [59,67], we also utilize μ-I-scan to first
study the AgInP2S6 flake with the thickness of 443.74 nm. The
results under the excitation of 520 nm and 1040 nm lasers are
shown in Figs. 6(a) and 6(b), and we fitted the I-scan results
according to the light propagation equation [67,68]:

dI
dz

� −α0I − β�I�I 2, (2)

where β�I� is the TPA coefficient, I is the incident laser inten-
sity, and z is the sample thickness. It is worth noting that the
TPA coefficient β�I� is a function of the incident laser intensity
I . Since the AgInP2S6 flakes will have defects during the prepa-
ration process, a non-uniform broadening model can be used to
fit our experimental results [69]:

β�I� � β0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �I∕I s�2

p , (3)

where β0 is the TPA coefficient under weak excitation, and I s is
the TPA saturation intensity. We obtained the TPA coefficients
of the 443.74 nm AgInP2S6 flake excited at 520 nm and
1040 nm, which are 22.32 cm/GW and 2.47 cm/GW, respec-
tively. This is similar to the fitting results of the Z-scan,

Fig. 5. Relationship graphs between ln�1 − T �z�� and ln�I� of 443.74 nm AgInP2S6 flake under the excitation of (a)–(c) 520 nm and
(d)–(f ) 1040 nm femtosecond pulses.

Table 1. Linear and Nonlinear Optical Parameters of the 443.74 nm AgInP2S6 Flake

Thickness (nm) Laser (nm) α0 (cm−1) β0 (cm/GW) Imχ �3� (esu) FOMIm (esu cm) n2 (cm2∕W) Reχ �3� (esu) FOMRe (esu cm)

443.74 520 8098.79 21.33 4.34 × 10−13 5.37 × 10−17 3.26 × 10−14 1.02 × 10−17 1.26 × 10−21
1040 1753.39 1.21 6.73 × 10−14 3.84 × 10−17 −3.60 × 10−15 −1.54 × 10−18 −8.78 × 10−22

Fig. 6. μ-I-scan results of the AgInP2S6 flakes under the excitation of (a) 520 nm and (b) 1040 nm femtosecond pulses, respectively.
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21.33 cm/GW and 1.21 cm/GW, respectively, fully demon-
strating the consistency and accuracy of the results of the
two methods. Therefore, we studied the AgInP2S6 flakes with
other thicknesses by μ-I-scan, and as can be seen from Figs. 6(c)
and 6(d), the normalized transmittance decreases first and then
increases as the incident intensity increases, which is a typical
TPA saturation phenomenon. The normalized transmittance
variation increased from 1.9% to 4.5% as the sample thickness
increased under 520 nm excitation, whereas the normalized
transmittance variation under 1040 nm excitation increased
only from 0.5% to 3.3%, significantly smaller than the results
of 520 nm, which is also consistent with the Z-scan results. The
corresponding fitting results are shown in Table 2. The TPA
coefficient decreases, and the saturation intensity increases with
the increase of AgInP2S6 thickness, possibly originating from
layer-dependent exciton effects and detuning of the resonant
TPA effect [69]. And we can find the TPA coefficient under
520 nm excitation is one order larger than that at 1040 nm. In
contrast, the saturation absorption intensity at 520 nm is one
order smaller than that at 1040 nm, which implies that the
AgInP2S6 flakes are more easily saturated with TPA under vis-
ible light excitation.

