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ABSTRACT 

 

In order to study the properties of potential mate-
rials for optical limiting, i.e. the nonlinear transmit-
tance of the various suspensions, we conducted 
experiments with short (ns) and ultra-short (ps) 
laser pulses in the visible and near infrared spec-
tral region. Three different laser systems were 
used: A Coherent Infinity Nd:YAG laser system 
with a pulse duration of 3 ns, a SPECTRON 
SL400 Nd:YAG laser system with 7 ns, both work-
ing at a wavelength of 1064 nm or 532 nm, and a 
HighQ picoRegen IC-2500 Nd-YLF laser system 
with a pulse duration of 8 ps, working at a wave-
length of 1053 nm or 526.5 nm.  

As optical power limiting materials, we investigat-
ed different kinds of carbon-based nanomaterials 
and metallic nanostructures suspended in a sol-
vent. Among them, we studied the nonlinear 
properties of gold nanoparticles, multi walled car-
bon nanotubes (MWCNT), carbon black (CBS) 
and C60, the best known representative of the 
fullerene family. 

The nanoparticles were characterized regarding 
their geometry dependent linear optical properties 
by spectral transmission measurements and ge-
ometrical structure by electron microscopy. The 
nonlinear behavior of the suspensions at the in-
teraction with short and ultra-short laser pulses is 
discussed.  

1. INTRODUCTION 

 

The protection of eyes and electro-optical sensors 
against wavelength agile pulsed laser radiation is 
still a demanding problem, which has not been 
solved sufficiently during the past decades. Con-
trary to that, laser protection against known wave-

lengths is a trivial problem. One can use classical 
absorption or interference filters.  

Since laser pulses may have rise times of nano-
seconds or even below, one needs passive, self-
acting devices which limit the transmitted power of 
light. Such devices are known as optical power 
limiters [1],[2]. They can be based on nonlinear 
optical materials and shall fulfill a number of es-
sential requirements over a broad spectral range. 
In detail that is: fast response time, low nonlinear 
threshold, color neutrality, efficient limitation in the 
wavelength range of interest and high linear 
transmittance. 

Recently, nanomaterials have attracted much 
interest due to their strong and often broadband 
nonlinear optical behavior [3]-[5]. Especially gold, 
silver and carbon based nanoparticles have been 
widely studied and are the nowadays benchmark 
materials for optical limiting nanomaterials. The 
rapid progresses in physical and chemical produc-
tion methods have opened the opportunity to de-
sign specific nanoparticles with a narrow size-
distribution and with defined surface properties. 

2. EXPERIMENTAL 

2.1. Sample Preparation 

 

The nanopowders MWCNT (Pyrograph III, Sigma 
Aldrich), C60 (99.99%, Sigma Aldrich) and CBS 
(synthesized at ISL laboraties) were suspended in 
different solvents: MWCNT in chloroform, C60 in 
toluene and CBS in ethanol. 

The gold (Au) cubes were prepared using a syn-
thesis method reported by Hiramatsu and 
Osterloh [6] with minor changes. Briefly, chlorauric 
acid (HAuCl4, Sigma Aldrich) (0.25 mmol) was 
dissolved in 370 µl oleylamine (Sigma Aldrich) 



and 100 µl toluene (Merck). The nanoparticles 
were obtained by quickly adding the HAuCl4 solu-
tion into a boiling mixture of 630 µl oleylamine and 
5 ml toluene. The resultant mixture was refluxed 
2 h under stirring at 120°C. 10 ml methanol 
(Merck) was added to precipitate the particles 
followed by centrifugation. After three washing 
cycles with distilled water and ethanol (Merck) the 
particles were redispersed in methyl 2-methyl-
prop-2-enoate. 

