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Abstract: We demonstrate the modification of the third-order optical nonlinearity
(TONL) of chalcogenide glasses (within the GeS2–In2S3–CsCl ternary system) by
nanocrystallization, i.e., by controlling the precipitation of nanocrystals (in pure In2S3

chalcogenide

glass

ceramics

(ChGCs)

have

unchanged

infrared
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resultant

EP

phase) within the amorphous background. Compared with the parent glass, the

transmittance but modifiable optical bandgap energy with treatment duration. Both
nonlinear refraction coefficient and nonlinear absorption coefficient of the ChGCs are
increased due to the appearance of In2S3 nanocrystals. ChGCs subjected to heat
treatment for 1.3–2 h are found to exhibit the optimum TONL performance.

Keywords: Nanomaterial; Nonlinear optical materials; Nonlinear optics; materials.
1. Introduction
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Over the past decades, nonlinear optical devices particularly those based on
third-order optical nonlinearity (TONL, χ(3))[1] have received increased attention.
Some of these devices include all-optical switching, super-continuum generation, and
optical time division multiplexing. To fabricate devices with small size, low energy
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consumption, and fast processing speed, searching for nonlinear optical materials with
large TONL is highly important[2-4]. Chalcogenide glasses (ChGs) have the largest
TONL property among all optical-glass systems[5, 6]. They also possess high optical
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transmittance in the mid-infrared windows (i.e. 3~5 and 8~14 µm). ChGs are
amorphous semiconductors as well; they are compatible with both fiber-telecom and
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silicon technologies and are thus considered to be promising for the fabrication of
both infrared and nonlinear photonic devices[7-11].

One of the fundamental ChG research hotspots is to optimize their properties by
partial crystallization in a glass network[12-16]. ChG ceramics (ChGCs) comprising
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semiconductor crystals in nano- or micron-scale have been found to exhibit upgraded
mechanical strength, rare-earth luminescence, and optical nonlinearity. For TONL
property, enhanced nonlinear refractive (n2) behavior has first been reported by Lin in
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β-GeS2 nanocrystallite (NC) embedded ChGCs[17]. Thus far, similar experimental
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results have been observed in ChGCs comprising Ga2S3[18], AgCl[19], and GeS2[20]
NC, demonstrating that quantum effects from semiconductor NCs being a function of
the crystallite type, size, and volume fraction have excellent versatility for the
improvement of TONL performance of ChGCs. Our previous work[21] has reported
the preparation of In2S3 microcrystallites comprising transparent ChGCs, which we
have anticipated to acquire higher TONL property than those embedded with Ga2S3
and GeS2 crystallites because In2S3 is a typical natural defective crystal with
distinctive photoconductivity and broadband spectral response[22]. However, the
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TONL property of ChGCs has not been detailed due to the high scatting loss from
In2S3 crystallites having size in micro-scale.
In the present work, we investigate the TONL property of transparent ChGCs
embedded with In2S3 nanocrystallites (NCs) by using a femtosecond laser at a
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near-infrared wavelength of 800 nm. Z-scan technique was performed to evaluate the
nonlinear refractive index (n2) and nonlinear absorption coefficient (β) of ChGCs as a
function of treatment duration. The possibility of tailoring TONL performance was
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evaluated by figure of merit.
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2. Experimental

Parent ChG with a molar composition of 65GeS2–25In2S3–10CsCl (GIC) was
selected and prepared from high purity polycrystalline, Ge (99.999%), In (99.99%), S
(99.999%), and CsCl (99.99%). The GIC ChGCs were prepared by heat treating the
parent glass 30 °C above its transition temperature (Tg = 346 °C) for 1, 1.3, 2, 3 and 5
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h. The corresponding ChGCs were denoted as GIC-1h, 1.3h, 2h, 3h, and 5h,
respectively. The absorption and transmission spectra of samples ranging within 400–
2500 nm were recorded using a UV–vis–NIR spectrophotometer (Lamda950,

