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The sodium borosilicate glass containing Bi,S3 nanocrystals is prepared by employing both sol-gel and
atmosphere control methods. The third-order nonlinear optical absorption of the glass is investigated in
detail using the open-aperture Z-scan technique at the wavelength of 770 nm with a pulse width of 200 fs.
The results show that the transformation from saturable absorption to reverse saturable absorption in
the glass is observed with the increase of the input light intensity of the laser used. The mechanism of
the third-order nonlinear optical absorption is discussed preliminarily in the glass. Meanwhile, XRD, XPS,
TEM, (S)TEM, EDAX, HRTEM, and SAED are used to characterize the microstructures of the glass.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nonlinear absorption is a phenomenon defined as a reduc-
tion or increase of the absorption coefficient with the increase of
the input light intensity. Nonlinear absorption processes contain
saturable absorption (SA), reverse saturable absorption (RSA), two-
photon absorption (TPA), and multi-photon absorption (MPA). In
particular, materials with saturable absorption (SA) and reverse
saturable absorption (RSA) have received a great deal of attention
in recent years for a variety of applications such as Q-switching
mode-locking, upconversion lasing, and optical limiting, etc. [1-6].
Physically, saturable absorption (SA) indicates that the optical
transmittance of materials increases with the input light inten-
sity. It occurs when the ground-state absorption cross section is
larger than the one of the excited state, whereas reverse saturable
absorption (RSA) indicates that the optical transmittance of mate-
rials decreases with the input light intensity. It occurs when the
absorption cross section of the excited state is larger than the one
of the ground state.

Z-scantechnique is a simple, quick, and efficient method to mea-
sure the third-order optical nonlinearities of materials. Generally,
the open-aperture Z-scan model is employed to measure the non-
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linear optical absorption of materials. Under such circumstances
the normalized transmittance curve exhibits a completely sym-
metric shape about the waist (z=0). At present, the open-aperture
Z-scan model is widely used for the nonlinear optical absorption
of materials [7-11]. In particular, some studies revealed that many
materials exhibit more than one kind of nonlinear optical absorp-
tion simultaneously with the change in the input light intensity.
Typically, Neo et al. [12] reported on the nonlinear optical absorp-
tion in PbS quantum dots changed from SA to RSA with the particle
size or intensity. Gurudas et al. [13] found that the SA and RSA co-
existed in silver nanodots at 532 nm using picosecond laser pulses.
Elim et al. [14] observed the phenomenon of SA and RSA at lon-
gitudinal surface plasmon resonance in gold nanorods, and the
conversion can occur with the change of excitation irradiances. Qu
et al. [15] studied on the optical nonlinear absorption and opti-
cal limiting in gold-precipitated glasses induced by a femtosecond
laser, and the transformation from SA to RSA was observed in the
glasses. Gao et al. [16] explained the transformation from SA to RSA
using the phenomenological model of the combination of SA and
TPA, and they estimated the saturable intensity and the nonlin-
ear optical absorption coefficient by simulating the experimental
curves. Thus it is seen that the nonlinear optical absorption of mate-
rials has become the focus of research these years.

As well known, semiconductor materials have attracted increas-
ing interest recently in nonlinear optics [17-20], in which many
attentions are focused on the optical nonlinear properties of
chalcogenide semiconductor materials [21-25]. Bi»S3, as an impor-
tant semiconductor material with a direct band gap of 1.3 eV, is
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Fig. 1. XRD patterns: (a) Oy +H; +H;S/600°C and (b) O, + H2/450°C. The JCPDS patterns of Bi,S3 and metallic Bi are also shown.