To further investigate the nonlinear absorption mechanism
and ultrafast carrier dynamics of the AgInP2S6 flakes, non-de-
generate time-resolved reflection μ-pump-probe measurements
were performed with a pump laser at 520 nm and a probe laser
at 1040 nm [Fig. 7(a)]. The laser source is generated by a fem-
tosecond laser with the center wavelength of 1040 nm, pulse
width of 380 fs, and pulse repetition rate of 100 kHz. The in-
cident laser is divided into two parts by a beam splitter, one of
which is a 1040 nm laser for probe light, and the other is
doubled to 520 nm by a BBO crystal as a pump light. We
set a time delay between the pump light and the probe light
by a retroreflector located on the motorized translation stage
in the pump light path. It is defined as the zero-delay position
when the pump and probe light pulses reach the sample posi-
tion at the same time. The two beams are focused through a
50× objective lens, and the signal reflected from the sample is
collected by detector PD1, where the pump light is filtered out
by a 532 nm long-pass filter. Similarly, to ensure that the pump
and probe beams are accurately focused at the same position,
the focal position from the opposite side of the sample is visu-
alized using a white light source and a CCD camera.

The non-degenerate pump-probe results of the 443.74 and
102.95 nm AgInP2S6 flakes are shown in Figs. 7(b) and 7(c), in
which the excitation intensity of the pump laser varies from

1.07 to 1.79 GW∕cm2, and the probe laser intensity is
0.02 GW∕cm2, which is much lower than the pump laser in-
tensity. All the samples exhibit same reflectivity variation pat-
terns, indicating same nonlinear optical response mechanism.
The ultrafast dynamic process mainly consists of three stages.
(I) The differential reflectance ΔR∕R decreases rapidly and
reaches its minimum value within a few hundred femtoseconds.
(II) A fast recovery of the positive ΔR∕R occurs within a few
tens of ps. (III) A slow recovery lasting over 50 ps occurs. The
linear dependence of the peak ΔR on the pump intensity con-
firms the TPA effect of AgInP2S6, which is consistent with our
I-scan results.

The ultrafast dynamic results generally show a laser-induced
absorption process followed by a slow relaxation process. The
experimental data were fitted using a bi-exponential model
[70,71]:

g�t� � A1 exp

�
−
t
τ1

�
� A2 exp

�
−
t
τ2

�
, (4)

where g�t� is the instantaneous absorption signal at the probe
wavelength, A1 and A2 are the corresponding amplitudes, t is
the delay time, and τ1 and τ2 are the lifetimes of fast and slow
excited carriers in the relaxation process, respectively.

The fitting results show that the fast relaxation time and
slow relaxation time of the 443.74 nm AgInP2S6 flake are
3.9 ps and 48.66 ps, respectively, and both relaxation times
increase significantly with the sample thickness decreasing to
102.95 nm, which are 61.76 ps and 61.60 ps, respectively.
This fast time constant proves that the photoexcited carriers
may undergo an intra-defect-band relaxation process [51].
PL spectroscopy was performed with a 532 nm CW laser, as
shown in Fig. 7(d), and a wide asymmetric peak centered at
∼590 nm can be observed in all the PL spectra, which is related
to deep-level defects [72]. The PL emission intensity varies with
the excitation intensity; however, the PL emission peak does
not change. We conclude that the wideband emission at
∼590 nm may be due to the radiative recombination of
non-equilibrium carriers in the localized defect state. As illus-
trated in Fig. 7(e), the PL emission intensity increases subli-
nearly with the excitation intensity and becomes saturated at
high excitation intensities, a typical feature of defect-assisted
emission [73]. Under laser excitation, valence band electrons
absorb photons, transition to the conduction band, and then
relax to the bottom of the conduction band. Some of the car-
riers recombine in a non-radiative recombination mode, while

Table 2. Fitting Parameters of the AgInP2S6 Flakes

520 nm 1040 nm

Thickness (nm) β0 (cm/GW) I s (GW∕cm2) Imχ �3� (esu) FOMIm (esu cm) β0 (cm/GW) I s (GW∕cm2) Imχ �3� (esu) FOMIm (esu cm)

