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Abstract: Two-dimensional tin sulfide (SnS), as a black
phosphorus-analogue binary semiconductor, has
received considerable attention in photonics and optoelectronics. Herein, the third-order nonlinearity susceptibility Im χ3 is enhanced from −(6.88 ± 0.10) × 10−14 esu
to −(15.90 ± 0.27) × 10−14 esu by the size-related quantum
confinement in layered SnS nanosheets. Due to the energy
level alignment, a phonon-bottleneck effect is observed,
which leads to a prolonged carrier lifetime. These results
provide a platform for actively tuning the linear and nonlinear optics, and pave the way for designing SnS-based
tunable and anisotropic optoelectronic devices.
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1 Introduction
Tuning the nonlinear optical parameters and carrier
dynamics in semiconductors is of great significance,
for their significant role in applications such as optical
manipulation [1, 2], modulators [3–5] and harmonic generation [6, 7]. To date, several strategies have been utilized to achieve this goal, including the electromagnetic
field effect [8–10], temperature control [11], charge transfer [12] and the surface plasmon effect [13]. However, the
introduction of the electromagnetic field and temperature
control usually make the devices unintegrated. Charge
transfer requires a matched design of the bandgap and
the Fermi level of the heterostructures in association with
strict construction of the materials. Therefore, pursuing
a convenient and effective way to tune these parameters
remains a big challenge.
The phenomenon of quantum confinement, in which
the electrons’ behavior is restrained in limited regions,
i.e. two-dimensional nanosheets [14], one-dimensional
nanowires [15] and zero-dimensional quantum dots (QDs)
[16], can be observed under the condition that the size of
the materials is comparable to the exciton Bohr radius.
This size induced quantum mechanism in nanomaterials shall give rise to the modification of the fundamental
properties, such as electron state quantum distribution,
the continuous energy band to discrete level transition,
size-dependent tunable bandgap, which gives rise to
enhanced photoluminescence [17–19], many-body complexes [20, 21], carrier multiplication [22, 23] etc. Previous
investigations mainly paid attention to the contribution to
electronic band structure and linear optics, while the role
in nonlinear optics is barely touched. Unveiling of this
is of great significance for both the fundamental photophysics and device optimization.
Two-dimensional SnS has been proposed as an excellent phosphorene-analogue van der Waals semiconductor with thermal and dynamical stability, which can be
This work is licensed under the Creative Commons Attribution 4.0
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exfoliated mechanically or by the liquid phase technique.
SnS processes a high electron mobility of 100 cm2 · V−1 · s−1
[24], a tunable indirect band-gap and a large absorption
coefficient (>104 cm−1) [25], together with abundant elements existence, which makes it an ideal candidate in
optoelectronic devices such as ultrafast laser generation
[26], optical switches [27], solar cell absorbers [28] and
high-performance photodetectors [29, 30]. The highly inplane anisotropic electronic properties associated with
the intrinsic crystal structure suggest it can be applied in
anisotropic optoelectronic devices [31, 32].
In this paper, it is demonstrated that the third-order
nonlinearity and carrier dynamics can be tuned by the
thickness-dependent quantum confinement. Specifically,
the nonlinear absorption coefficient, third-order susceptibility can be changed from −(2.02 ± 0.03) × 10−3 cm · GW−1
to −(4.65 ± 0.08) × 10−3 cm · GW−1, and −(6.88 ± 0.10) × 10−14
esu to −(15.90 ± 0.27) × 10−14 esu when the thickness is
varied from 16 layers to four layers. For the quantum
confinement induced energy level alignment, a phononbottleneck effect is observed, which results in the carrier
lifetime being prolonged from 381.4 ps to 707.7 ps. Our
results shall help understanding the fundamental photophysics in two-dimensional SnS and pave the way for
designing high-performance optoelectronic devices.

2 Results and discussions
2.1 Morphology characterization
The scanning electron microscopy image is shown in
Figure 1A. The energy dispersive X-ray spectroscopy
mapping in scanning electron microscopy mode presents
the composition of Sn and S elements in SnS nanosheets
and the atomic ratio of Sn and S is around 1:1, as shown
in Figure 1B and C. Transmission electron microscopy
together with atomic force microscopy (AFM) images are
shown in Figure 1D–I, which are used to depict the distribution and layer number of the SnS nanosheets under different centrifugation speeds. As the speed increases, the size
of the nanosheet becomes smaller and the layer number
reduces. The average thickness deduced from AFM data
is shown in Figure 1J–L. There are two peaks in the distribution data; the high peaks represent the height of the
baseline (zero) and the flatter peaks represent the average
thickness of the SnS nanosheets. Previous investigation
suggests that the thickness of monolayer SnS nanosheets
is 1.18 nm [33]. At a centrifugation speed of 4000 rpm, the
average lateral size of SnS nanosheets is 167.9 nm and the