EP

PerkinElmer, USA). Infrared transmission spectra ranging within 2.5–25 µm were
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obtained using a Fourier transform infrared spectrometer (Nicolet381, Nicolet, USA).
The crystalline phases that precipitated in the ChGC samples were identified by X-ray
diffraction (XRD; AXS D2 PHASER, Bruker, Germany) under 30 kV, 10 mA, Cu Ka
radiation, and 0.02° step width. Crystal morphology in the ChGCs was observed using
a transmission electron microscopy (TEM) system (JEOL2100, JEOL, Japan).
Z-scan technique was used to study TONL properties including both nonlinear
refraction and absorption behaviors of the GIC ChGCs at a near-infrared wavelength
of 800 nm. A Ti:sapphire laser (Mira 900-D, Coherent, USA) with a pulse width of
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130 fs and repetition frequency of 76 MHz was used as laser source. The incident
laser power detected by a highly sensitive power probe (Rkp-575, Laser Probe, USA)
was set at 35 ± 0.5 mW and focused on samples by using a CaF2 lens. The waist of
laser beam (ω0) at focus was estimated to be 18.5 ± 1.5 µm, corresponding to a laser
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intensity (I0) of 7.98 ± 1.21 GW/cm2. Notably, the pyroelectric power probe
introduced approximately 5% error because of thermal effects. Moreover, the
scattering of the lens and glass samples added approximately 1.3% error. Thus, the
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calculated results of TONL parameters had approximately 20% error, which is within

3. Results and discussion
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acceptable limits. The above measurements were conducted at room temperature.

Figure 1 presents the full-band transmission spectra and a photograph of the GIC
parent glass and ChGCs. The heat-treatment process caused a color change of the
parent glass, but the infrared transmission window cutoff at 12 µm remained
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unchanged for the GIC ChGCs, indicating that crystallization in the ChGC samples
were below micronscale and the crystallites were homogeneously distributed in the

EP

GIC glass matrix.

To confirm the precipitation of In2S3 crystallites in ChGCs, both parent glass and
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ChGC samples were ground to powder and subjected to XRD measurements. The
XRD patterns shown in Fig. 2(a) indicated that GIC-2h showed a noticeable
diffraction peak at 47.71° above the amorphous background and its intensity grew
with heat treatment. When the treatment duration reached 5 h, another three
diffraction peaks at 27.44°, 33.24°, and 43.62° were clearly observed in the XRD
pattern of GIC-5h, which can be identified as the formation of β-In2S3 (PDF No.
84-1385) crystallites according to the reference given at the bottom of Fig. 2(a).
Notably, the diffraction intensity of the β-In2S3 crystal phase was much weaker than

ACCEPTED MANUSCRIPT
the amorphous background, meaning that the crystalline fraction was small in the
ChGCs. For GIC-5h, it was below 3%.
The TEM and high-resolution TEM (HRTEM) images of β-In2S3 crystallites in
sample GIC-5h are presented in Figs. 2(b) and 2(c), respectively. According to the
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TEM image in Fig. 2(b), the average size of the crystallites with distinct lattice fringes
is estimated to be 8.6 nm, and the lattice space of 0.27 and 0.20 nm as shown in Fig.
2(c) confirmed the presence of the (4 0 0) and (5 1 1) crystallographic planes of
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β-In2S3 crystals. Thus, crystallization in the GIC ChGCs can be defined as nanoscale,
so it has no significant influence on the optical transmittance of the ChGCs in the
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infrared region.

The absorption spectra in Fig. 2(d) showed evident red shifting of the
fundamental absorption edge when heat treatment was prolonged, which resulted in
the color change of the GIC ChGCs. The optical bandgap energy (Eg) can be
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calculated from the location of the fundamental absorption edge by assuming that the
linear absorption coefficient (α0) is related to Eg as α02 = B(hv − Eg)[23], where hv is
the incident photon energy and B is a constant. According to the calculation results
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given in Table 1, the shifting of the fundamental absorption edge to a longer
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wavelength can be numerically represented by the decrease in Eg as a result of the
deposition of In2S3 crystals with Eg of 1.94 eV[24] within the parent glass (Eg = 2.66
eV). Furthermore, by overlapping the fundamental absorption edge of all samples, an
increasing onset of the absorption tail (known as the Urbach band[25,26] illustrated in
the inset of Fig. 2(d)) can be observed. This phenomenon was intensified by
prolonging the heat treatment, which can be recognized as the direct evidence of the
increasing number of In2S3 NCs[21, 27] in the GIC glass network. Fig. 3 shows a
relatively linear dependence of Eg on treatment duration (<5 h), indicating linear

