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Abstract

®

CrossMark

As the cousins of graphene, i.e. same group IVA element, the nonlinear absorption (NLA)
properties of silicene nanosheets were rarely studied. In this paper, we successfully exfoliated the
two-dimensional silicene nanosheets from bulk silicon crystal using liquid phase exfoliation
method. The NLA properties of silicene nanosheets were systemically investigated for the first
time, as we have known. Silicene performed exciting saturable absorption and two photon
absorption (2PA) behavior. The lower saturable intensity and larger 2PA coefficient at 532 nm
excitation indicates that silicene has potential application in ultrafast lasers and optical limiting

devices, especially in visible waveband.
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1. Introduction

On account of the high charge mobility and intrinsic zero
band gap structure [1], two-dimensional (2D) structure gra-
phene refreshed the traditional viewpoints on nano-materials
[2]. The other 2D materials, such as MoS,, MoSe,, WS,,
WSe,, phosphorene, boron nitride and antimonene have
caught people’s intense interest for their unique chemical,
electronic and optical properties [3—6].

Si occupies a crucial position in modern electronic
technology. Due to its size-quantization effects, low-dimen-
sional silicon is an encouraging candidates for applications in
photonic and electronic devices [7-9]. Extensive research has
been based on the synthesis and processing of silicon
quantum dots, silicon nanowires and 2D allotropic forms
[10-12]. Up to now, buckled 2D silicene structures have been
synthesized on substrates with a metallic character, such as
Ag(111) [13-15], Ir(111) [16] and ZrB, [17]. In 2011, Lu
et al developed a facile method to synthesize ultrathin silicene
nanosheets using graphene oxide as the sacrificial template
[18]. In 2014, Kim et al reported the dendritic gas-phase 2D
growth of silicene with 1-13 nm thickness [19]. In 2016, Ryu

0957-4484/18,/225701+-07$33.00

et al synthesized high quality silicene nanosheets with 5 nm
thickness utilizing natural clays [9].

Most 2D materials exhibit exciting nonlinear absorption
(NLA) properties [20-25] and have promising applications in
the optical field. Considering their saturable absorption (SA)
properties, 2D materials can be used as saturable absorbers
applied in all-solid-state Q-switched and mode-locked ultra-
fast lasers [26-28]. For the two photon absorption (2PA)
behavior, the 2D materials can act as optical limiting (OL)
materials to protect the human eye and the sensitive optical
component from laser-induced damage [21]. Until now,
research on the NLA properties of silicene nanosheets is very
scarce, which deeply restricts its application in optics.

In this paper, adopting the liquid phase exfoliation (LPE)
method, we successfully exfoliated the 2D silicene nanosheets
from bulk silicon crystal. At the same time, the NLA prop-
erties of the silicene nanosheets were systemically researched
using open aperture z-scan technique. The SA performance
and OL behavior were simultaneously observed. The results
demonstrate that silicene nanosheets have exciting NLA
properties. The low saturable intensity and high 2PA coeffi-
cient demonstrates silicene is a promising NLA material.

© 2018 IOP Publishing Ltd  Printed in the UK
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Silicon
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Figure 2. SEM image of (a) silicon crystal and (b) prepared silicene nanosheets.

2. Sample preparation

LPE is an effective and straightforward method to produce
high-quality 2D nanosheets from layered bulk crystals
[29, 30]. The silicene nanosheets were manufactured using
the LPE method assisted with sonication. Considering the on-
surface isolation, no surfactant was required in the exfoliation
process. Due to the hypotoxicity, ultra pure ethanol was
selected as the organic solvent. Figure 1 shows the prep-
aration process of the silicene nanosheets combining with the
images of original silicon crystals and prepared silicene
nanosheets. The silicon crystals are black and have a metallic
luster. Using an agate mortar, the silicon crystals were grin-
ded for hours for the generation of nanosheets. During the
grinding process, small amounts of alcohol were added to
protect the sample from oxidization. At the same time, the
small amounts of alcohol had the function of lubrication. The
grinded powder was dissolved in ethanol. In order to effec-
tively exfoliate the silicene nanosheets, a sonication (40 KHz
frequency) was carried out for 3 h to reduce the interaction
between nanosheets and disperse the produced nanosheets.
The prepared dispersion liquid was settled for 36 h for pre-
cipitating the large silicon grains. After centrifugation for
30min with a speed of 1500 rpm, the dispersion liquid
became stratified. The top one fifth of the dispersion liquid
was collected as the experiment sample and stored in a quartz
colorimetric utensil with 2 mm thickness. The sample con-
centration was estimated to be 50 mg1~'. With the observa-
tion of naked eyes, the sample was not precipitated during the
nonlinear experiment process, which can be estimated that the
concentration of dispersion liquid was almost in the same
level throughout the experiment process.

