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Abstract Nonlinear (NL) optical properties of antimony–
germanium–sulfur (Sb–Ge–S) glasses were investigated us-
ing laser pulses of 65 fs at 1560 nm. Samples having concen-
tration ratio [S]/[Ge] = 2.69 with different antimony con-
centrations were studied. Glasses with different oxidation
states of Sb were investigated using the thermally managed
Z-scan technique. The influence of the Sb oxidation state
on the NL properties was evaluated. NL refraction indices
of electronic origin, n2 ≈ 10−13 cm2/W, two-orders of mag-
nitude larger than for fused silica and NL absorption coef-
ficients smaller than 0.55 cm/GW were measured. Appro-
priate figures-of-merit for photonic applications were deter-
mined.

PACS N.42.65.An · 42.70.-a · 42.70.Ce · 78.20.-e ·
78.20.Ci

1 Introduction

Chalcogenide glasses are attracting the attention of many
investigators due to their large transparency in the in-
frared, their high refractive index, and low phonon energies
that make them good candidates for photonic applications
[1–13]. Compositions based on tellurium [6], antimony–
sulfide [7], and arsenium–sulfide [8, 9], among others [3–5,
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10–13], have been studied aiming possible photonic appli-
cations. A glass family of interest is the ternary composi-
tion antimony–germanium–sulfur (Sb–Ge–S) that presents
high nonlinear (NL) refraction index, n2. Changes in n2 by
≈400% were observed in the system xGeS2–(1 − x)Sb2S3,
varying x from 10 to 40% [13]. Substitution of S by se-
lenium (Se) in the system Ge0.23Sb0.07S0.70−xSex for x

varying from 0 to 70% changed n2 from 1.66 × 10−14 to
10.3 × 10−14 cm2/W in experiments using a laser operating
at 1064 nm (pulses of 15 ps). Two-photon absorption coef-
ficients, α2 < 0.1 cm/GW, were observed for some compo-
sitions [13]. The figure-of-merit, T = 2α2λ/n2, where λ is
the laser wavelength, was calculated, and values of T < 1.1
were obtained for small Se concentration (x < 0.2). The
results indicate that this material may present good perfor-
mance in devices such as directional couplers and NL dis-
tributed feedback gratings that require T < 1 and T < 4,
respectively [14].

We report here on NL optical properties of Sb–Ge–S
glasses at 1560 nm, a telecom wavelength. The influence of
the antimony’s states of oxidation was investigated for sam-
ples having concentration ratio [S]/[Ge] = 2.69, with [Sb]
varying from 1 to 15%. Large NL refractive indices of elec-
tronic origin (≈10−13 cm2/W) and two-photon absorption
coefficients smaller than 0.55 cm/GW were measured.

2 Experimental details

The glass compositions are presented in Table 1. High-
purity GeS, S, and Sb with different oxidation states cor-
responding to Sb2S3, Sb2S5, and Sb0 raw materials were
mixed in 10 g into fused quartz ampoules in an N2 gas-filled
glove box with concentration of H2O and O2 smaller than
1 ppm. The sealed ampoule was held at 500◦C for 3 h to
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Table 1 Compositions and parameters for the samples studied. n0 is the linear refraction index at 1550 nm, n2 is the NL refraction index in
cm2/W, and α2 is the NL absorption coefficient in cm/GW

Sample Composition Acronym n0 n2 × 10−14 α2

A 2Sb2S3–26GeS–38S Sb4Ge26S70 2.1102 6.54 ± 1.47 <0.43

B 2Sb2S5–26GeS–34S Sb4Ge26S70 2.1435 6.57 ± 0.61 <0.24

C 4 Sb2S5–24.9GeS–22.2S Sb8Ge24.9S67.1 2.1578 7.18 ± 0.61 0.55

assist the reaction between Ge and S and then melted com-
pletely at 850◦C during 10 h.

To increase the homogeneity of the melt, a rocking fur-
nace was used. The melts were cooled in air for a few sec-
onds, and the samples obtained were annealed during 4 h at
20◦C, below the glass transition temperature, Tg . The final
glass compositions, determined by energy dispersive spec-
troscopy (EDS), were the same as the initial composition
within the accuracy of the measurement (2%). The values of
Tg varying from 297±12◦C to 337±12◦C were determined
using differential scanning calorimetry. The measurements
were made with powdered samples placed in aluminum pans
under N2 atmosphere at heating rate of 10◦C/min.

The samples used for the optical experiments have a disk
shape with 10 mm diameter and 1 mm thickness.

Absorption spectra were obtained from 400 to 2000 nm
using a double-beam spectrophotometer, and measurements
of the linear refraction indices were made using the M-
line technique at 1550 nm. For the NL measurements at
1560 nm, a mode-locked erbium-doped fiber laser deliver-
ing pulses of 65 fs at 50 MHz was used.