thickness is 19.3 nm (about 16–17 layers). When the centrifugation speed increased to 8000 rpm and 15,000 rpm,
the lateral sizes decreased to 92.1 nm and 57.9 nm, and the
thickness to 14.6 nm (about 12–13 layers) and 5.6 nm (about
three to four layers), respectively. Such centrifugation
speed-related size distribution is consistent with the previous studies on graphene, transitional metal dichalcogenides (TMDs), and black phosphorus (BP) [34–36]. In order
to further confirm the thickness-related character in the
layered SnS nanosheets, the Raman spectrum is characterized, as shown in Figure 1M, where the Raman peaks range
from 100 cm−1 to 500 cm−1. The good shape of the Raman
peaks suggests the good quality of the SnS samples. The B3g
mode locates at 161.5 cm−1, and the Ag mode is indexed for
the peaks at 188.7 cm−1 and 217.8 cm−1. The peak at 308 cm−1
comes from SnS2 owing to the surface oxidation [37, 38].
The intensity of the Raman signal reduces as the number of
nanosheets decreases. It is found that the Ag mode shows a
more sensitive layer-dependent behavior in the vibrational
modes because it is along the armchair direction and the
results are consistent with previous investigations, such as
with graphene, BP and TMDs.

2.2 Third-order nonlinearity
The ground state absorption of SnS nanosheets is characterized by an ultraviolet-visible-near infrared absorption spectrometer (shown in Figure 2A). It is easily
observed that the absorption band strongly blue-shifts
with the decrease of the layer number for the quantum
confinement. By plotting the absorption to the band edge
(Figure 2B), the bandgap is determined to be 1.1 eV, 1.5 eV
and 2.5 eV, respectively. Previous investigations show that
electron transition from the conduction band minimum to
the valence band maximum is indirect for both monolayer
and bulk morphology [33]. The optical bandgap matches
well with previous investigations [33, 39]. For the indirect
bandgap structure, the absorption band edge increases
mildly with the energy.
The light propagation in the SnS nanosheets follows
the equation:
dI ( z )
= − α( I ) I 
dz

(1)

where, z is the propagation distance and α is the
total absorption coefficient, which can be written as:
α(I) = α0 + βI, in which α0 is the linear absorption coefficient under weak incident light, and is independent to the
incident light intensity. The linear absorption coefficient
−α L
can be obtained by T = e 0 , where L is the thickness of
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Figure 1: Size-dependent characterization of tin sulfide (SnS) nanosheets.
(A) Scanning electron microscopy (SEM) image of SnS nanosheets. (B) and (C) energy dispersive X-ray spectroscopy (EDX) mapping of SnS
nanosheets corresponding to Sn and S elements. (D–F) Transmission electron microscopy (TEM) images of SnS nanosheets under ultrasonication
speed of 4000 rpm, 8000 rpm and 15000 rpm, respectively. (G–I) Atomic force microscopy (AFM) images of the as-prepared nanosheets,
accordingly. (J–L) Height distribution derived from AFM images of the SnS nanosheets. (M) Raman shift for these obtained SnS nanosheets.

the sample in the experiment. Here, the linear transmittance of all three samples is fixed at 70% to remove the
influence of the carrier density. The nonlinear absorption
coefficient β can be deduced by fitting normalized transmittance T vs. the Z axis using the following equation [40]:
∞

3

T = ∑( − βI0 Leff )m /(1 + z 2 / z02 )m (m + 1) 2
m =0

≈ 1 − βI0 Leff / 2 2(1 + z 2 / z02 )