widely studied because of its excellent properties such as photo-
conductivity, photosensitivity, and thermoelectric effect [26-29].
Recently, research efforts have been directed towards the synthe-
sis of nanometer-sized Bi, S3 crystalline materials with the different
morphologies (wire [30], tube [31], rod [32], ribbons [33], belt [34],
flowers [35], sheaf [36], etc.) because of its unique optical, mag-
netic, and catalytic properties arising from the quantum size effects.
However, few literatures report on the third-order optical nonlin-
ear properties of Bi,S3 nanomaterials using Z-scan technique to
date [37]. In particular, Bi,S3 will have the opportunity to achieve
strong quantum size effects due to its large Bohr radius [38]. It will
greatly promote the development of Bi,S3 nanomaterials in non-
linear optics. Moreover, Bi;S3 exhibits a quite strong absorption
intensity around 400-1000 nm [39], which could contribute to the
enhancement of the nonlinear optical absorption. Thus we develop
a facile method to realize the preparation of the sodium borosili-
cate glass containing Bi, S3 nanocrystals, and microstructures of the
glass are characterized in detail by a variety of techniques. Further-
more, the third-order optical nonlinear absorption of the glass is
measured by the open-aperture Z-scan model. We initially explore
the interplay between saturable absorption (SA) and reverse sat-
urable absorption (RSA) in the Z-scan traces under the different
input light intensity of laser used, and the third-order nonlinear
optical absorption coefficients of the glass are also calculated by
the open-aperture Z-scan theory.

2. Experimental

The sodium borosilicate glass containing Bi,S; nanocrystals was prepared by
employing both sol-gel and atmosphere control methods. The weight composi-
tion of the sodium borosilicate glass matrix was 5.74Na;0-21.38B,05-72.88Si0,
(in wt%). The preparation procedures were as follows: firstly, SiO, component was
obtained by hydrolysis of tetraethoxysilane (TEOS) in the mixed solution of anhy-
drous ethanol (EtOH), deionized water (H,0), and hydrochloric acid (HCl) (pH=2).
Secondly, B, 03 and Na, O were obtained by dissolving boric acid (H3BO3 ) and metal-
lic sodium (Na) in 2-methoxyethanol (CH3;OCH,CH,OH) and anhydrous ethanol
(EtOH), respectively. (Attention please: metallic Na should be slowly added to anhy-
drous ethanol to prevent the violent reaction.) Here two solutions containing B, 03
and Na, 0 were added to the solution containing SiO, successively. After the mixed
solution was stirred for 1h at room temperature, a methanol (CH3OH) solution
containing 5wt% of bismuth nitrate [Bi(NOs3)3;-5H,0] was added to above mixed
solution to form Bi,S3 nanocrystals. So the theoretical content of Bi,S3 was about
3.77 wt% in the glass matrix [Bi(NOs3)3-5H,0:Bi,S3 molar ratio at 1:2], and the the-
oretical weight ratio of Bi:S:Si:Na, as the major elements in the glass, was about
3.06:0.71:34.01:4.26. Subsequently, the mixed solution was dried at 80 °C for three
weeks to form the stiff gel. Finally the stiff gel was heated in different atmosphere
by the following steps: firstly, the stiff gel was heated in oxygen (0;) atmosphere at
arate of 10°C/h up to 450°C, and kept 10 h at this temperature to remove organic
substance and decompose bismuth nitrate. The loose and porous aerogel will form
due to organic substance removed. Secondly, the aerogel is exposed to dry hydrogen
(Hz) atmosphere to form metallic Bi at 450 °C for 10 h. Subsequently, hydrogen (H;)
atmosphere was replaced by hydrogen sulfide (H,S) atmosphere, and the areogel
was further heated in hydrogen sulfide (H,S) atmosphere at 450 °C for 10 h to form

Bi,S3 nanocrystals. At last, the aerogel was heated in nitrogen (N, ) atmosphere at a
rate of 10°C/h up to 600°C and kept 10 h at this temperature. The sodium borosili-
cate glass containing Bi,S; nanocrystals is obtained. The as-obtained glass were cut
and polished to a thickness of 0.5 mm for various measurements.

