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The authors report experimental results on the optical limiting behavior of a bismuth oxide-based
glass by exciting the samples with nanosecond laser pulses at 532 and 598 nm. The results show that
two-photon and free-carrier absorption processes contribute for the nonlinear absorption. Values for
�, the two-photon absorption coefficient, and �e, the absorption cross section due to free carriers,
were determined. The values of � and �e are dependent on the amount of bismuth oxide in the glass
composition. © 2006 American Institute of Physics. �DOI: 10.1063/1.2393161�

Presently, there is an increasing effort in integrating all-
optical devices in more complex structures that allow con-
trolling light signals through amplification, modulation, and
switching. Besides these characteristics, limiting the ampli-
tude of a light signal is extremely relevant because optical
elements have to be protected against overillumination.1 Ap-
proaches to achieve this are based on the use of active and
passive devices. Active devices rely on feedback loops,
which control an aperture allowing that a greater or smaller
amount of light pass through it, regulating the incoming light
flux. Due to the electronic circuits required to drive such
systems, they are in general too slow to follow the steep
intensity variation of a nanosecond or a picosecond light
pulse. On the other hand, passive devices that exploit the
nonlinear �NL� optical susceptibility of a given substance to
the incoming light field are more appropriate systems be-
cause the NL response may be ultrafast.

There are different mechanisms that allow operating pas-
sive optical limiters such as NL refraction,2 induced
scattering,3 free-carrier absorption �FCA�,4 reverse saturable
absorption,5 and two-photon absorption �TPA�.6 There is also
the possibility of improving the performance of an optical
limiter by combining some of the above mentioned processes
in a single device,7,8 as well as by exploiting material’s non-
linearity in a multipass configuration.9 In any case, the NL
properties of the material used determine the performance of
the device.

In this work, we report on the optical limiting behavior
of oxide-based glasses. The samples were fabricated follow-
ing the procedure described in Ref. 10. The glasses were
synthesized by melting and quenching the powdered starting
materials: bismuth oxide �Bi2O3�, zinc oxide �ZnO�, and bo-
ron oxide �B2O3�. The concentration of Bi2O3 was varied in
the ternary system �Bi2O3–ZnO–B2O3� and the glass com-
positions studied in this work were �in mol %� as follows:
25.0 Bi2O3-37.5 ZnO-37.5 B2O3 �sample BZH2� and 12.5
Bi2O3-43.75 ZnO–43.75 B2O3 �sample BZH7�. The samples

with a thickness L=1.0 mm were excited either by the sec-
ond harmonic �SH� of a Q-switched Nd:YAG �yttrium alu-
minum garnet� laser �7 ns, 5 Hz� or at 598 nm, obtained
from a homemade dye laser pumped by the SH of the same
Nd:YAG laser. To control the incident intensity on the
sample, the laser beam was made to pass through a half-
wave plate combined with a polarizer. Then, a 5 cm focal
length lens focused the beam on the sample, which was po-
sitioned at the place corresponding to the smaller beam-waist
size. Two large area photodiodes were used to measure inde-
pendently the incident intensity and the transmitted intensity
by the sample. Care was taken to collect all transmitted light
to avoid errors in measuring the TPA coefficient � and the
FCA cross section �e.

Figure 1 shows samples’ linear absorption spectra ob-
tained with a double beam spectrophotometer. Taking into
account samples’ reflectivities and their thicknesses, it was
possible to determine a negligible linear absorption coeffi-
cient �0. Table I shows the values of the reflectance R and
samples’ energy gap values Eg.

The experimental results for the NL transmission are
shown in Fig. 2�a� and 2�b�, for excitation wavelengths of
532 and 598 nm, respectively. The magnitude of the TPA
coefficient and the FCA cross section was determined for
each sample and for each excitation wavelength by analyzing
the light attenuation through the samples, that is described by
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FIG. 1. Absorption spectra at room temperature. Samples’ thicknesses are
1.0 mm.

