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We report measurements of the nonresonant nonlinear refractive index n, in antimony glasses at
telecom wavelengths. The measurements were performed using the Z-scan technique with a 130 fs
pulsed laser operating at five wavelengths in the range of 1400—1600 nm. Values of n,
~107 cm?/W were measured and a negligible two-photon absorption coefficient (<0.003
cm/GW) was estimated for all glasses compositions. The samples present a good figure of merit for

ultrafast all-optical switching. © 2006 American Institute of Physics. [DOI: 10.1063/1.2388045]

The implementation of all-optical switching requires ma-
terials with low linear and nonlinear losses, large Kerr non-
linearity, and ultrafast response. These requirements are usu-
ally expressed through two figures of merit (FOMs), W
=n,l/a\ and T=a,\/n,, where I is the incident light inten-
sity, N is the light wavelength, « is the linear absorption
coefficient, and «, is the two-photon absorption coefficient.
Materials that present W>1 and T<<1 are good candidates
for photonic switching applications.l

Transparent glasses with large nonlinearity are good can-
didates for all-optical switching. It is well known that the
presence of atoms with large polarizability in the glass com-
position increases the nonlinear refractive index of a mate-
rial, but the selection of an appropriate material is a chal-
lenge because normally large two-photon absorption is
present when large n, is obtained. In such cases 7> 1 and the
switching process loses efficiency.

Recently, compositions of antimony based glasses (AGs)
were identified as appropriate for photonic applications.%4
The AG compositions studied present glass transition tem-
perature of =300 °C, linear refractive index of =2, large
transmittance window from 380 to 2000 nm, and high ther-
mal stability. Although AG glasses have been discovered
long time ago,s_7 only recently techniques were developed
that allow the preparation of good optical quality
samples.s_lO Up to the present time the characterization of
the nonlinear (NL) optical absorption and NL refraction of
AG has been limited to the wavelengths of 800 and 532 nm.
Large NL refractive index, low two-photon absorption coef-
ficients, and ultrafast response (faster than 100 fs) at 800 nm
were reported.3’4 On the other hand, photoinduced structural
changes have been observed when exciting AG samples with
blue and ultraviolet light."

This paper reports on the measurements of the third-
order nonlinearity of a compositional series of AG using the
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Z-scan technique from 1400 to 1600 nm. Measurements of
n, and evaluation of a, were performed; values of FOM, W
and T, were obtained.

Three glass groups of different compositions were stud-
ied as presented in Table I. In the first group, four composi-
tions of Sb,0O5-SbPO, glass were investigated. The second
group was obtained by adding PbO to the composition of the
first group. The third group consists of a binary antimony
polyphosphate glass based on Sb,O3;—Sb(PO3); and a
sample to which PbO was added. The samples were prepared
following the procedure described in Refs. 9 and 10. The
glass transition temperature, the crystallization temperature,
the structural organization of the samples, and the absorption
spectra were given in a previous publication.10 Samples with
thickness varying between 0.4 and 2.2 mm were used in the
present experiments.

NL refraction and NL absorption were investigated using
the Z-scan tec:hnique.11 The measurements were done using a
tunable optical parametric amplifier (OPA) pumped with a
Ti:Sapphire chirped pulse amplified (CPA-2001, CLARK-
MXR) system, delivering pulses of 130 fs at 1 kHz repeti-
tion rate. The OPA was tuned to operate in five wavelengths
in the range 1400 to 1600 nm. To implement the technique
the laser beam was focused by a 12 cm focal distance lens.

TABLE I. Composition of the samples studied.

Group Sample Composition (% mol)
I A 70Sb,04—30SbPO,
B 60Sb,05—40SbPO,
c 50Sb,05—50SbPO,
D 40Sb,0;—60SbPO,
1 E 505b,05—40SbPO,— 10PbO
F 30Sb,05—50SbPO,~20PbO
1 G 708b,05—30Sb(POs)5
H 708b,05—20Sb(POs),— 10PbO

© 2006 American Institute of Physics
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FIG. 1. Closed-aperture Z-scan traces at (a) 1400 nm, (b) 1500 nm, and (c)
1600 nm. The thicknesses of samples are 1.0 mm (sample A), 0.4 mm
(sample E), and 1.2 mm (sample H). The solid line represents the corre-
sponding fits. A shift in the base line was introduced to prevent overlap
among the curves.