The crystalline structure of these nanoparticles doped in the glass was per-
formed on a Germany Bruker X-ray diffractrometer (40kV, 20 mA) using Cu Ka
radiation (1 =0.15418 nm) at a scan rate of 0.02°/s in the range 10-70°. The chem-
ical structure and electronic state of the glass were measured by AXIS ULTRA DLD
X-ray photoelectron spectrometer (XPS), using monochrome Al Ko as the excitation
source. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM),
and selected-area electron diffraction (SAED) were recorded on a FEI Tecnai F20
transmission electron microscope operating at 200 kV for the morphology and the
crystalline structure of these nanoparticles in the glass. Energy dispersive X-ray
(EDX) analysis was carried out on an OXFORD INCA instrument attached to the field
emission scanning electron microscope in the scanning range of 0-20kV to find out
the chemical composition. Optical absorption spectrum was measured by JASCO
v-570 spectrometer in the range of 350-1500 nm at room temperature. The third-
order optical nonlinearities of the glass were measured by Z-scan technique. The
laser pulses used were generated by a mode-locked Ti:sapphire (Coherent Mira900-
D) laser, operating at a repetition rate of 76 MHz with the pulse duration of 200 fs
and a wavelength of 770 nm.

3. Results and discussion
3.1. Microstructural characterization

Fig. 1 represents the XRD patterns of the glass. Fig. 1(a) shows
that the glass is heat-treated consecutively by oxygen (05 ), hydro-
gen (H;), and hydrogen sulfide (H,S) atmospheres at 600 °C. The
joint Committee on Powder Diffraction Standards (JCPDS) pattern
of Bi,S3 is shown for comparison. It is clear that the diffraction
peaks attributed to Bi,Ss; are observed, which are arranged for
orthorhombic crystal system. The result indicates that Bi,S3 crys-
talline structure have formed in the glass. Fig. 1(b) shows that
the glass is only heat-treated by oxygen (O,) and hydrogen (H;)
atmospheres at 450 °C. The joint Committee on Powder Diffraction
Standards (JCPDS) pattern of metallic Bi is shown for comparison.
The diffraction peaks attributed to metallic Bi are observed. The
result indicates that the formation of metallic Bi crystalline struc-
ture is a key step towards Bi;S3 crystalline structure in the glass.
These findings show that using both sol-gel and atmosphere con-
trol methods are highly effective for preparation of the sodium
borosilicate glass containing Bi,S3 crystals.

Furthermore, X-ray photoelectron spectrum (XPS) and trans-
mission electron microscopy (TEM) are employed to characterize
the electronic state, morphology, composition, and crystalline
structure of the glass. Fig. 2 represents the high-resolution XPS
spectra taken for Bi 4f and S 2s regions. In order to analyze the
electronic states in more detail, the curve-fitting method is used to
study Bi 4f and S 2s cores. Fig. 2(a) represents the high-resolution
Bi 4f core spectrum. The three strong peaks for Al, A2, and C
at 158.4eV, 163.7eV, and 154.7eV are assigned for Bi 4f;), Bi
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Fig. 2. XPS spectra: (a) high-resolution Bi 4f core and (b) high-resolution S 2s core.

4fsp, and Si 2s cores, respectively. Fig. 2(b) represents the high-
resolution S 2s core spectrum. The only one strong peak at 225.6 eV
is assigned for S 2s core. The peak positions for Bi 4f and S 2s cores
agree well with those reported in the literatures [40,41]. The results
indicate that Bi,S3 crystalline structure have formed in the glass,
which is consistent with XRD analysis. However, the two weak
peaks for B1 and B2 at 159.6eV and 164.7 eV are also observed
simultaneously in Fig. 2(a), which should also be assigned for Bi
4f;), and Bi 4f5, respectively. The presence of the two weak peaks
is derived from oxidation at the surface of Bi,S3 crystals in the air.

