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1.  Introduction

Optical limiting (OL) is a very important nonlinear opti-
cal phenomenon in protecting sensitive optical sensors and 
human eyes. An ideal optical limiter should strongly attenuate 
intense incident beams and exhibit high transmittance for low 
intensity light. Much effort has been devoted to the develop-
ment of OL materials with large nonlinear responses. These 
materials include fullerenes [1, 2], single-walled carbon nano-
tubes (SWNTs) and multi-walled carbon nanotubes (MWNTs 
[3–5]), graphene [6–9], carbon black suspensions [10, 11], 
porphyrins and phthalocyanines [12–15].

The OL properties of SWNTs and MWNTs have been 
investigated extensively for over a decade. Previous research 
results indicated that the mechanism of such OL behaviour 
is generally attributed to nonlinear scattering (NLS) aris-
ing from the formation of solvent micro-bubbles and carbon 
micro-plasmas [4, 5, 16]. It was found that the OL behaviour 
of carbon nanotubes (CNTs) could be influenced by many fac-
tors, such as bundle size, length, solvent property, wavelength, 

pulse duration of the incident laser, etc [3, 5, 17–20]. There are 
two intrinsic parameters affecting OL behaviour: the structure 
of the CNTs and the thermo-dynamical properties of solvents. 
Although the structure dependence of the OL performance of 
CNTs with different sizes has been studied in some previous 
reports [19], the angular distribution of scattering light in the 
OL process, especially its influence on the OL performance, 
has seldom been investigated.

In this paper, we investigated the influence of nonlinear 
scattering light distributions on the OL properties of carbon 
nanotubes using a nanosecond pulsed laser. Experimental 
results show that the OL behaviour of CNTs with a shorter 
tube length and smaller bundles was much better than those 
with a longer length and larger bundles. The NLS experi-
ments and numerical modelling results for the CNTs disper-
sion indicated that the forward scattering light played a key 
role in deteriorating the OL property of longer CNTs. The 
OL ability of materials could be improved by using an aper-
ture placed before the detector to remove parts of the forward 
scattering light.
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2.  Experiments

The SWNTs were obtained from Nanjing XFNano Materials 
Tech Co., Ltd, (Nanjing, China).

The SWNTs with a long tube length (SWNTs-L) were 
prepared using methane as a carbon source with a cobalt 
catalyst system and then the SWNTs were oxidized in air 
to get rid of activated carbon. The outside diameters of the 
SWNTs were 1–2 nm. The SWNTs with a short tube length 
(SWNTs-S) were prepared by mechanically cutting the pre-
pared SWNTs-L. The SWNT-S and SWNT-L were separately 
dispersed in N-methyl-2-pyrrolidinone (NMP). Both of the 
dispersions were prepared by adding 6 mg of material in 40 mL 
of solvent and they were then sonicated for 2 h in an ice bath. 
All dispersions were subsequently centrifuged at 5000 rpm 
for 30 min to remove any large aggregates. The samples were 
stable against sedimentation and with little aggregation occur-
ring in a few weeks. The morphology of the dispersed SWNTs 
was observed using transmission electron microscopy (TEM, 
JEOL JEM-2100).

The TEM samples were prepared by dropping a few mil-
liliters of each dispersion on copper holey carbon grids. 
Figures  1(a) and (b) show the TEM images of SWNTs-S 
and SWNTs-L, respectively. The insets in figure 1(a) and (b) 
show the measured diameter distributions of SWNTs-S and 
SWNTs-L samples, respectively. The figures  indicate that, 
the diameter of the SWNTs-L bundles was measured to be 

approximately 10–60 nm, while that of the SWNTs-S bundles 
was approximately 10–40 nm. Due to the unbundling of the 
nanotubes following shortening, the averaged bundle sizes 
of the SWNTs-S were obviously smaller than those of the 
SWNTs-L sample. The length and bundle diameters of the 
SWNTs are summarized in table 1.