3. Characterization

A scanning electron microscope (SEM, S-4800, Hitachi
Japan) was used to observe the morphology of the silicon
crystal and exfoliated silicene nanosheets. The SEM image of
the silicon crystal is shown in figure 2(a). It looks very
smooth at the surface of each layer. Silicon is apparently
stratified at the edge of crystal (red arrows), which indicates
the samples can be effectively exfoliated using LPE or
mechanical exfoliation methods. The surface appearance of
silicene nanosheets is displayed in figure 2(b). At the edge of
the silicone, the few-layer structure can be identified (red
circle).

The atomic force microscopy (Dimension Icon, Veeco
Instruments Inc.) with peak force tapping mode was used to
measure the thickness of silicene. Figures 3(a) and (b) indi-
cate the step heights of typical silicene nanosheets. The
heights are in the range of 4.5-8.5nm, i.e. around 14-27
layers [9]. The small bright spot on the sample might be
caused by the accumulation of small nanosheets. Never-
theless, due to the un-evaporated solvent and the adhesion
forces of samples, the measured heights of the layered sam-
ples prepared by LPE are easily overestimated. Therefore, the
actual thicknesses of the silicene nanosheets might be smaller.

The linear absorption coefficient of silicene can be
determined by the transmission spectrum (UV-vis spectro-
photometer, cary 50, VARIAN Company, America).
Figure 3(c) shows the transmission spectrum of the silicene
nanosheets with a spectral range of 250-1130nm. The
broadband absorption predicts the broadband absorption
material of the silicene nanosheets. By measuring the
transmittance 7T of silicene dispersion liquid plus quartz
colorimetric utensil, and 7, of ethanol plus quartz
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Figure 3. (a) AFM image of silicene nanosheets, (b) corresponding heights of sample, (c) transmission spectrum of silicene nanosheets, and
(d) Raman spectra of silicon crystal and the prepared silicene nanosheets.

colorimetric utensil, the transmittance T/T, of the silicene
nanosheets at 50 mg1~' concentration can be obtained. The
transmittances at 1064 and 532 nm are 27.17% and 22.31%,
respectively. The linear absorption coefficients « at 1064
and 532 nm are calculated to be 6.5 and 7.5cm™}, respec-
tively, adopting the equation T3 = exp(—apl), where
Taws = T/Tp and L = 2 mm.

In order to reflect the structure and quality of the nano-
materials, Raman spectroscopy was carried out. Figure 3(d)
displays the Raman spectra of the bulk silicon crystal and
silicene nanosheets using a Raman spectrometer (LabRAM
HR800, HORIBA Ltd). Bulk silicon crystal owns one sharp
peak at 521 cm ™' originating from the microcrystalline [31].
The intense Raman peak of the silicene nanosheets is at
510cm™" with widened full width at half maximum and a
visible shift to a lower frequency (11 cm™"), which shows that
the nanosheets were efficiently exfoliated at a height of
around 5nm [32-36]. In addition, peaks caused by amor-
phous surface oxides around 300450 cm ™' and the peak at
480 cm ™' caused by amorphous Si were not observed, which
indicates the high purity of the silicene nanosheets [9].

4. NLA experiment

Adopting an open aperture Z-scan technique, the NLA
response of the as-prepared silicene dispersion liquid was
investigated. The excitation wavelengths are 1064 and
532 nm with pulse width of 40 and 30 ps, respectively. The
laser repetition rate is 10 Hz. The focal length of the convex
lens is 30 cm.

Figure 4 displays the measurement results of the silicene
nanosheets, which manifest exciting NLA properties of sili-
cene. When the excitation energy reaching the threshold of
the NLA, the normalized transmittance increased with the
excitation intensity increasing and formed a peak at the focus
location (figures 4(a;), (by)). The silicene nanosheets exhib-
ited SA, i.e. single photon absorption (1PA). If further
increasing the excitation energy, the SA behavior became
saturated and the OL behavior (caused by 2PA behavior)
appeared, which caused a rapid decline of transmittance and
formed a trough at the focus location (figures 4(ay), (by)).
When the excitation energy continuingly augmented, the SA
was strongly suppressed and the OL behavior held dominant
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Figure 4. Open-aperture Z-scan results of silicene nanosheets with excitation of (a) 1064 and (b) 532 nm wavelengths at different excitation
intensities (the points are the experimental data and the solid lines are the fitted curves).

position (figures 4(a3), (b3)). For 1064 nm excitation, the
maximum normalized transmittance of SA and the strongest
OL modulation depth were 140% and 60%, with 7.59 and
26.28 pJ excitation, respectively. For a 532 nm excitation,
they were 226% and 61% with 4.08 and 8.91 pJ excitation,
respectively. If further augmenting the excitation intensity
was to occur, a stronger OL behavior would be seen. The

normalized transmittance of pure solvent was maintained at
the same value (constant 1) when Z changed from —40 to
40 nm, which means that no nonlinear effects occurred in
pure solvent.