Fig. 3 represents the TEM analysis of the glass. Fig. 3(a) rep-
resents a typical TEM image of the glass. Obviously, some black
nanoparticles having regular spherical in shape are mounted
uniformly in the glass, and the diameters of these spherical
nanoparticles range from several to over twenty nanometers. The
more information of these nanoparticles is further determined
by the scanning transmission electron microscopy [(S)TEM]. The
(S)TEM is usually used to obtain spatially resolved chemical infor-
mation about the nanocrystals [42-44]. As heavier elements scatter
electrons more effectively, they appear brighter in (S)TEM images.
Thus the homogeneous metal sulfide nanocrystals should appear
uniformly bright. Fig. 3(b) shows that the bright white spheri-
cal nanoparticles with the diameters ranging from several to over
twenty nanometers are observed, and the bright white nanopar-
ticles are uniform in intensity. The results indicate that these
nanoparticles are likely Bi,S3 nanocrystals in our experiment. EDX,
HRTEM, and SAED analysis are further employed to analyze the
chemical composition and crystalline structure of the nanocrystals
glass. Fig. 3(c) represents the EDX spectrum of the glass. It is clear
that Bi and S elements, as the composition of nanocrystals, present
in EDX spectrum, and Si, O, and Na elements, as the composition of
the glass matrix are also observed. However, the peaks of Bi and S
elements are weak due to the influence of the strong peaks of Si, O,
and Na elements in EDX spectrum. The inset located at red dashed
line right in Fig. 3(c) can obviously observe the peaks of Bi and S
elements in the absence of Si, O and Na elements. Meanwhile, the
EDX spectrum also reveals that the actual weight ratio of Bi:S:Si:Na
is about 3.01:0.68:33.96:4.25, which basically agrees well with the
theoretical content. The relative error may be caused due to evapo-
ration losses in heat-treatment course. Fig. 3(d) and (e) represents
the HRTEM and SAED images of these nanoparticles, respectively.
The inset shown in red square frame is a partial enlarged detail for
the obvious observation of the lattice fringe, as shown in Fig. 3(d).
It is clear that the lattice fringe spacing is equal to 0.360 nm corre-
spond tothe (11 1)plane of Bi,S3 in an orthorhombic crystal system
(JCPDS 89-8964), and some light diffraction spots are characteris-
tic crystal planes of Bi,S3 in a orthorhombic crystal system (JCPDS
89-8964) by means of measuring the distances d between diffrac-

tion spots and base point, as shown in Fig. 3(e). HRTEM and SAED
analysis further confirm that these nanoparticles mounted in the
glass matrix should be Bi,S3 nanocrystals.

3.2. Optical absorption analysis

Fig. 4 represents the optical absorption spectrum of the glass
from 350 to 1500 nm. No obvious absorption peaks are observed,
that is, the glass has no observable absorption at a laser frequency
of 770 nm. The inset in Fig. 4 shows that plot of [e(hv)]? vs. photon
energy (hv) for the glass. According to the well-known Tauc law
[45], Eg can be obtained with the following Eq. (1):

a(hv) = A(hv — Eg)™ (1)

In the above equation, a(hv) is the absorption coefficient, Eg is the
band gap energy, A is a constant. Bi,S3 is a semiconductor with a
direct band gap, and the exponent m should be 1/2. Therefore, the
band gap energy is determined by extrapolating the linear portion
of the curve to the energy axis. The optical band gap is found to be
1.6733 eV while the reported values of the optical band gap of Bi;S3
for bulk material is 1.3 eV. The red shift of the optical band gap in
inset displays the quantum size effects, which will contribute to the
enhancement of the nonlinear optical properties of the glass.

3.3. Third-order nonlinear optical absorption analysis

The third-order optical nonlinear absorption of the glass is
measured by the open-aperture Z-scan technique at 770 nm. No
scattering signal is observed in the process of the open-aperture Z-
scan measurement. Fig. 5 represents the normalized transmittance
curves of the glass at the input light intensities of 0.78 x 1013 W/m?
and 1.11 x 1013 W/m?, respectively. At the lower input light inten-
sity of 0.78 x 103 W/m?, the normalized transmittance curve, as
shown inred fitting curve, exhibits a symmetrical peak with respect
to the focus (z=0), indicating that saturable absorption (SA) occurs
in the glass by now. With the input light intensity increased to
1.11 x 1013 W/m?2, the normalized transmittance curve, as shown
in blue fitting curve, exhibits a symmetrical valley with respect to
the focus (z=0), indicating that reverse saturable absorption (RSA)
occurs in the glass. The results indicate that the transformation
from SA to RSA occurs in the glass with the increase of the input
light intensity.