The branched Au nanoparticles were synthesized 
by a sodium diphenylamin-4-sulfonate reduction 
process [7]. In brief, 1 ml polyethylene glycol 
(PEG, Mw 400, Alfa Aesar) was added into 30 ml 
of an aqueous sodium diphenylamin-4-sulfonate 
(SDS, Sigma Aldrich) solution (0.8 mM). After 
30 minutes 2.5 ml aq. HAuCl4 solution (0.035 M) 
was added and stirred for 24 h at room tempera-
ture. The particles were also collected by centrifu-
gation, washed three times and redispersed in 
methyl 2-methylprop-2-enoate. 

All samples were diluted to have a linear transmit-
tance between 50% and 60% at 532 nm. 

  

 2.2. Experimental Details 

 

The experimental setup used to study the optical 
limiting properties of the samples (nonlinear at-
tenuation or transmittance) is shown schematical-
ly in Figure 1. We used a Q-switched Nd:YAG 
laser (Coherent Infinity) working at a wavelength 
of 1064 nm or 532 nm, with a pulse width of 3 ns, 
a Q-switched Nd:YAG laser (SPECTRON SL400) 
with 7 ns, both at a repetition rate of 3 Hz and a 
HighQ picoRegen IC-2500 Nd-YLF laser system 
with a pulse duration of 8 ps, working at a wave-
length of 1053 nm or 526.5 nm. The pulse repeti-
tion was set to 10 Hz in all ps experiments. To 
simulate far-field conditions the original 5 mm flat-
top laser beam was expanded with a 6.7x Galile-
an telescope before entering the Keplerian tele-
scope. The entrance aperture A1 was overfilled by 
the expanded laser beam resulting in a beam with 
a top-hat spatial irradiance distribution. The sam-
ples were placed in the intermediate image plane 
of the Keplerian telescope formed by the lenses 
L1 and L2 (focal length 60 mm and 100 mm). In 
front of the input lens L1 and behind the output 
lens L2 the apertures A1 and A2 (diameter 12 mm 
and 20 mm) were placed to provide an optical 
system with f-number f/5. The focal diameters in 
the 3 ns setup were determined in air by the knife-
edge method to be 4 µm at 532 nm and 8 µm at 
1064 nm. At 532 nm the focal diameter was de-

termined in addition by a beam profiler (DataRay 
WinCamD-UCM) with the help of a microscope 
objective (Mitutoyo M Plan Apo NIR 50x) and an 
achromatic doublet lens (focal length 150 mm) 
and gave the same result. The diameters at the 
7 ns setup were measured to be 7 µm at 532 nm 
and 10 µm at 1064 nm. 

In order to monitor the incident pulse energy, a 
part of the laser beam was split off by means of a 
beam splitter BS. To identify the residual hazard-
ous energy transmitted through the sample, the 
focusable energy (or encircled energy) was 
measured. The focusable energy is defined in 
general as the energy detected within a solid an-
gle of 1.5 mrad [8]. This was achieved using the 
lens L3 (focal length 400 mm) and the pinhole A3 
(diameter 600 µm) in front of the signal photo 
diode. 

The experimental set-up for the ps measurements 
was equivalent to that one of the ns experiments. 
The focal spot size of the laser beam was ap-
proximately 5 µm at the wavelength of 526.5 nm 
and approximately 10 µm at the wavelength of 
1053 nm.  

 

 

Figure 1: Experimental setup to study the nonlin-
ear transmittance. L1, L2, L3 - lenses; S - sample; 
PD - photodiode; BS - beamsplitter; A1, A2, A3 – 
apertures. 

 

In order to characterize the spectral optical prop-
erties of the nanoparticle samples we used a 
Shimadzu UV-3600 UV-VIS-NIR spectrophotome-
ter. A quartz cuvette with a 10 mm optical path 
length was used to measure the transmittance in 
the VIS-NIR spectral range and to measure the 
nonlinear transmittance in the laser setup.  