ACCEPTED MANUSCRIPT
growth of the number of In2S3 NCs. However, the Eg value of GIC-5h was far above
the one excepted from linear fitting, which was due to the loss of size confinement as
a result of the agglomeration of In2S3 NCs that can be observed on the top part of the
TEM image shown in Fig. 2(b).
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The TONL properties of the GIC parent glass and ChGCs were investigated by
closed-aperture (CA) and open-aperture (OA) Z-scan method at a near-infrared
wavelength of 800 nm. The CA Z-scans shown in Fig. 4(a) indicated that all traces
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had a peak-following-valley configuration, meaning that the samples had a positive
nonlinear refractive index (n2) at 800 nm. Furthermore, the distance of transmittance
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between valley and peak (∆Tv-p) in the CA Z-scans underwent obvious amplification
upon heat treatment, demonstrating that the increase in n2 resulted from the deposition
of In2S3 NCs. By fitting the CA Z-scans with the Gaussian decomposition method[28,
29], the n2 values of the samples were estimated and are shown in Table 1. The

TE
D

variation tendency agreed with that of ∆Tv-p, i.e., the maximum n2 obtained from
sample GIC-5h reached 14 × 10-4 cm2/GW, which was over three times that of the
parent glass with n2 of 3.81 × 10-4 cm2/GW. Besides, as the experimental data given in
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Table 1, n2 value of the present ChGCs is larger than those of ChG film (Sn1As20S79 in
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molar composition)[9], bulk ChG (Ga8Sb32S60 in molar composition)[10] and α-Ga2S3
embedded ChGC (Ga10Ge25S65 in molar composition)[18] reported recently.
The OA Z-scans given in Fig. 4(b) illustrate the presence of a valley in the center

of each trace, which can be attributed to reverse-saturated absorption. Given that the
normalized photon energy (hv/Eg, where hv = 1.55 eV is the incident photon energy at
800 nm) of the samples between 0.6 and 0.7 were within the two-photon absorption
region (TPA; 0.5 < hv/Eg < 1)[30], we can ascribe the nonlinear absorption behavior
of the GIC parent glass and ChGCs at 800 nm to the TPA process. The corresponding
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TPA coefficient (β) can be estimated by fitting the OA Z-scans using a TPA model.
The calculation results are given in Table 1. Clearly, β increased monotonously with
prolonged treatment duration, consistent with the size variation of the valley in the
OA Z-scans. The maximum β was obtained from GIC-5h, and the value of 5.86
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cm/GW was over three times to that of the parent glass as well.

According to the well-established two-band theory[31], Eg is considered to be the
primary factor that determines the TONL property of dielectric and semiconductor
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materials. Especially in the TPA region, the possibility of photon-induced electronic
transitions from the valance band (VB) to the conduction band (CB) by means of TPA
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can be promoted due to the reduction in bandgap energy (namely Eg) between VB and
CB. Consequently, the enhanced electronic transitions caused stronger distortion of
the electron orbits around the nuclei of the materials, giving rise to a larger nonlinear
refraction (n2). However, the increase rate of n2 against Eg-1 was inconsistent with that
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of β, so evaluating TONL performance by figure of merit (FOM) was necessary. For
n2-based nonlinear devices, such as all-optical switching and supercontinuum
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equations[32]:
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generation, the corresponding FOMs can be calculated by the following

T=
W=

βλ
n2

<1

n2 I0

α 0λ

>1

(1)
(2)

where T and W are FOMs that evaluate the trade-off between wavelength (λ), optical
absorption, and n2; α0 is the linear absorption coefficient; and I0 is the peak power
density of the laser. The calculated FOMs of the samples are presented in Table 1,
which shows that all T values satisfied the corresponding criterion. Thus, the GIC
parent glass and ChGCs exhibited relatively weak TPA process at 800 nm.
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Accordingly, we can expect an even lower or absent TPA at longer wavelengths,
especially at a communication wavelength of 1.55 µm in which the hv/Eg values
would be between 0.3 and 0.4, far below the TPA edge at hv/Eg = 0.5[33]. For the
second criterion, only two ChGC samples in the middle of the series satisfied W > 1
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when error was considered as a result of the presence of optical absorption from the
Urbach tail at 800 nm. Therefore, we also anticipated that the improvement in W for
the ChGCs can occur at longer wavelengths due to the reduction in linear absorption
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coefficient as illustrated in the absorption spectra.