The NL measurements were made using the thermally
managed Z-scan (TM-Z scan) technique [15]. This tech-
nique, a variation of the conventional Z-scan technique [16],
allows differentiation between cumulative effects of thermal
origin and the fast electronic nonlinearity, even when high-
repetition-rate pulse trains are used. A chopper is the new el-
ement introduced in the conventional Z-scan setup, respon-
sible for the thermal management as described in [15]. The
method consists in acquiring the time evolution of the Z-
scan signal for the sample positioned in prefocal and post-
focal positions with respect to the region were the laser is
focused. The time resolution of the measurement is deter-
mined by the chopper opening time (t = 0). The evolution of
the Z-scan signal is obtained by delaying the photodetector
signal acquisition time with respect to the chopper opening
time. Then, the Z-scan curves can be constructed, and the
contribution of thermal and electronic nonlinearities can be
inferred using the procedures presented in [15, 16].

3 Results and discussion

Figure 1 shows the linear absorption coefficient, α0, for all
samples prepared using Sb0 [Fig. 1(a)], Sb2S3 [Fig. 1(b)],

and Sb2S5 [Fig. 1(c)] with different concentrations of Sb.
The results show band gap wavelengths in the range from
≈500 to ≈700 nm and a transparency window which ex-
tends to the infrared region. The samples prepared using
Sb0 present the highest transparency in the green-red region.
A dependence of the optical bandgap versus the antimony
content is understood considering that the binding energy
of Sb–S bonds is much lower than that of the Ge–Sb bonds
[17, 18].

The laser beam was focused with a 5 cm focal-length
lens, and the intensity obtained in the focus was
248 MW/cm2. The opening time of the chopper was 20 μs.
The temporal response at each position of the sample was
recorded using a program which simultaneously acquires
data from an oscilloscope and controls the motor responsi-
ble for the sample position. For the closed aperture Z-scan
scheme, measurements of the normalized transmittance in
the prefocal and postfocal positions are used to obtain the
maximum difference between the signal in the peak and
in the valley (�TP–V ) as a function of time. Beam self-
focusing/defocusing were not observed for the samples pre-
pared using Sb0 even with the highest concentration of Sb
(15%); the same occurred for the other samples doped with
1% of Sb. Three samples were available for the NL experi-
ments as indicated in Table 1, and typical TM-Z scan curves
in the closed aperture scheme at different times are shown
in Fig. 2 for the samples containing 4% of Sb.

To compensate the undesired linear scattering contribu-
tion and to test the photo-stability of the samples, sequential
measurements were made in three regimes of intensity (low,
high and low), and the results were compared in order to
check for structural changes. The results show changes only
in the samples prepared from Sb0 indicating the absence of
photo-darkening or photo-bleaching in the other samples.

The values of �TP–V obtained as a function of time are
shown in Fig. 3. Extrapolating the results towards t = 0, it is
possible to determine the nonthermal contribution to n2 that
is calculated using the expression n2 = λ�TP–V (t = 0)/

0.812πLeffI , where Leff = (1 − exp(−α0L))/α0 is the ef-
fective length of the sample, L is the sample length, and I is
the laser intensity.

TM-Z scan results corresponding to the open aperture
scheme were observed only for sample C, and the variations
of the normalized transmittance at z = 0 (�T ) were mea-
sured as a function of time. Also extrapolating the results to
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Fig. 1 Absorption spectra for samples prepared using (a) Sb0,
(b) Sb2S3, and (c) Sb2S5 with different concentrations of Sb

t = 0, we obtain the two-photon absorption coefficient using
the expression α2 = 23/2�T (t = 0)/ILeff.

The results are summarized in Table 1. Note that high
NL refraction indices of ≈10−13 cm2/W were determined
for t = 0. The values of n2, attributed to the high polar-
izability of S and Sb, are much larger than for silica at
1550 nm (n2 = 2.87×10−16 cm2/W) [19]. The n2 value for
the glass Sb8Ge24.9S67.1 [sample C] prepared from Sb2S5

are almost 500% higher than the values reported in [13]
for Sb7Ge23S70 and Sb12Ge23S65 prepared from Sb2S3. For

Fig. 2 Temporal evolution of the TM-Zscan curves in the closed aper-
ture scheme for the sample doped with 4% of Sb and prepared with
(a) Sb2S3 [sample A] and (b) Sb2S5 [sample B]

samples A and B, the open aperture transmittance �T is
smaller than our limit of detection. Then, to estimate the
value of α2, it was considered �T = 0.003 at t = 0, which
corresponds to the minimum NL transmission change that
can be detected in our setup.

For the figure-or-merit T = 2α2λ/n2, determined us-
ing the n2 and α2 values given in Table 1, we obtained
0.77 < T < 1.61. However, for the samples prepared using
Sb2S3 as precursor, a realistic estimate of T can be done as-
suming α2 < 0.1 cm/GW, as reported in [13] for 1064 nm.
This is justified because at 1560 nm, the linear absorption
coefficient of the samples is comparable with the value at
1064 nm. In this case we obtain T < 0.35.

4 Summary

In summary, linear and NL optical properties of Sb–Ge–S
were studied for samples prepared with different oxidation
states of Sb. The NL response of the samples prepared from
Sb0 raw material was smaller than our limit of detection,
while the samples prepared from Sb2S5 and Sb2S3 pre-
sented high NL refractive indices and low NL absorption
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Fig. 3 �TP–V for samples prepared using Sb2S3 and Sb2S5 with dif-
ferent concentrations of Sb: (a) 4%, (b) 8%

coefficients at 1560 nm. The measurements lead to figures-
of-merit that indicate a large potential of the glasses studied
for photonic applications at 1560 nm.
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