11.14 6.06 × 102 3.48 × 101 1.23 × 10−11 1.23 × 10−16 9.79 × 101 0.60 × 102 5.44 × 10−12 9.72 × 10−17
21.15 5.17 × 102 6.18 × 101 1.05 × 10−11 7.14 × 10−17 9.10 × 101 2.49 × 102 5.06 × 10−12 9.45 × 10−17
23.76 5.01 × 102 7.49 × 101 1.02 × 10−11 5.96 × 10−17 8.07 × 101 3.80 × 102 4.49 × 10−12 6.48 × 10−17
29.29 4.16 × 102 8.79 × 101 8.47 × 10−12 4.80 × 10−17 7.61 × 101 5.53 × 102 4.23 × 10−12 6.12 × 10−17
102.95 1.11 × 102 7.33 × 101 2.26 × 10−12 7.56 × 10−17 6.35 × 101 6.12 × 102 3.53 × 10−12 7.14 × 10−17
443.74 0.22 × 102 8.08 × 101 4.48 × 10−13 5.53 × 10−17 0.25 × 101 6.18 × 102 1.39 × 10−13 7.93 × 10−17
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the rest undergo radiative recombination through the de-
fect level.

3. CONCLUSION

In summary, a comprehensive analysis of the nonlinear optical
activity of AgInP2S6 was performed. AgInP2S6 flakes with dif-
ferent thicknesses were prepared by CVT and ME and charac-
terized by XRD, SEM, HRTEM, XPS, and Raman
spectroscopy. μ-Z/I-scan measurements show that AgInP2S6
has a TPA response both under 520 and 1040 nm femtosecond
laser excitation. The sample exhibited self-focusing and

self-defocusing under excitation at 520 and 1040 nm, respec-
tively. The TPA coefficient of the AgInP2S6 flakes decreased
with increasing thickness, whereas the TPA saturation intensity
exhibited the opposite behavior. The TPA coefficient under
520 nm excitation is an order of magnitude larger than that
under 1040 nm excitation, while the saturation intensity at
520 nm is an order of magnitude smaller than that at 1040 nm,
indicating that the AgInP2S6 flakes are more likely to be satu-
rated in the visible range. In addition, ultrafast carrier dynamics
and PL spectroscopy revealed that the AgInP2S6 flakes first
exhibited laser-induced absorption, followed by carrier relaxa-
tion processes, including non-radiative and defect-level-assisted

Fig. 7. (a) Schematic of the μ-pump-probe setup used for the ultrafast carrier dynamics experiment. Carrier relaxation process with different
pump intensities of the (b) 443.74 nm and (c) 102.95 nm AgInP2S6 flakes. The insets shows ΔR∕R versus the pump intensity at zero-time delay.
(d) Excitation intensity-dependent PL spectra of 443.74 nm AgInP2S6 obtained under CW laser excitation at 532 nm. (e) Maximum PL intensity as
a function of excitation intensity.
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recombination processes. Detailed characterizations of the lin-
ear and nonlinear optical aspects and ultrafast carrier dynamics
are conducive to the important application of AgInP2S6 in
optoelectronic devices.

Funding. National Natural Science Foundation of China
(12174414); Shanghai Science and Technology International
Cooperation Fund (19520743900); Strategic Priority
Research Program of Chinese Academy of Sciences
(XDB43010303); China Postdoctoral Science Foundation
(2023M743248).

Disclosures. The authors declare no conflicts of interest.

Data Availability. Data underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

REFERENCES
1. M. Amani, C. L. Tan, G. Zhang, et al., “Solution-synthesized high-

mobility tellurium nanoflakes for short-wave infrared photodetectors,”
ACS Nano 12, 7253–7263 (2018).

2. K. F. Mak and J. Shan, “Photonics and optoelectronics of 2D semi-
conductor transition metal dichalcogenides,” Nat. Photonics 10,
216–226 (2016).

3. M. Ye, J. J. Zha, C. L. Tan, et al., “Graphene-based mid-infrared pho-
todetectors using metamaterials and related concepts,” Appl. Phys.
Rev. 8, 031303 (2021).

4. F. C. Liu, S. J. Zheng, X. X. He, et al., “Highly sensitive detection of
polarized light using anisotropic 2D ReS2,” Adv. Funct. Mater. 26,
1169–1177 (2016).