The third-order optical nonlinear absorption coefficient § of the
glass is calculated at the two input light intensities by the following
Eq.(2):

AW _ ﬂI(lzLeff (2)
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Fig. 3. TEM analysis: (a) morphology image, (b) (S)TEM image, (¢) EDX spectrum, (d) HRTEM image and (e) SAED image.

where Ay are the nonlinear phase shifts due to the third-order
optical nonlinear absorption. Iy is the on-axis irradiance of the
laser beam used at the focus (z=0), Iy = 2P/[nw(2)(1 —e2)] defined
as the power density within the glass, and wq is the beam waist
radius at the focus (z=0). Leg is the effective length of the glass,
Legr=[1 — exp(—agL)]/eg, @ is the linear absorption coefficient, and
L is the real length of the glass. In order to obtain the parameter
B, the parameter Ay must be deduced. The parameter Ay can be
deduced by the open-aperture Z-scan model, as shown in Fig. 4. The
normalized transmittance curve only reflects the information of
the third-order optical nonlinear absorption in the open-aperture

Z-scan model, and the normalized transmittance curves of the glass
exhibit unique peak or valley with respect to the focus (z=0) due to
the appearance of SA and RSA simultaneously in our experiment.
The parameter A is easily extracted from the height or depth of
the unique peak AT, or valley AT, by the following Eq. (3) [46]:

In(1 + Ayr)
Ay

where AT,=Tp—1 or ATy=1-T,, Tp and T, represent the
height and depth in the normalized transmittance curves of the

ATporyv=1- 3)
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Table 1

The detailed parameters of the glass in the open-aperture Z-scan model.
a ATpory Ay 197 (x10" W/m?) Legt (1074 m) B(x1072m/W)
1 0.11 0.25 0.78 1.62 0.39
11 0.75 104 1.11 1.62 11.6

2 T and Il represent saturable absorption and reverse saturable absorption, respectively.

open-aperture Z-scan model, respectively. At last, the detailed
parameters are shown in Table 1.

The quantum size effects could be the main cause of the trans-
formation from SA to RSA in the glass. It is well known that an
important parameter of semiconductor materials is the energy gap,
which separates the conduction band from the valence band. Fig. 6
represents the schematic diagrams of photodynamic for the bulk
and nanocrystals in semiconductor materials. One can observe in
Fig. 6(a) that this energy gap is a fixed value that is only prescribed
by the material’s identity in the bulk semiconductor materials. In
Fig. 6(a), CB and VB represent the conduction band and valence
band, respectively. E represents the energy gap. It is the energy dif-
ference between the top of the valence band (VB) and the bottom of
the conduction band (CB), and the electron in the conduction band
(CB) has continuous values of energy. However, when the semi-
conductor dimensions become comparable to or smaller than the
natural length scale of the electron-hole pair, this situation is going
to change. The energy gap becomes tunable with the particle size
leading to the atomic-like optical behavior instead of bulk bands
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Fig. 5. Open-aperture Z-scan curves of the glass in different input light intensities
at 770 nm. Iy is on-axis peak intensity at focus.

structure [47]. This phenomenon is known as the quantum size
effects. In our experiment, the size of Bi,S3 nanocrystals ranges
from several to over twenty nanometers, which is smaller than its
Bohr radius reported [38]. As a result of the quantum size effects,
the energy bands become discrete. The transformation will occur
between discrete states arising from the upper states of the valence
band (VB) and the lowest energy discrete states arising from the
bottom of the conduction band (CB). Also, a number of nearby states
available at slightly different energies in the bulk are compressed by
the quantum size effects into a single energy level in a quantum dot
with the decrease of the particle size. Thus the density of states is
increased tremendously, and the energy of the band gap absorption
is also increased. As a result, saturable absorption (SA) should be
more obvious due to the more transformations from ground state to
excited state, which is observed in Fig. 6(b). In addition, the relax-
ation time in the nanocrystals could be on the subpicosecond to
picosecond time scale or longer. One can also observe in Fig. 6(b)
that the effective relaxation time of Bi,S3 nanocrystals is given by
1/t =1/Tinera + 1/Tinter + 1/Ttrap, Where Tiner, is the intraband relax-
ation time, Tinee is the interband relaxation time, and tyap is the
trapping time by surface or defect states. Reverse saturable absorp-
tion (RSA) could be mainly derived from the interband transitions
among excited states. The small size, narrow distribution, and high
dispersion of Bi,S3 nanocrystals will lead to the obvious quantum

(@) (b)

1P (B) : Tintra

1S(e) E Terap
T
nter E Tintcr
Trap states
1P1z(h) 7

1S3/2(h) —@ero———

Fig. 6. Schematic illustration of photodynamic in semiconductor materials (a) bulk
and (b) nanocrystals.
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size effects in the glass, which will contribute to the change of
the third-order optical nonlinear absorption due to the transitions
among these discrete states in the glass.