APPLIED PHYSICS LETTERS 89, 211912 �2006�

0003-6951/2006/89�21�/211912/3/$23.00 © 2006 American Institute of Physics89, 211912-1
Downloaded 11 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

CORE Metadata, citation and similar papers at core.ac.uk

Provided by e-Prints Soton

https://core.ac.uk/display/28710?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.2393161
http://dx.doi.org/10.1063/1.2393161


dI�z�
dz

= − �I2�z� − �eNI�z� , �1�

where I�z� is the light intensity along the propagation direc-
tion z, considering �0=0. The last term represents the FCA,
with N being the photogenerated free-carrier density gov-
erned by the equation dN /dt= ��I�z� /2���I�z�. For a Gauss-
ian laser pulse represented by I�z , t�= I�z�exp�−t2 /�2�, where
� is the laser pulse duration, one obtains N
=�� /2��� /2���I2�z�. That leads to

dI�z�
dz

= − ��I�z� + �I2�z��I�z� , �2�

where �=�� /2����e /2���. Thus an effective intensity de-
pendent NL absorption coefficient can be defined as �2

eff�I�
=�+�I.

Integrating Eq. �2� and taking into account samples’ re-
flectivity R one obtains the transmitted intensity through the
sample given by

I�z = L� =
�1 − R�2I0

1 + �1 − R�I0��L + ��/��ln��� + �I�L��/�� + ��1 − R�I0���1 − R�I0�I�L���
, �3�

where I0= I�z=0�.
Equation �3� has two parameters, � and �, that could be

found using a NL curve fitting procedure to obtain the best
agreement with the experimental data. However, the values
for � at 532 nm, shown in Table I, were previously measured
using the Z-scan technique in the picosecond regime.11 As-
suming that the picosecond measurements are not much af-
fected by the FCA, those values were considered in the
analysis of the present experiment to obtain the value for �e
at 532 nm. Then, the value of �e obtained for 532 nm was
used as the starting value in the fitting procedure to deter-
mine the NL parameters at 598 nm. The solid lines in Figs.
2�a� and 2�b� represent the solution of Eq. �3� with the best-
fit values obtained using the MATCHCAD® software. The NL
parameters obtained are summarized in Table I.

The experimental data presented in Figs. 2�a� and 2�b�
and the results shown in Table I indicate that the TPA coef-
ficient grows considerably when doubling the Bi2O3 molar
concentration. Notice also that the effective NL absorption
coefficient is larger for two-photon excitation deeper in the
conduction band, where one has a larger free-carrier density
of states.

Concerning materials’ potential as an optical limiter, the
sample BZH2 is somewhat promising, as illustrated in Fig. 3.
An appropriate quantity to evaluate the performance of the
sample is the dynamic range �DR�, defined as the ratio be-
tween the maximum intensity used in the experiment and the
threshold intensity.12 For the sample BZH2 at 532 nm �at
598 nm� the DR was estimated to be �5��2�, which is the
same order of magnitude as obtained in experiments with

FIG. 2. Transmitted intensity as a function of the laser intensity. Wavelength
of excitation: 532 nm �a� and 598 nm �b�.

TABLE I. Samples’ characteristics. The reflectivities R were calculated from the measured values of the linear
refractive index n0 considering normal incidence. The TPA coefficients � and the FCA cross section �e were
obtained by fitting Eq. �3� to the experimental data. The values of � at 532 nm were measured in the picosecond
regime �see Ref. 11�.

Sample
Eg

�eV�

R � �cm/GW� �e �	10−19 cm2�

532 nm 598 nm 532 nm 598 nm 532 nm 598 nm

BZH2 3.31 0.113 0.110 5.50 1.20 6.7 1.0
BZH7 3.50 0.089 0.087 1.50 0.36 3.1 0.5
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organic materials. Nevertheless, the BZH glass does not suf-
fer from drawbacks associated with organic systems such as
large linear absorption, low damage threshold, and poor
chemical stability. Notice that for the sample BZH2, the TPA
coefficient has the same order of magnitude of those mea-
sured in tungstate fluorophosphates13 and chalcogenide
glasses.14 However, the performance of BZH glass is better
as an optical limiter due to the FCA contribution.

In summary, we have measured the NL absorption coef-
ficients of bismuth-based glasses at 532 and 598 nm. It was
observed that increasing the amount of bismuth oxide in the
glass composition by 100% produces an enhancement of the
TPA coefficient of �250% and an increase of �100% in the
free-carrier absorption cross section. The sample with 25%
of Bi2O3 shows a large dynamic range for single pass optical
limiter in the nanosecond regime.
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FIG. 3. Optical limiting behavior of the sample BZH2 for excitation at
532 nm.
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