5. T. J. Zhang, C. C. Zhou, J. Lin, et al., “Effects on the emission discrep-
ancy between two-dimensional Sn-based and Pb-based perovskites,”
Chin. Opt. Lett. 20, 021602 (2022).

6. G. Jang, H. Han, S. Ma, et al., “Rapid crystallization-driven high-
efficiency phase-pure deep-blue Ruddlesden–Popper perovskite
light-emitting diodes,” Adv. Photonics 5, 016001 (2023).

7. D. H. Deng, K. S. Novoselov, Q. Fu, et al., “Catalysis with two-
dimensional materials and their heterostructures,” Nat. Nanotechnol.
11, 218–230 (2016).

8. Q. Fu and X. H. Bao, “Surface chemistry and catalysis confined under
two-dimensional materials,” Chem. Soc. Rev. 46, 1842–1874 (2017).

9. F. R. Fan, R. X. Wang, H. Zhang, et al., “Emerging beyond-graphene
elemental 2D materials for energy and catalysis applications,” Chem.
Soc. Rev. 50, 10983–11031 (2021).

10. S. Das, D. Pandey, J. Thomas, et al., “The role of graphene and other
2D materials in solar photovoltaics,” Adv. Mater. 31, 1802722 (2019).

11. Z. K. Liu, S. P. Lau, and F. Yan, “Functionalized graphene and other
two-dimensional materials for photovoltaic devices: device design and
processing,” Chem. Soc. Rev. 44, 5638–5679 (2015).

12. F. Zhang, H. P. Lu, J. H. Tong, et al., “Advances in two-dimensional
organic-inorganic hybrid perovskites,” Energy Environ. Sci. 13, 1154–
1186 (2020).

13. F. K. Sun, B. N. Wu, and S. Y. Jin, “Large bandgap oscillations in two-
dimensional Dion-Jacobson phase perovskites caused by coherent
longitudinal acoustic phonons [Invited],” Chin. Opt. Lett. 20, 100010
(2022).

14. C. H. Dai, Y. Q. Liu, and D. C. Wei, “Two-dimensional field-effect tran-
sistor sensors: the road toward commercialization,” Chem. Rev. 122,
10319–10392 (2022).

15. X. H. Liu, T. T. Ma, N. Pinna, et al., “Two-dimensional nanostructured
materials for gas sensing,” Adv. Funct. Mater. 27, 1702168 (2017).

16. D. Tyagi, H. D. Wang, W. C. Huang, et al., “Recent advances in two-
dimensional-material-based sensing technology toward health and
environmental monitoring applications,” Nanoscale 12, 3535–3559
(2020).

17. H. Y. Yao, Z. Q. Sun, L. J. Liang, et al., “Hybrid metasurface using
graphene/graphitic carbon nitride heterojunctions for ultrasensitive
terahertz biosensors with tunable energy band structure,” Photonics
Res. 11, 858–868 (2023).

18. L. Banszerus, M. Schmitz, S. Engels, et al., “Ultrahigh-mobility gra-
phene devices from chemical vapor deposition on reusable copper,”
Sci. Adv. 1, e1500222 (2015).

19. A. A. Balandin, S. Ghosh, W. Z. Bao, et al., “Superior thermal conduc-
tivity of single-layer graphene,” Nano Lett. 8, 902–907 (2008).

20. J. S. Bunch, A. M. van der Zande, S. S. Verbridge, et al., “Electro-
mechanical resonators from graphene sheets,” Science 315, 490–493
(2007).

21. S. L. Zhang, Z. Yan, Y. F. Li, et al., “Atomically thin arsenene and
antimonene: semimetal–semiconductor and indirect-direct band-gap
transitions,” Angew. Chem. Int. Ed. 54, 3112–3115 (2015).

22. P. A. Hu, L. F. Wang, M. Yoon, et al., “Highly responsive ultrathin GaS
nanosheet photodetectors on rigid and flexible substrates,” Nano Lett.
13, 1649–1654 (2013).