Besides the quantum size effects, the free-carrier effects, the res-
onant nonlinear-optical process, the nonlinear scattering, and the
thermal effects could also influence the optical nonlinear absorp-
tion of the glass in this paper. Generally, the nonlinearities based
on the free carrier effects are significant for laser pulses of picosec-
ond (ps) pulses duration [48] and longer [49], which is far greater
than that of the laser pulses of femtosecond (fs) pulses duration
in this paper. Pejova et al. [50] also reported that the calculated
relaxation time of photoexcited charge carriers of Bi,S3 is 1.58 ms,
which is far greater than the laser pulses of femtosecond pulses
duration (~200fs) in our experiment. Moreover, the input light
intensity is also lower in our experiment. Thus the influences of
the free carrier effects and the nonlinear scattering are not con-
sidered in this paper. In addition, no obvious absorption peaks are
observed at a laser frequency of 770 nm, and the nonlinear-optical
process should be a non-resonant process in the glass. However,
the thermal effects could be more obvious while the Z-scan mea-
surement is operated at very high pulse-repetition frequencies. In
recent years, the influence of the thermal effects has been widely
studied using high repetition rate picosecond (ps) and femtosec-
ond (fs) laser systems in Z-scan measurements. Falconieri [51]
reported on thermo-optical effects in Z-scan measurements using
high-repetition-rate lasers and thought that the thermal effects
will occur when the laser repetition rate is greater than a few tens
of KHz. Mian et al. [52] proposed that a positive deviation of the
peak-valley separation from the Kerr value of 1.7zy indicated the
presence of thermal contributions. Recently, Chen et al. [53] also
drawn the similar conclusion in observing the third-order opti-
cal nonlinearities of AgCl doped Bi;03-B,03-SiO, ternary glasses.
For that the closed-aperture Z-scan measurement is operated at
770 nm. Fig. 7 represents the normalized transmittance curve of the
closed-aperture Z-scan measurement at 770 nm, and the distance
between valley and peak at Z direction in Fig. 7 is measured in this
paper. The calculated value is about 1.80zj (zg = na)g/)» =4.07mm
being the Rayleigh range), which has a slight positive deviation
from the Kerr value of 1.7zg. The result illustrates that the thermal
effects should exist in this paper. In addition, the laser repetition
rate of 76 MHz, which is greater than a few tens of KHz, further
indicates the existence of the thermal effects in this paper. How-
ever, the influence of the thermal optical effects is not marked in
this paper due to the adjacent value with the Kerr value. One rea-
son could attribute to the high thermal conductivity of the sodium

borosilicate glass which promotes the equilibrium temperature in
the time between pulses. More researches are needed to explain
the influence of the thermal effects in our future work. Accord-
ing to the above-mentioned discussion, the third-order nonlinear
optical absorption of the glass should mainly derive from the dop-
ing effect of Bi,S3 nanocrystals inducing the quantum size effects.
Meanwhile, the thermal effects can also not be negligible.

4. Conclusion

The sodium borosilicate glass containing Bi,S3 nanocrystals is
successfully prepared by employing both sol-gel and atmosphere
control methods. These Bi,S3 nanocrystals having regular spheri-
cal in shape are mounted uniformly in the glass, and the diameters
of these spherical nanocrystals range from several to over twenty
nanometers. The transformation from saturable absorption (SA)
to reverse saturable absorption (RSA) are observed in the glass
with the increase of the input light intensities from 0.78 x 1013 and
1.11 x 1013 W/m? in the open-aperture Z-scan model. The quantum
size effects could be the main cause of the transformation from SA
to RSA in the glass, and the thermal effects should also be consid-
ered. A further confirmation is still needed in the future work about
the mechanism of the third-order optical nonlinear absorption in
the glass.
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