The sample was mounted in a computer-controlled transla-
tion stage to be scanned in the focus region along the beam
propagation direction (Z-axis). Negative values of Z corre-
spond to locations of the sample between the focusing lens
and its focal plane. A photodetector with an adjustable aper-
ture in front of it was placed in the far-field region. The
aperture size with radius r, is related to the linear aperture
transmittance by S:[l—exp(—Zraz/ waz)], with w, denoting
the beam radius at the aperture for very low incident power.
A closed-aperture Z-scan experiment corresponds to S<1,
which is employed for n, measurements, while S=1 is used
for the determination of aj,.

Figure 1 shows typical closed-aperture Z-scan traces for
three samples measured at 1400, 1500, and 1600 nm. The
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TABLE II. Nonlinear refractive index for different laser wavelengths.

n, (1075 cm?/W)

Sample 1400 nm 1450 nm 1500 nm 1550 nm 1600 nm
A 32+1.0 3.1+£0.9 3.0+£0.9 4.1x1.2 2.3+0.7
B 1.7+0.5 1.6x0.5 2.1x0.6 2.8+0.8 2.5+0.7
C 2.5+0.8 2.4+0.7 2.8+0.8 3.1+£09 2.1+0.6
D 1.8+£0.5 2.1+0.6 2.3+0.7 2.7+0.8 1.8+£0.5
E 3.6x1.1 3.6x1.1 3.0+£0.9 2.8+0.8 3.1+0.9
F 3.2+09 2.5+0.7 3.2x0.9 34x1.0 39+1.2
G 2.8+0.8 3.7+1.0 35+1.1 44x13 3.6x1.1
H 2.4+0.7 2.1+£0.6 3.7+1.1 2.4+0.7 2.6+0.8

vertical axis plots the normalized transmission through the
iris placed in the far-field region and the horizontal axis
shows the distance scanned along the Z axis. The behavior of
the other samples is analogous to the ones illustrated by Fig.
1 with similar signal-to-noise ratio. A self-focusing nonlin-
earity (n,>0) is observed for all samples.

NL absorption was not observed that implies negligible
two-photon absorption coefficients, smaller than the detec-
tion limit of the experimental setup (a,<0.003 cm/GW).

The experimental data were analyzed following the pro-
cedure of Ref. 11. The closed-aperture data was analyzed by
fitting the normalized transmittance of the samples to AT
=0.406kLgn,1, where k=21/\, Lyg=[1-exp(-al)]/a, L is
the sample length, and A is the excitation light wavelength.
The magnitude of n, was obtained by comparison with the
value of fused quartz, 2.2 X 107'6 cm2/W,'? that was used as
a calibration standard. The measured values of n, obtained
for laser intensity of 70 GW/cm? are given in Table II for all
samples. Errors of =30% are estimated to take into account
the effects of pulse-to-pulse laser intensity fluctuations.

Referring to Table II one can notice that within the ex-
perimental errors there is no large dependence of the n, val-
ues with respect to the laser wavelength (neither to the
samples’ composition). This result can be understood consid-
ering that the wavelengths used are far from resonance with
the samples’ band gap. We recall that the previous measure-
ments of the linear refractive indices® have shown that their
values at 633 and 1500 nm differ by less than 3%. On the
other hand, at 1550 nm the linear refractive index assumes
values that differ by =5% for different samples composi-
tions. These small variations imply that the NL refractive
index would have values of the same order of magnitude
according to the Miller’s rule.”® Also the theoretical predic-
tions based on a classical nonlinear oscillator [Boiling,
Glass, and Owyoung (BGO) model] presented in Ref. 4 in-
dicate small dispersion of n, in the range of wavelengths
used in the present experiments.

The values of W and T were calculated considering the
average values of n, and the value of @,=0.003 cm/GW.
Figure 2 shows the results for 1550 nm. It can be seen that
the samples present values of W and T that are very good
with respect to the usual requirement for all-optical switch-
ing. The values obtained for all samples at wavelengths from
1400 to 1600 nm are in the range of 0.21<7<0.48 and
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FIG. 2. Figure of merit for all-optical switching at 1550 nm.

3.8<W<1I. It is generally accepted that appropriate mate-
rials should present T<<1 irrespective of the device and W
>0.27 for NL Fabry-Perot based devices." Therefore, from
the data presented in Fig. 2, one can see that the antimony
glasses compositions herein presented are very good choice
for photonic devices.
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In summary, the NL refractive indices of antimony
glasses were determined for wavelengths from
1400 to 1600 nm and their performance for all-optical
switching was evaluated with basis on the figures of merit.
The results show that the glasses compositions studied in this
work are very appropriate for ultrafast photonics at telecom
wavelengths.
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