Since the optical properties of the nanoparticles 
are related to their geometrical and morphological 
characteristics, the samples were further analyzed 
by transmission and scanning electron microsco-
py (TEM and SEM). SEM images of the metallic 
nanoparticles were taken using a Zeiss Supra 40 
VP with an InLens detector at a working distance 



of 2 mm, operated at 1.5 kV, TEM images using a 
Zeiss EM 902 at an accelerating voltage of 80 kV. 
The micrographs of the different carbon particles 
were taken with a ZEISS DSM 982 at a working 
distance of 5 mm operated at 10 kV. 

The samples were prepared by placing a droplet 
of the suspended metal nanoparticles onto a sub-
strate and dried in air. We used a carbon copper 
grid (Plano) for TEM measurements and a silicon 
wafer (Plano) for SEM characterization. The SEM 
samples were sputter coated in addition with pal-
ladium-platinum. 

3. RESULTS AND DISCUSSION 

3.1 Optical Characterization 

 
The transmittance of MWCNT and CBS samples 
between 400 nm and 1100 nm is quasi constant, 
whereas C60 has an increased absorption around 
550 nm, due to ground state excitation (Figure 2).  

 

The spectra of the various Au samples are shown 
in Figure 3. In order to study the growth process 
of Au branched particles, spectra were recorded 
at different times during the synthesis (1 h, 6 h, 
18 h, 24 h). These spectra show two surface 
plasmon resonance (SPR) peaks around 500 nm 
and 950 nm. The spectrum after 1 h has a less 
pronounced longitudinal band (around 950 nm) 
which increases during the reaction time. 

 
3.2 Electron Microscopy 
 
Figure 4 shows the SEM image of MWCNT. Their 
size is a few micrometers in length and 100 nm in 
diameter. Typical grape-like coagulations of CBS 
particles can be seen in Figure 5. 

 

 

 
Figure 2: VIS-NIR spectra of C60, CBS and CNT. 

 
Figure 3: VIS-NIR spectra of branched and cubic 
shaped Au particles. In the case of the branched 
nanocrystals the spectral change during the syn-
thesis was studied. 

 
 

Figure 4:  SEM image of MWCNT at 20000 X 
magnification. 



Figure 6 shows the SEM images of Au cubes at 
10.00 kX magnification (top) and 50.00 kX magni-
fication (bottom) magnification. The cubic shaped 
particles with an edge length of around 80 nm 
exhibit a very narrow size distribution. 

 

 

In Figure 7 multibranched Au particles are shown: 
SEM image (top) at 20.00 kX magnification and 
TEM images (bottom). The branched particles 
have a size comparable to the cubes. As in the 
case of the cubes their size distribution is also 
very narrow. 

 

3.3 Optical Limiting Properties 

3.3.1. Carbon Based Structures 

 

The normalized transmittance results of MWCNT 
are given in Figure 8. For ps laser pulses the limit-
ing curves of chloroform and MWCNT in chloro-
form are nearly congruent. Thus we can conclude 
that there is no limiting effect by MWCNT in the ps 
time domain. On the other hand at ns pulses the 
nonlinear threshold, defined as the 50% drop in 
transmittance, and the attained attenuation of 
MWCNT is quite better compared to the solvent. 
(ns: 39.5 J/cm

2
 at 532 nm and at 1064 nm, ps: 

7.6 J/cm
2
 at 526.5 nm). These results could be 

expected since the main limiting mechanism of 
MWCNT is nonlinear scattering [9]. The particles 
act as scattering centers due to sublimation. In 
addition there occurs a heat transfer to the sur-
rounding, which leads to a solvent bubble-growth.  
These bubbles are called second type scattering 
centers. With a growth rate of about 200 nm/ns it 
takes approximately 1 ns to establish significant 
scattering centers [10]. Therefore, in the ps pulse 
regime nonlinear scattering does not contribute to 
optical power limiting and only the reaction of the 
solvent is observed.  

 
   

Figure 5: SEM image of grape-like coagulations 
of CBS at 20000 X magnification. 

 
   

 
 

Figure 6: SEM images of Au cubes at different 
magnifications. 

 
 

 
 

Figure 7: SEM (top) and TEM (bottom) images of 
Au branched particles. 