The OL performance of the CNTs dispersions was meas-
ured using 10 ns pulses from a Q-switched Nd3+: YAG laser. 
The laser source was spatially filtered to remove the higher-
order modes and obtain a neat Gaussian beam profile and 
then tightly focused with a lens of 20 cm focal length. The 
laser was operated at the second harmonic of 532 nm, with 
a pulse repetition rate of 10 Hz. An open-aperture Z-scan 
measurement system was used in our experiments and the OL 
behavior was calculated from the open-aperture Z-scan data. 
To investigate the angular dependence of the scattering light 
intensity, a diode was used to collect the scattering light at dif-
ferent azimuth angles. All the dispersions were filled in 5 mm 
thick quartz cells and the linear transmittances of the samples 
were adjusted to 70%.

3.  Results and discussion

Firstly, we measured the OL properties of SWNTs-S disper-
sion and SWNTs-L dispersion using 532 nm laser pulses. The 
OL curves are plotted and shown in figure 2 for SWNTs-S 
and SWNTs-L dispersions. It can clearly be seen that the 
transmittance of these dispersions decreased with increas-
ing input fluence, exhibiting promising OL behaviour. For 
these samples, the energy transmittance remained constant 
at a light fluence less than 0.02 J cm−2, while the transmit-
tance decreased when the incident fluence increased. The OL 
threshold (Fth) is defined as the input fluence at which the 
transmittance falls to 50% of the linear transmittance. The 
Fth value of SWNTs-S and SWNTs-L dispersions were esti-
mated to be about 0.4 and 0.6 J cm−2, respectively. CNTs with 
a short tube length showed a slightly better OL performance 
than those with longer tube length.

It has been reported by many researchers that the NLS 
effect is responsible for the principle mechanism of the OL 
phenomenon in dispersions of nanotubes [4, 17, 21]. In such 
a NLS process, the nanotubes absorb light from the laser 
and convert it into heat. The thermal energy is then trans-
ferred into the solvent, which induces a high temperature 
of the solvent and results in the formation and growth of 
solvent bubbles, as well as the formation and expansion of 
carbon microplasmas due to the ionization of nanotubes. 
The formation and rapid expansion of these microplasmas 
and bubbles in turn give rise to an increase in the scattering 
and OL occurs.

Table 1.  Length and bundle diameters for SWNTs samples.

Sample Bundle diameters (nm) Length (μm)

SWNTs-S 10–40 1–3
SWNTs-L 10–60 5–20

Figure 1.  Typical TEM micrographs of SWNTs in ethanol solution: 
(a) SWNTs-S, (b) SWNTs-L. The insets of (a) and (b) show the 
measured diameter distributions of SWNTs-S and SWNTs-L 
samples.

Laser Phys. Lett. 11 (2014) 115904
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As demonstrated by Izard et al, the bundle sizes of 
nanotubes played an important role in the OL properties of 
nanotubes, as a larger nanotube size would induce a larger 
nucleation centre and a larger absorption cross section result-
ing in a stronger NLS effect [19]. In our experiments, how-
ever, the SWNTs-S showed a slightly better OL property than 
SWNTs-L dispersion, although the bundle diameter of the 
SWNTs-L was larger than that of SWNTs-S. We speculated 
that the nonlinear scattering light distributions influenced 
the OL properties of CNTs, as the azimuth distribution of 
the scattering light is strongly dependent on the size of the 
scattering centres, according to Mie’s scattering theory [22]. 
Because the forward scattering light increases with an increas-
ing size of the scattering centers, when CNTs with a longer 
tube length and larger bundle size are used in the OL measure-
ments, more scattering light might incident into the detector 
along with the transmitted light, deteriorating the OL property 
of the dispersions.

To study the influence of the forward scattering light on 
the OL properties of different nanotubes, we measured the 
azimuth distribution of the scattering light intensity of differ-
ent samples from 14° to 90°. Figure 3 shows the scattering 
signals at different angles with respect to the transmitted laser 
beam for SWNTs-S and SWNTs-L dispersions at an incident 
intensity of 0.8 J cm−2 for 532 nm laser pulses. We can see that 
the scattering signals for SWNTs-S dispersions are stronger 
than those for SWNTs-L dispersions at large azimuth angles, 
although the nonlinear transmittance of the SWNTs-S disper-
sion is higher than that of SWNTs-L dispersion. When the 
angle became smaller, the difference of NLS signals for both 
samples decreased, while the signal intensity was measured to 
be the same at about 20 degrees. Limited by the active area of 
the detector however, the NLS signals at angles smaller than 
14 degrees could not be precisely measured due to the receipt 
of the transmitted light.