23. S. B. Lu, L. L. Miao, Z. N. Guo, et al., “Broadband nonlinear optical
response in multi-layer black phosphorus: an emerging infrared and
mid-infrared optical material,” Opt. Express 23, 11183–11194 (2015).

24. L. K. Li, Y. J. Yu, G. J. Ye, et al., “Black phosphorus field-effect tran-
sistors,” Nat. Nanotechnol. 9, 372–377 (2014).

25. K. F. Mak, C. Lee, J. Hone, et al., “Atomically thin MoS2: a new direct-
gap semiconductor,” Phys. Rev. Lett. 105, 136805 (2010).

26. Y. G. Li, Y. L. Li, C. M. Araujo, et al., “Single-layer MoS2 as an efficient
photocatalyst,” Catal. Sci. Technol. 3, 2214–2220 (2013).

27. M. Chhowalla, H. S. Shin, G. Eda, et al., “The chemistry of two-
dimensional layered transition metal dichalcogenide nanosheets,”
Nat. Chem. 5, 263–275 (2013).

28. M. C. Friedel, “Soufre et ses composés—sur une nouvelle série de
sulfophosphures, les thiohypophosphates,” C. R. l’Academie. Sci.
Ser. III 119, 260 (1894).

29. L. Ferrand, Bull. Soc. Chie. Fr. 13, 115 (1895).
30. F. M. Wang, T. A. Shifa, P. Yu, et al., “New frontiers on van der Waals

layered metal phosphorous trichalcogenides,” Adv. Funct. Mater. 28,
1802151 (2018).

31. M. A. Susner, M. Chyasnavichyus, M. A. McGuire, et al., “Metal
thio- and selenophosphates as multifunctional van der Waals layered
materials,” Adv. Mater. 29, 1602852 (2017).

32. R. Samal, G. Sanyal, B. Chakraborty, et al., “Two-dimensional tran-
sition metal phosphorous trichalcogenides (MPX3): a review on
emerging trends, current state and future perspectives,” J. Mater.
Chem. A 9, 2560–2591 (2021).

33. K. Z. Du, X. Z. Wang, Y. Liu, et al., “Weak van der Waals stacking,
wide-range band gap, and Raman study on ultrathin layers of metal
phosphorus trichalcogenides,” ACS Nano 10, 1738–1743 (2016).

34. X. Zhang, X. D. Zhao, D. H. Wu, et al., “MnPSe3 monolayer: a prom-
ising 2D visible-light photohydrolytic catalyst with high carrier mobil-
ity,” Adv. Sci. 3, 1600062 (2016).

35. F. M. Wang, T. A. Shifa, P. He, et al., “Two-dimensional metal phos-
phorus trisulfide nanosheet with solar hydrogen-evolving activity,”
Nano Energy 40, 673–680 (2017).

36. D. Mukherjee, P. M. Austeria, and S. Sampath, “Few-layer iron sele-
nophosphate, FePSe3: efficient electrocatalyst toward water splitting
and oxygen reduction reactions,” ACS Appl. Energy Mater. 1, 220–
231 (2018).

37. S. Lee, K. Y. Choi, S. Lee, et al., “Tunneling transport of mono- and
few-layers magnetic van der Waals MnPS3,” Appl. Mater. 4, 086108
(2016).

38. R. N. Jenjeti, R. Kumar, M. P. Austeria, et al., “Field effect transistor
based on layered NiPS3,” Sci. Rep. 8, 8586 (2018).

39. R. Kumar, R. N. Jenjeti, M. P. Austeria, et al., “Bulk and few-layer
MnPS3: a new candidate for field effect transistors and UV photode-
tectors,” J. Mater. Chem. C 7, 324–329 (2019).

40. J. W. Chu, F. M. Wang, L. Yin, et al., “High-performance ultraviolet
photodetector based on a few-layered 2D NiPS3 nanosheet,” Adv.
Funct. Mater. 27, 1701342 (2017).