(2)

where z0 is Rayleigh length and related to the spot
radius of the laser beam, I0 is the peak light intensity

and Leff = (1–e^(α0 L))/α0 is the effective length of the
beam in the sample. The nonlinear absorption properties vs. the thickness of the SnS nanosheets are
shown in Figure 3A–C. According to the theory of
nonlinear absorption proposed by Sheik-Bahae et al.
[41], by fitting the measured data, we can obtain the
average value of the nonlinear absorption coefficient
β of three different nanosheets, which are calculated
to be −(2.02 ± 0.03) × 10−3 cm · GW−1, −(2.72 ± 0.04)
× 10−3 cm · GW−1 and −(4.65 ± 0.08) × 10−3 cm · GW−1
at the maximum incident intensity, for the 16-layer,
12-layer and four-layer SnS nanosheets, respectively.
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Figure 2: Linear optical response of tin sulfide (SnS).
(A) Normalized linear absorption vs. the layer number, (B) corresponding optical bandgap determined by Tauc plot: (hνα)1/n = A(hν–Eg), where
h: Planck’s constants, υ: frequency of the light vibration, α: absorption coefficient, is the bandgap, A: constant. n = 1/2 for direct electron
transition, n = 2 for indirect electron transition.
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Figure 3: Layer-dependent nonlinearity of tin sulfide (SnS) nanosheets at 800 nm by open aperture Z-scan characterization.
(A) 16–17 Layers, (B) 12–13 layers, (C) four to five layers. The normalized transmittance and input peak intensity for size-dependent SnS
nanosheets, (D) 16–17 layers, (E) 12–13 layers, (F) four to five layers.

It is observed that the nonlinear coefficient increases
with the decreased thickness. In other words, the nonlinearity is enhanced by the layer-related quantum
confinement. The imaginary part of the third-order nonlinear susceptibility Im χ3 and the nonlinear absorption
2 ε c 2 n2
coefficient β have a relation: Im χ 3 = 0 0 β where the
3ω
ε0, c, n0 and ω are the dielectric constant in vacuum,
the speed of light in vacuum, the linear refractive index

(n0 ≈ 1.73 for isopropyl alcohol [IPA] solvent, >99.9%,
GC, Aladdin Technology, Shanghai, China) [42], and the
angular frequency of incident light, respectively. The
value of Im χ3 is calculated to be −(6.88 ± 0.10) × 10−14 esu,
−(9.31 ± 0.14) × 10−14 esu and −(15.90 ± 0.27) × 10−14 esu,
respectively. The figure of merit (FOM) can be further
obtained from the imaginary part of the third-order nonlinear susceptibility. FOM is an important parameter
in the nonlinear optical properties of materials. Large
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FOM depends on the materials and how much energy
can be stored as saturated absorbers in resonant cavity,
Im χ 3
. Meanwhile,
which defined as Eq. (6): FOM =
α
the FOMs are calculated to be −(1.93 ± 00.03) × 10−14 esu,
−(2.61 ± 0.04) × 10−14 esu and −(4.45 ± 0.08) × 10−14 esu,
respectively. The detailed data are supplied in Table 1. It is
found that thinner SnS nanosheets possess larger FOMs.
The size-dependent nonlinear property is consistent with
the previous experimental results, such as graphene,
BP and TMDs [43–46]. Hong et al. found that the thirdorder harmonic signals in graphene have a subquadratic
dependence on the layer number [47]; namely, the nonlinearity is enhanced with the decreased layer number,
which is attributed to reabsorption of the nonlinear signal
generated inside a thick flake. A similar result is found by
Hendry et al. [48] using the four-wave mixing technique.
Our results show the enhanced third-order nonlinearity
with the decreased layer number in SnS nanosheets by the
Z-scan technique. The incident light will be absorbed by
the SnS nanosheets when it propagates along the Z direction. The thicker sample will cause a reduced high-order
nonlinearity contribution, as a higher order nonlinearity
requires a higher optical intensity.
According to the single photon-based saturable
absorption model, the transmittance T vs. the incident
optical intensity I have the relation:
T = 1 − αs /(1 + I / I s ) − αns

(3)

where αs, Is and αns are the modulation depth, saturation
optical intensity and nonsaturable loss, respectively. As
shown in Figure 3D–F, by decreasing the layer number of
the nanosheets, the saturation optical intensity Is decreased
from 243 GW/cm−2 to 209 GW/cm−2 and 158 GW/cm−2,
while the modulation depth strikingly increases from 12.1%
to 14.8% and 20.5%, respectively. For a saturable absorber,
a large modulation depth is beneficial to decrease the pulse
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duration of the mode locked lasers [49, 50], and a small
saturation optical intensity is quite crucial to decrease the
threshold of the mode-locked and Q-switched lasers.
Size-dependence for SnS nanosheets in terms of linear
and NLO parameters is shown in Table 1. To confirm that
the nonlinearity is enhanced by the size, the linear transmittance of all three samples is fixed at 70%, which corresponds to the linear absorption coefficient of 3.60 cm−1
according to T = 1–e−α L. Before measuring the optical
response of the SnS@IPA solution, we first carried on
the measurement on pure IPA solution with an incident
laser wavelength of 800 nm. When the laser beam passed
through a 1 mm thick cuvette filled with pure IPA solution,
no obvious saturable absorption could be detected, even
under the highest intensity of 243 GW/cm2, which matches
with our previous investigations [51, 52]. Our results
provide a basis for us to select the appropriate size and
layers for the saturable absorbers and optical switches.
The quantum confinement-induced enhanced nonlinearity is to some extent, beneficial to the application as a
saturable absorber.
0