Figure 5(a) exhibits the relationship between normalized
transmittance and excitation intensity of 1064 and 532 nm
excitation, which is transformed from figures 4(a;) and (bs).
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Figure 5. (a) Relationship between normalized transmittance and fluence of silicene nanosheets at 1064 and 532 nm with exciting energy of
26.28 and 8.91 uJ, respectively, (b) application as saturable absorber in all-solid mode-locked laser, (c) schematic diagram of silicene as OL

material.

Because of the two NLA processes, each curve can be divided
into three stages, i.e. 1PA, 1PA plus 2PA, 2PA. The threshold
of SA induced by 1PA at 1064 nm excitation was 7.8 mJ cm 2.
For 1064 nm excitation, when the excitation intensity varies
from 7.8 t0 22.9 mJ cm ™2, the SA was the main NLA behavior.
When the excitation energy ranged from 22.9 to 54.2 mJ cm ™2,
the 1PA and 2PA competed with each other, resulting in the
almost stabilized transmittance. When the excitation energy
exceeds 54.2 MW cmfz, the 2PA occupied the main NLA
behavior. For 532 nm excitation, the three stages are corresp-
onding to the excitation energy of 5.9-14.9mJcm 2
14.9-259mJcm 2 and beyond 25.9 mJcm 2 respectively.
Comparing to 1064 nm excitation, the competition stage
(149-259mJcm™?) between IPA and 2PA with 532nm
excitation is relatively short. One reason is the stronger linear
absorption at 532 nm excitation. Large absorption indicates
large vitality of electron at 532 nm wavelength. The second
reason is that the single photon energy of 532 nm wavelength
is twice as much as that of 1064 nm wavelength. The electrons
in valence band are more easier to be stimulated to conduction
band with large photon energy excitation, which exhibits the
strong 1PA and 2PA absorption. When the 1PA and 2PA
absorption are both strong, the competition stage between 1PA
and 2PA will be relatively shortened. Due to the lower 1PA
threshold and larger OL modulation depth at 532 nm excita-
tion, the silicene nanosheets own much excellent NLA property
in short wavelength waveband. Besides, this results illustrate
that silicene can be agilely selected as SA material or OL
material through appropriately controlling the laser excitation
density. The former can used as saturable absorber in passively
Q-switched or mode-locked pulse lasers. The latter has
potential applications in protecting human eye or sensitive
optical component from laser-induced damage. Figure 5(b)
represents the application of silicene as saturable absorber
for ultrafast laser in all-solid passively mode-locked laser.

Figure 5(c) is a schematic diagram for the OL application of
silicene. Our results demonstrates that silicene is potential 2D
NLA material for broadband laser emissions especially in
visible waveband.

The relevant research of silicene on damage threshold
was relatively rare, but the damage threshold of silicon was
researched. Due to the heights of our nanosheets being in the
range of 4.5-8.5nm, i.e. around 14-27 layers (non-mono-
layer), the damage threshold of our silicene nanosheets must
be close to that of silicon, rather than other materials, such as
graphene (even in the same group IVA element with the same
structure). The damage threshold at 10 ps pulse width and
1064 nm wavelength was 0.78 Jem 2 [37]. According to
[37, 38], the damage threshold increased with the growth of
the laser pulse width and the decrease of the laser wavelength.
Our exciting pulse widths were 40 and 30 ps with wave-
lengths of 1064 and 532 nm. Compared to [37], the damage
threshold would be larger in our experimental condition. In
our nonlinear experiment, the maximal exciting energy was
0.81Jcm 2, which is close to the value (0.78Jcm ?). In
addition, in contrast to [37, 38], the nanosheets had a small
height and were dispersed in ethanol, which intensively
decreased the thermal damage of the sample. So the damage
threshold of our nanosheets in dispersion liquid would be
much larger than 0.78Jcm 2. Therefore, we can approx-
imatively consider that no potential damage occurred to the
silicene nanostructure.