41. Y. Gao, S. J. Lei, T. T. Kang, et al., “Bias-switchable negative and
positive photoconductivity in 2D FePS3 ultraviolet photodetectors,”
Nanotechnology 29, 244001 (2018).

Research Article Vol. 12, No. 4 / April 2024 / Photonics Research 699

https://doi.org/10.1021/acsnano.8b03424
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1063/5.0049633
https://doi.org/10.1063/5.0049633
https://doi.org/10.1002/adfm.201504546
https://doi.org/10.1002/adfm.201504546
https://doi.org/10.3788/COL202220.021602
https://doi.org/10.1117/1.AP.5.1.016001
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1039/C6CS00424E
https://doi.org/10.1039/C9CS00821G
https://doi.org/10.1039/C9CS00821G
https://doi.org/10.1002/adma.201802722
https://doi.org/10.1039/C4CS00455H
https://doi.org/10.1039/C9EE03757H
https://doi.org/10.1039/C9EE03757H
https://doi.org/10.3788/COL202220.100010
https://doi.org/10.3788/COL202220.100010
https://doi.org/10.1021/acs.chemrev.1c00924
https://doi.org/10.1021/acs.chemrev.1c00924
https://doi.org/10.1002/adfm.201702168
https://doi.org/10.1039/C9NR10178K
https://doi.org/10.1039/C9NR10178K
https://doi.org/10.1364/PRJ.482256
https://doi.org/10.1364/PRJ.482256
https://doi.org/10.1126/sciadv.1500222
https://doi.org/10.1021/nl0731872
https://doi.org/10.1126/science.1136836
https://doi.org/10.1126/science.1136836
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1021/nl400107k
https://doi.org/10.1021/nl400107k
https://doi.org/10.1364/OE.23.011183
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1039/c3cy00207a
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adma.201602852
https://doi.org/10.1039/D0TA09752G
https://doi.org/10.1039/D0TA09752G
https://doi.org/10.1021/acsnano.5b05927
https://doi.org/10.1002/advs.201600062
https://doi.org/10.1016/j.nanoen.2017.09.017
https://doi.org/10.1021/acsaem.7b00101
https://doi.org/10.1021/acsaem.7b00101
https://doi.org/10.1063/1.4961211
https://doi.org/10.1063/1.4961211
https://doi.org/10.1038/s41598-018-26522-1
https://doi.org/10.1039/C8TC05011B
https://doi.org/10.1002/adfm.201701342
https://doi.org/10.1002/adfm.201701342
https://doi.org/10.1088/1361-6528/aab9d2


42. R. Kumar, R. N. Jenjeti, and S. Sampath, “Bulk and few-layer 2D,
p-MnPS3 for sensitive and selective moisture sensing,” Adv. Mater.
Interfaces 6, 1900666 (2019).

43. R. Kumar, R. N. Jenjeti, and S. Sampath, “Two-dimensional, few-layer
MnPS3 for selective NO2 gas sensing under ambient conditions,” ACS
Sens. 5, 404–411 (2020).

44. R. N. Jenjeti, R. Kumar, and S. Sampath, “Two-dimensional, few-layer
NiPS3 for flexible humidity sensor with high selectivity,” J. Mater.
Chem. A 7, 14545–14551 (2019).

45. A. H. Thompson and M. S. Whittingham, “Transition-metal phospho-
rus trisulfides as battery cathodes,” Mater. Res. Bull. 12, 741–744
(1977).

46. Q. H. Liang, Y. Zheng, C. F. Du, et al., “General and scalable
solid-state synthesis of 2D MPS3 (M = Fe, Co, Ni) nanosheets and
tuning their Li/Na storage properties,” Small Methods 1, 1700304
(2017).

47. Y. H. Ding, Y. Chen, N. Xu, et al., “Facile synthesis of FePS3

nanosheets@MXene composite as a high-performance anode
material for sodium storage,” Nano-Micro Lett. 12, 54 (2020).