2.3 Carrier lifetime modulation
To reveal the ultrafast transient optical response in SnS,
fs-resolved transient absorption (TA) spectroscopy is
employed. It provides fundamental information on the
dynamical process of carriers after photoexcitation.
Revealing the carrier excitation, cooling dynamics, carrier
lifetime and carrier diffusion properties are important
to understand the working mechanism and design high-
performance optoelectronic devices. In an optical modulator or switch, the lifetime will decide the speed of the
devices [26]. While in a solar cell absorber, effective separation of electron-hole pairs and a long carrier lifetime are
beneficial to improving the efficiency of the devices [53].

Table 1: Linear and nonlinear optical parameters of the tin sulfide (SnS) nanosheets for different thicknesses.
Samples

4k rpm

8k rpm

15k rpm

Lateral size (nm)
Thickness (layers)
Linear transmittance (%)
Optical bandgap (eV)
αs (%)
Isat (GW · cm−2)
β (×10−3 cm · GW−1)
Im χ3 (×10−14 esu)
FOM (×10−14 esu)

167.9
19.3 nm (16–17)
70
1.1
12.1
243
−(2.02 ± 0.03)
−(6.88 ± 0.10)
−(1.93 ± 0.03)

92.1
14.6 nm (12–13)
70
1.5
14.8
209
−(2.72 ± 0.04)
−(9.31 ± 0.14)
−(2.61 ± 0.04)

57.9
5.6 nm (4–5)
70
2.5
20.5
158
−(4.65 ± 0.08)
−(15.90 ± 0.27)
−(4.45 ± 0.08)

αs, modulation depth; β, nonlinear absorption coefficient; FOM, figure of merit; Im χ3, third-order nonlinear susceptibility; Isat, nonsaturable loss.
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The details of the experimental setup are given in supporting information (Figure S1). Discussion on the steady-state
absorption shows that two-dimensional SnS processes a
layer-dependent indirect bandgap character (1.1 eV for 16
layers and 2.5 eV for 12 layers). Herein, double frequency
of the Ti:sapphire laser of 3.1 eV is employed to excite the
electrons to the high energy state of the valence band to
the conduction band.
After photon excitation, electrons can be instantly
exited in an ultrafast time of tens to hundreds of femtoseconds [54]. It is worth noting that the rise time of
14.6 nm-SnS nanosheets is 1.84 ps, much longer than that
of the 19.3 nm counterpart with a time of 345 fs, which
might be attributed to the increased surface defects and
energy level spacing. After that, several decay dynamics will happen during the cooling process, i.e. the carriers equilibrate themselves by scattering interactions
to form a thermal Dirac-Fermi distribution in a short
time of hundreds of femtoseconds [55], carrier-phonon
scattering in a time of several picoseconds, and eventually phonon-phonon scattering in a long time of tens of
picoseconds to nanoseconds. The colorful TA spectra are
shown in Figure 4A and D, both of which show broadband photoinduced absorption (PIA), i.e. the absorptance
increases with the pump fluence, which is caused by the
larger absorption section of the excited state than the
value of the ground state [56]. Notably, the PIA signal

decays slower in the thicker SnS, which can be further
confirmed by the spectra at selective pump-probe delay
times (Figure 4B and E). We take the kinetics at a probe
wavelength of 580 nm for further investigations. The
dynamics can be fitted by a complex exponential function
(Figure 4C and F). The average decay lifetime is obtained
by calculation of the weight ratios and lifetime constants,
that is τ =