Table 1 also implies that both FOMs had no evident dependence on
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heat-treatment duration, but both their optimal values can be obtained in samples
GIC-1.3h and GIC-2h. This finding indicated that such short treatment duration was
sufficient for the performance improvement of TONL property of the GIC ChGs.
Indeed, as illustrated in Fig. 3, optimization of the TONL performance of GIC ChGCs
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primarily relied on the modification of the Eg value, which can be achieved by
controlling the heat-treatment duration. Fig. 5 shows the relationship between n2 and
hv/Eg for the present GIC glass and ChGCs, and it can be well fitted by Dinu’s
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model[34] that describes the dispersion of nonresonant TONL. For sample GIC-5h, its
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maximum n2 and β values may have been due to its hv/Eg value of 0.7, which has
been theoretically proved as the characteristic peak values for the n2 and β of
indirect-gap semiconductors[35]. When hv/Eg exceeded 0.7, n2 and β decreased and
the rate of decrease of n2 was much faster than that of β, leading to rapidly reduced
TONL performance. Thus, maintaining the treatment duration within 5 h is
theoretically correct to optimize TONL performance of the GIC ChGs.
4. Conclusions
We prepared β-In2S3 nanocrystal-embedded transparent ChGCs by fast heat
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treating a 65GeS2–25In2S3–10CsCl (in molar percentage) ChG. After annealing the
glass 30 °C above its transition temperature for < 5 h, we observe evident shifting of
the absorption edge toward a longer wavelength as a result of the appearance of
β-In2S3 crystallites < 10 nm in size. By using femtosecond Z-scan method at a
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wavelength of 800 nm, the nonlinear refraction index (n2) and two-photon absorption
coefficient (β) in the transparent ChGCs increase by over three times compared with
those of the parent glass. The optimum third-order nonlinear performance is obtained
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from ChGCs treated between 1.3 and 2 h, indicating the possibility to tune the
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nonlinear optical properties of ChGs through nanocrystallization.
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Tables

Table 1 Optical band gap and TONL parameters of the GIC parent
glass, ChGCs and other ChG materials reported in recent studies
for comparison.

Figures
Fig. 1 Full-band transmission spectra of GIC parent glass and ChGCs; inset is a photograph of
polished samples.
Fig. 2 (a) XRD patterns of GIC parent glass, ChGCs, and the β-In2S3 phase. (b) TEM image of
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β-In2S3 crystallites in sample GIC-5h. (c) HRTEM image of β-In2S3 crystallites. (d) Absorption
spectra of the GIC parent glass and ChGCs showing the shifting of the fundamental absorption
edge; inset is the overlapping of absorption tails, i.e., the Urbach band.
Fig. 3 Optical bandgap energy (Eg) as a function of the treatment time; the solid line is linear
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fitting.
Fig. 4 (a) Closed-aperture (CA) Z-scan traces of the parent glass, GIC-1.3h, and GIC-5h. (b) The
corresponding open-aperture (OA) Z-scan traces; the solid lines are theoretical fitting.
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Fig. 5 Fitting of plot of n2 vs. hv/Eg by using Dinu’s model.
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Table 1 Optical band gap and TONL parameters of the GIC parent
glass, ChGCs and other ChG materials reported in recent studies
for comparison.
n2

(eV)

(10-4

±0.0

cm2/GW)

1

±20%

Parent glass

2.66

GIC-1h

T

W

(cm/GW)

±40

±40

±20%

%

%

3.81

1.69

0.37

0.82

2.49

5.45

1.98

0.29

1.01

GIC-1.3h

2.47

10.02

GIC-2h

2.35

9.49

GIC-3h

2.22

11.58

2.19

*Sn1As20S79 ChG film
*Ga8Sb32S6010

GIC-5h
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#

α-Ga2S3 embedded

0.15

1.73

2.53

0.21

2.38

4.30

0.30

1.12

14.04

5.86

0.33

0.82

2.77

0.41

0.31

0.80

-

2.06

1.24

-

-

-

2.83

2.40

0.95

0.32

-

TE
D

ChGC18

1.83

M
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U

Sample No.

RI
PT

β

SC

Eg

*Z-scan wavelength used in Ref. 9 and Ref. 10 are 1.064 and 1.55 µm, respectively.

EP

The molar composition of the ChGC reported in Ref. 18 is Ga10Ge25S65.
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