48. T. Babuka, K. Glukhov, Y. Vysochanskii, et al., “Structural, electronic,
vibration and elastic properties of the layered AgInP2S6 semiconduct-
ing crystal—DFT approach,” RSC Adv. 8, 6965–6977 (2018).

49. W. Gao, S. Li, H. C. He, et al., “Vacancy-defect modulated pathway of
photoreduction of CO2 on single atomically thin AgInP2S6 sheets into
olefiant gas,” Nat. Commun. 12, 4747 (2021).

50. Q. J. Ye, Z. X. Deng, H. X. Yi, et al., “Quaternary AgInP2S6: a pros-
pective robust van der Waals semiconductor for high-speed photo-
detectors and their application in high-temperature-proof optical
communications,” Adv. Opt. Mater. 11, 2300463 (2023).

51. X. Zhao, X. J. Yin, D. Q. Liu, et al., “Ultrafast photocarrier dynamics
and nonlinear optical absorption of a layered quaternary AgInP2S6

crystal,” J. Phys. Chem. C 126, 6837–6846 (2022).
52. P. Wan, M. M. Jiang, Y. Wei, et al., “Junction-enhanced polariza-

tion sensitivity in self-powered near-infrared photodetectors based
on Sb2Se3 microbelt/n-GaN heterojunction,” Adv. Opt. Mater. 11,
2202080 (2023).

53. H. L. Zhang, Y. Li, X. Z. Hu, et al., “In-plane anisotropic 2D CrPS4 for
promising polarization-sensitive photodetection,” Appl. Phys. Lett.
119, 171102 (2021).

54. A. Seidl, A. Gorling, P. Vogl, et al., “Generalized Kohn-Sham schemes
and the band-gap problem,” Phys. Rev. B 53, 3764–3774 (1996).

55. J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient
approximation made simple,” Phys. Rev. Lett. 77, 3865–3868 (1996).

56. J. P. Perdew and W. Yue, “Accurate and simple density functional for
the electronic exchange energy: generalized gradient approximation,”
Phys. Rev. B 33, 8800–8802 (1986).

57. S. Grimme, “Density functional theory with London dispersion correc-
tions,” Wires Comput. Mol. Sci. 1, 211–228 (2011).

58. Y. C. Chang and J. N. Schulman, “Complex band structures of crys-
talline solids: an eigenvalue method,” Phys. Rev. B 25, 3975–3986
(1982).

59. C. D. Chen, N. N. Dong, J. W. Huang, et al., “Microscopic optical non-
linearities and transient carrier dynamics in indium selenide nano-
sheet,” Opt. Express 30, 17967–17979 (2022).

60. B. Gu, J. He, W. Ji, et al., “Three-photon absorption saturation in ZnO
and ZnS crystals,” J. Appl. Phys. 103, 073105 (2008).

61. L. Wang, S. F. Zhang, N. McEvoy, et al., “Nonlinear optical signatures
of the transition from semiconductor to semimetal in PtSe2,” Laser
Photonics Rev. 13, 1900052 (2019).

62. R. Li, N. N. Dong, F. Ren, et al., “Nonlinear absorption response cor-
related to embedded Ag nanoparticles in BGO single crystal: from
two-photon to three-photon absorption,” Sci. Rep. 8, 1977 (2018).

63. R. del Coso and J. Solis, “Relation between nonlinear refractive index
and third-order susceptibility in absorbing media,” J. Opt. Soc. Am. B
21, 640–644 (2004).

64. D. D. Smith, Y. Yoon, R. W. Boyd, et al., “Z-scan measurement of the
nonlinear absorption of a thin gold film,” J. Appl. Phys. 86, 6200–6205
(1999).

65. M. Sheikbahae, A. A. Said, T. H. Wei, et al., “Sensitive measurement
of optical nonlinearities using a single beam,” IEEE J. Quantum
Electron. 26, 760–769 (1990).

66. H. Ma, Y. A. Zhao, Y. C. Shao, et al., “Principles to tailor the saturable
and reverse saturable absorption of epsilon-near-zero material,”
Photonics Res. 9, 678–686 (2021).