(∑ ( A τ + A τ +…+ A τ )) /( A + A +…+ A ).
n
1

1 1

2 2

2 2

1

2

n

The decay lifetime can be fitted by tri-exponential function, and the weight ratios and lifetime constants for
19.3 nm-SnS are A1 = (2.72 ± 0.27) × 10−3, τ1 = (1.90 ± 0.38)
ps;
A2 = (6.94 ± 0.24) × 10−3,
τ2 = 90.37 ± 6.4
ps;
A3 = (4.78 ± 0.26) × 10−3, τ3 = (1.02 ± 0.08) ns. So, the average
lifetime is calculated to be 381.4 ps. For the 14.6 nm-SnS, the
weight ratios and lifetime constants fitted by biexponential function are A1 = (5.59 ± 0.32) × 10−3, τ1 = (159.3 ± 13.0)
ps; A2 = (3.64 ± 0.28) × 10−3, τ2 = 1.55 ± 0.27 ns, in which an
infinite lifetime is included. The average lifetime is calculated to be 707.7 ps. It is easily observed that the carriers
in thinner SnS flakes decay more slowly. In Figure 4F, a
long-lived weak and negative TA signal is observed at the
end of the decay dynamics. We regard it to be the photoluminescence-induced photoinduced bleaching signal.
Such a carrier lifetime alignment is caused by the
quantum confinement-induced electronic band structure modification. Herein, we construct a simple model

Figure 4: Transient absorption (TA) spectra and carrier kinetics of two-dimensional tin sulfide (SnS).
(A), (D) colorful TA spectra vs. the probe wavelength and pump-probe delay time of SnS with thickness of 19.3 nm and 14.6 nm.
(B), (E) TA spectra at selective delay time, accordingly. (C), (F) kinetics at the probe wavelength of 580 nm, and the red lines are curves fitted
by exponential function.
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Figure 5: Energy band model in bulk and low-dimensional
semiconductors, in which the former shows a continuous energy
band, while the latter shows a quantized energy level.
The large energy level spacing inhibits the rate of phonon-mediated
scattering processes as a single phonon emission process is
forbidden [57].

(Figure 5) for interpreting this. When the morphology
of semiconductors is altered to low dimensions (zero-
dimensional QDs, one-dimensional nanowire and twodimensional film) from the bulk region, the continuous
energy band is modified to discrete energy levels. The
energy value between these levels increases significantly, while the phonon energy remains unchanged.
Notably, the carrier-phonon interaction is an indispensable process during the carrier cooling [55, 58]. As a result,
more phonons should participate in cooling a hot electron, which is a phonon-bottleneck effect. The decreased
efficiency of the carrier-phonon interaction causes the
prolonged cooling process in low-dimensional materials.
In addition, the proportion of surface defects will also
increase with decrease in the thickness, to some extent,
modifying the carrier dynamics. These kinds of carriers
slowing down phenomenon have been investigated in
conventional QDs and two-dimensional films [57, 59, 60].
The slowed carrier cooling facilitates the carrier multiplication [23] and hot-electron transfer [12], thus enabling
the higher efficiency of energy use in photovoltaic devices.
In this contribution, two-dimensional binary SnS
semiconductors with different thicknesses were successfully fabricated by the facile liquid phase exfoliation technique. The nonlinear optical properties can be strikingly
enhanced by the thickness-related quantum confinement.
The nonlinear absorption coefficient, third-order susceptibility could be tuned from −(2.02 ± 0.03) × 10−3 cm · GW−1
to −(4.65 ± 0.08) × 10−3 cm · GW−1, and −(1.93 ± 0.03) × 10−14
esu to −(4.45 ± 0.08) × 10−14 esu when the thickness
was varied from 16 layers to four layers. The improved
third-order nonlinearity is caused by thinner samples
enhancing the light-matter interaction. For the quantum
confinement-induced energy level alignment, a phononbottleneck effect is observed, which results in the carrier
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lifetime being prolonged from 381.4 ps to 707.7 ps, as multiphonon emission is needed for SnS with large energy
level spacing. Our experimental results indicate that the
layer-structure SnS can be a promising candidate in the
tunable and anisotropic optical modulators, switches
and photo-detectors. Our findings might shed light on
modulating the optical nonlinearity and carrier lifetime in
two-dimensional layered materials through the quantum
confinement effect, allowing researchers to better understand the fundamental photo-physics as well as help them
to perform device optimization in the future.