To measure the angular dependence of the NLS signals at 
small angles in the OL process, we put a whiteboard with a 
pinhole on the beam propagation direction behind the sample. 
To precisely record the intensity distribution of the scattering 
light, the transmitted laser was allowed to pass through the pin-
hole and a CCD camera was used to photograph the scattering 

light intensity on the board. Figure 4(a) and figure 4(b) show 
the scattering light intensity of SWNTs-S and SWNTs-L dis-
persions, respectively. A common colour bar has been assigned 
for showing the increase of scattering light from blue to red. 
We can see that the scattering light intensity increased with 
a decreasing distance from the centre of the pinhole, indicat-
ing that the scattering light intensity increased with decreasing 
the azimuth angle for both samples. The red and black lines 
in figure 4(c) show the integrated scattering intensity for the 
SWNTs-S and SWNTs-L dispersions as functions of the radius 
calculated from figure 4(a) and figure 4(b). From the figure, 
we can see clearly that the scattering intensity of SWNTs-L 
dispersion was stronger than that of SWNTs-S dispersion at a 
small angle, but it is the opposite in the case with a much larger 
angle, which agreed well with the results shown in figure 3.

According to Mie’s scattering theory, the size of the scatter-
ing particles will decide their anisotropy parameters and this will 
influence the direction of the scattering light [23, 24]. Larger 
scattering centres will cause more forward scattering light. In 
our experiments, CNTs with longer tube length and larger bun-
dle size might cause larger scattering centres than those with 
shorter ones, as larger micro-bubbles might be induced sur-
rounding the bundles in the NLS process. To confirm our pre-
dictions, we simulated the azimuth distribution of the scattering 
light by 3 μm and 15 μm particles and the results are shown in 
figure 5. For 3 µm particles, the angular distribution of scattering 
photons is relatively homogeneous versus the scattering angle. 
But with increasing scattering particle size to 15 µm, the angular 
distribution of scattering signals exhibits a strong forward scat-
tering peak, especially when the angle is smaller than 10°.

Generally speaking, the NLS both in SWNTs-L and 
SWNTs-S dispersions increased with a decreasing azi-
muth angle and the NLS intensity in SWNTs-L dispersions 
increased more sharply than in SWNTs-S dispersions. In 
other words, the forward scattering light in SWNTs-L disper-
sions was stronger than in SWNTs-S dispersions. In the OL 
process, forward scattering light would deteriorate the OL 
property, as it might be collected by the detector along with 
the transmitted light. Hence, a stronger forward scattering 
light would result in a higher nonlinear transmittance and a 
poorer OL property of the sample.

Figure 2.  Transmittance as a function of the incident pulse energy 
density for SWNTs-S (○) and SWNTs-L (▄) dispersions.

Figure 3.  Angular dependence of the scattering light for the 
SWNTs-S and SWNTs-L dispersions under an incident intensity of 
0.8 J cm−2 at 532 nm.
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To control the influence of the forward scattering light on 
the OL property of the materials, we used an aperture to block 
parts of the scattering light in the optical path of the transmitted 
light before the detector, and measured the OL properties of 
the two SWNTs dispersions. Figure 6 shows the transmittance 
as a function of the incident pulse energy density for SWNTs. 
Contrary to the results in figure 2, the nonlinear transmittance 
of the SWNTs-L dispersions was much lower than that of the 
SWNTs-S dispersions, indicating that the forward scattering 
light was partly blocked by the aperture. Because the nano-
tubes with a longer length and larger bundle size supplied 
larger initial scattering centres [19], more effective heat trans-
ferred from nanotubes to solvents and induced larger micro-
bubbles, resulting in a lower limiting threshold and better OL 
properties.

4.  Conclusions

In summary, we studied the influence of nonlinear scatter-
ing light distributions on the optical limiting properties of 
CNTs. The results clearly indicated that the OL property of 
SWNTs dispersion with shorter tube length and smaller bun-
dle size was much better than those with longer length and 
larger bundles. The NLS experiments and numerical model-
ling results indicated that the forward scattering light played 
an important role in deteriorating the OL property of longer 
SWNTs. By blocking parts of the forward scattering light 
using an aperture placed before the detector, the influence of 
the forward scattering light on the OL abilities of materials 
could be controlled.
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