67. Y. X. Li, N. N. Dong, S. F. Zhang, et al., “Giant two-photon absorption
in monolayer MoS2,” Laser Photonics Rev. 9, 427–434 (2015).

68. K. P. Wang, J. Wang, J. T. Fan, et al., “Ultrafast saturable absorption of
two-dimensional MoS2 nanosheets,” ACS Nano 7, 9260–9267 (2013).

69. N. N. Dong, Y. X. Li, S. F. Zhang, et al., “Saturation of two-photon
absorption in layered transition metal dichalcogenides: experiment
and theory,” ACS Photonics 5, 1558–1565 (2018).

70. X. Chen, J. W. Huang, C. D. Chen, et al., “Broadband nonlinear pho-
toresponse and ultrafast carrier dynamics of 2D PdSe2,” Adv. Opt.
Mater. 10, 2101963 (2022).

71. L. Zhang, J. M. Liu, H. Jiang, et al., “Layer-dependent photoexcited
carrier dynamics of WS2 observed using single pulse pump probe
method,” Chin. Opt. Lett. 20, 100002 (2022).

72. A. Trapalis, I. Farrer, K. Kennedy, et al., “Temperature dependence of
the band gap of zinc nitride observed in photoluminescence measure-
ments,” Appl. Phys. Lett. 111, 122105 (2017).

73. X. M. Wen, Y. Feng, S. J. Huang, et al., “Defect trapping states and
charge carrier recombination in organic-inorganic halide perovskites,”
J. Mater. Chem. C 4, 793–800 (2016).

700 Vol. 12, No. 4 / April 2024 / Photonics Research Research Article

https://doi.org/10.1002/admi.201900666
https://doi.org/10.1002/admi.201900666
https://doi.org/10.1021/acssensors.9b02064
https://doi.org/10.1021/acssensors.9b02064
https://doi.org/10.1039/C9TA03214B
https://doi.org/10.1039/C9TA03214B
https://doi.org/10.1016/0025-5408(77)90134-9
https://doi.org/10.1016/0025-5408(77)90134-9
https://doi.org/10.1002/smtd.201700304
https://doi.org/10.1002/smtd.201700304
https://doi.org/10.1007/s40820-020-0381-y
https://doi.org/10.1039/C7RA13519J
https://doi.org/10.1038/s41467-021-25068-7
https://doi.org/10.1002/adom.202300463
https://doi.org/10.1021/acs.jpcc.2c00983
https://doi.org/10.1002/adom.202202080
https://doi.org/10.1002/adom.202202080
https://doi.org/10.1063/5.0066143
https://doi.org/10.1063/5.0066143
https://doi.org/10.1103/PhysRevB.53.3764
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.33.8800
https://doi.org/10.1002/wcms.30
https://doi.org/10.1103/PhysRevB.25.3975
https://doi.org/10.1103/PhysRevB.25.3975
https://doi.org/10.1364/OE.459023
https://doi.org/10.1063/1.2903576
https://doi.org/10.1002/lpor.201900052
https://doi.org/10.1002/lpor.201900052
https://doi.org/10.1038/s41598-018-20446-6
https://doi.org/10.1364/JOSAB.21.000640
https://doi.org/10.1364/JOSAB.21.000640
https://doi.org/10.1063/1.371675
https://doi.org/10.1063/1.371675
https://doi.org/10.1109/3.53394
https://doi.org/10.1109/3.53394
https://doi.org/10.1364/PRJ.417642
https://doi.org/10.1002/lpor.201500052
https://doi.org/10.1021/nn403886t
https://doi.org/10.1021/acsphotonics.8b00010
https://doi.org/10.1002/adom.202101963
https://doi.org/10.1002/adom.202101963
https://doi.org/10.3788/COL202220.100002
https://doi.org/10.1063/1.4997153
https://doi.org/10.1039/C5TC03109E

	XML ID funding