3 Methods
3.1 Fabrication and characterization
Two-dimensional SnS is fabricated by the liquid phase
exfoliation technique following our previous investigation [26]. The experimental diagram is shown in Figure
S2. The precursor bulk SnS was dissolved into IPA solvent.
Then the immersed solution was processed with ultrasonication for 12 h (Ultrasonic Homogenizer, JY92-IIN,
Ningbo, China). The bulk SnS was exfoliated to discrete
nanosheets with different sizes after this procedure. In the
following, these nanosheets were well separated by centrifugation (High-speed refrigerated centrifuge, GL-23M,
Xiangyi, China) at different speeds, i.e. 4000 rpm for
10 min, 8000 rpm for 20 min and 15,000 rpm for 30 min.
The supernatant is taken for the next procedure.
The transmission electron microscopy images and
energy dispersive X-ray spectroscopy were measured
using a field emission transmission electron microscope.
The sample was made by dropping the prepared solution
onto the ultra-thin support carbon film (Zhongjingkeyi,
300 mesh). The measured voltage was 100 kV and the
model number of the instrument was JEM-3200FS. AFM was
performed using a Bruker Multimode 8 instrument with a
nominal radius of 2 nm operating under ambient conditions in peak force quantitative nano-mechanical mapping
mode at a scan rate of 0.5 Hz and 512 samples per line.
The Raman spectroscopy was conducted using the
fiber coupled confocal Raman microscope (Horiba jobin
yvon, BX41, Kyoto, Japan) and measured at an excitation
of 532 nm. The sample used for the measurement was prepared by dropping the solution onto the silicon wafer and
then drying in a vacuum oven for 1 h at 30°C. The linear
absorption was characterized by an ultraviolet-visibleinfrared absorption spectrometer (UH4150 Spectrophotometer, Direct Light Detector, Hitachi, Japan). All of the
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three samples were immersed in IPA solvent and placed
in 1 cm-length quartz cells and tested under the same
conditions.

3.2 Z-scan measurements
The third-order nonlinear susceptibility is an important
parameter of nonlinear optics. Sheik-Bahae et al. [41]
proposed a simple measurement technique for measuring third-order nonlinear susceptibility using a single
beam based on the principle of spatial beam distortion in
1989. This simple measurement has high sensitivity and
only needs simple experimental instruments. The open
aperture Z-scan technology can be used to measure the
imaginary part of the third-order nonlinear susceptibility.
The open aperture Z-scan experimental setup is shown in
Figure S3. The input ultrafast laser pulses are generated
from a Ti:sapphire amplifier (center wavelength: 800 nm,
pulse duration: ~100 fs, 3 dB spectral width: 60 nm, repetition rate: 1 kHz; Spitfire Ace, Spectra-Physics, Santa
Clara, CA, USA). The ultrafast pulses are divided into two
parts by a 50:50 beam splitter. One is set as the reference
light and collected by a photodetector (PD1, 918D-UVOD3R for the 800 nm test and 918D-IR-OD3R for the
1550 nm test, Newport). The other is used to inject into
the sample after being shaped by a convex lens with a
focal length of 500 mm and collected by the other detector (PD2) with the same model. When moving forward
the computer-controlled stage where the sample is fixed
on from −Z to Z, the absorption variation vs. the position is monitored based on the power variation at PD2.
To minimize the effect of the sample on the propagation
of the beam, a thin cuvette with 1 mm optical length is
employed. Before carrying on with the test to our sample,
a 0.5 mm ZnSe thin crystal is used to align the optical
path and determine the system parameters.

3.3 TA spectroscopy
A non-degenerate TA spectrometer is used to probe the
carrier dynamics in SnS. The setup is established on a
Ti:sapphire amplifier, as mentioned in the Z-scan section,
which generates ultrafast pulses (800 nm, 1 kHz, 100 fs).
The pulses are separated into two parts by a splitter, and
the major proportion is used to drive the optical parametric amplifier, which generates co-linear signal pulses from
1100 nm to 1600 nm, and idler pulses from 1600 nm to
2600 nm. The pump light used in our measurement at
1200 nm (~1 eV) is from the signal pulses, while the light

at 360 nm (3.4 eV) is the quadruplicated frequency of
the signal light at 1440 nm. The probe white continuum
(450–720 nm) is generated by injecting the rest of the
part into a thin sapphire crystal through a complex nonlinear process, like four-wave mixing, self-phase modulation, etc. The diameters of the pump and probe pulses
are 340 μm and 120 μm, respectively. The TA signal is
obtained by calculating the absorption difference of the
sample on the probe light with and without pump light,
namely, ΔA = A01 − A00, where A01 is the delay time related
absorptance with the pump, and A00 is the absorptance
without the pump. A 1-mm pure quartz is tested to get the
instrument response function before the sample, which
determines the time-resolution of the system. It is worth
noting that the pure quartz does not contributes to the TA
signal after the time of the instrument response function.
The results are shown in Figure S4.
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