5. Discussion

The law of dI/dL = —a(D)I is the absorption properties,
where « is the absorption coefficient and L is the light tra-
veling distance. The normalized transmittance in the z-scan
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measurement can be expressed as follows [39]

( —adyLegt )m
TR =Y m—+1

m=0

ey

where [ is the peak energy intensity at the focus (z = 0), z
and zo are sample position and the laser Rayleigh length,
respectively. Lo = [1 —exp(—agl)]/ag is the effective
length, o is the linear absorption coefficient, L = 2 mm is
the sample length. For a system where SA and OL behavior
coexist, the total absorption «(l) is described as
a(l) = ap/(1 + I/I,) + BI, where (3 is the 2PA coefficient
and [; are the saturable intensity, defined as the optical
intensity when the optical absorbance is reduced to one half
of its unbleached value. The first and the second terms on the
right side of a(J) represent the SA and the 2PA, respectively.
The excitation intensity 7, on the optical path is expressed as
L, = Iy / a + Zz/zoz)_ As presented in part 3, oy of silicene
nanosheets at 1064 and 532nm are 6.5 and 7.5cm ',
respectively.

The fitted results based on equation (1) are shown in
figure 5. The fitted /; and § of 1064 and 532nm are
541GWem > and 3.0cmGW ', 69GWcem ™  and
4.8 cm GW ™!, respectively. The lower saturable intensity and
higher 2PA coefficient at 532nm excitation signify the
stronger nonlinear properties of silicene at short wavelength
condition.

The NLA mechanism of silicene nanosheets is similar
to phosphorene [40]. When the excitation energy reaches the
threshold of SA, 1PA occurs. The electron at the valence
band absorbs the photon and jumps into the conduction
band. Due to the constraint of the Pauli exclusion principle,
the excited electrons were cooled down. When the excita-
tion energy exceeds the saturable intensity, the redundant
photons will transparently pass through. With the excitation
energy further increasing, one electron will simultaneously
absorb two photons and be stimulated into higher energy
levels, which leads to a rapid decline of transmittance, i.e.
the OL behavior. According to our results, the superior NLA
behavior at 532nm indicates the smaller energy band
volume and lower saturable energy levels at the visible
waveband.

The cross-section of 2PA (o2pp = hwB/Ny, wWhere Aw is
the excitation photon energy and Ny ~ 1.1 x 10" cm™ is
the density of silicene nanosheets) are calculated to be
5.1 x 107*® and 1.6 x 10~*° cm®*s photon ' for 1064 and
532 nm excitation, respectively. The imaginary part of the
third-order nonlinear susceptibility, ImX(3 ). is defined as
equation (2), where ¢ is the vacuum light speed, ng is the
linear refractive index and w is the angular frequency of the
excitation light. The figure of merit (FOM) of the third-order
optical nonlinearity is expressed as FOM = [Imx"®/qy|.
Referencing above results, Imx‘® and FOM of silicene with
1064 and 532nm excitations are calculated to be
4.6 x 10 %esu and 9.9 x 107 m*(sW)™!, 3.7 x 10> esu

and 6.9 x 1071 m* (sW)_l, respectively

Imy® = iﬂ(m WD, Q)
240* 2w

The same 2D nanosheets exhibit large differences on
NLA behavior due to the different excitation conditions, such
as excitation pulse width, wavelength, laser facula area and
sample concentration [23]. So we compared the NLA prop-
erties of other 2D materials in the similar experimental con-
ditions. The saturable intensities of N-G and GO are lower
than silicene [20, 41]. But silicene nanosheets owns larger
2PA coefficient than N-G, GO and OH-BN [20, 41, 42]. At
the same time, the silicene nanosheets possess larger NLA
cross-section than OH-BN [42]. Comparing to other 2D
materials, such as OH-BN, the narrow band gap and high
flexible electron mobility of silicene benefit the electron
transition from valence band to conduction band, which leads
to the relatively large NLA coefficient and cross-section. In a
word, silicene nanosheets are an exciting NLA material and
have potential application in ultrafast lasers and OL devices.

6. Conclusion

The silicene nanosheets were exfoliated from the bulk silicon
crystal using the LPE method assisted with sonication. The
heights of silicene are in the range of 4.5-8.5 nm. An open-
aperture Z-scan equipment was used to research the NLA
properties of silicene nanosheets. Silicene nanosheets exhibit
strong SA and OL behavior. The low saturable intensity and
large 2PA coefficient indicate that silicene nanosheets are a
promising saturable absorber and OL material, especially for
visible lasers.
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