 
CBS show the same behavior as the MWCNT 
samples (Figure 9). At ps pulses the attenuation is 
equivalent to the solvent, whereas at ns pulses 
the optical limiting properties are enhanced com-
pared to the solvent. The main limiting mechanism 
at ns pulses is also nonlinear scattering [11]. The 
nonlinear thresholds of CBS particles at 7 ns are: 
150 J/cm² for 1064 nm, and at 8 ps: 80 J/cm² for 
526.5 nm and 1053 nm:  

 
CBS as well as MWCNT show no additional influ-
ence on the nonlinear transmittance characteristic 
at ps pulses compared to the pure solvent. Thus 
the shape of the nonlinear curve results from the 
solvent alone. 

In summary, the nonlinear threshold and attenua-
tion of MWCNT are better compared to CBS. This 

is explained by the fact that the nonlinear scatter-
ing efficiency depends on the specific surface of 
the particles [12]. 

C60 suspensions exhibit an optical limiting effect in 
the visible range at ns and ps pulse durations. 
Conversely the NIR laser radiation is ineffectively 
limited.  

 
In the case of C60 the main limiting mechanism is 
reverse saturable absorption (RSA) [13]. Our ex-
perimental data are in agreement with a five-level 
RSA-model, which describes the narrowband 
limitation nature of C60. Electrons can only be 
promoted to excited states at wavelengths be-
tween 400 nm and 700 nm. From there they can 
be excited to a higher singlet state or relax by 
intersystem crossing to the lowest triplet state, 
with subsequent excitation to higher triplet states. 

The transmittance properties at ns pulses can 
mainly be attributed to triplet state absorption, 
while at ps pulses only excited singlet state ab-
sorption occurs.  

The nonlinear thresholds of C60 at 7 ns are: 
300 J/cm² for 1064 nm and 15 J/cm² for 532 nm. 
At 8 ps they are: 1.5 J/cm² for 526.5 nm and 
30 J/cm² for 1053 nm. 

The optical limiting properties (nonlinear threshold 
and attenuation) of C60 in the visible range are 
better than those measured for MWCNT. Due to 
the inherent electronic structure of C60 its limiting 
properties in the near infrared region is worse. 
Table 1 gives an overview on the limiting thresh-
olds of the investigated carbon particles. 

 
Figure 8: Normalized transmittance as a function 
of the input fluence (log-log scale) of MWCNT in 
chloroform for ns laser pulses at 532 nm and 
1064 nm and for ps laser pulses at 526.5 nm. The 
solid lines show the behavior of the pure solvent. 

 
Figure 9: Normalized transmittance as a function 
of the input fluence (log-log scale) of CBS in eth-
anol for ns laser pulses at 1064 nm and for ps la-
ser pulses at 526.5 nm and 1053 nm. The solid 
line shows the behavior of the pure solvent. 

 
Figure 10: Normalized transmittance as a function 
of the input fluence (log-log scale) of C60 in tolu-
ene for ns laser pulses at 532 nm and 1064 nm 
and for ps laser pulses at 526.5 nm and 1053 nm.  
The solid lines show the behavior of the pure sol-
vents. 



 

 
Table 1: Summary of the nonlinear thresholds of 
CBS, MWCNT and C60 nanoparticles 

 

3.3.2. Metallic Nanostructures 

 
The nonlinear transmittance curves of the metallic 
structures (Au cubes and Au branched) at ns 
pulses are shown in Figure 11. The nonlinear 
properties of the suspensions at the wavelengths 
of 532 nm and 1064 nm are by far better than 
those obtained for the pure solvent.  

The nonlinear thresholds for ns-pulses are: 
175 J/cm

2
 for Au cubes and Au branched particles 

at 532 nm and 66 J/cm² for Au branched and 
115 J/cm² for Au measured cubes both at 
1064 nm. The transmittance of Au branched parti-
cles decreases more rapidly, which leads to a 
higher attenuation.  

The optical limiting mechanism can be mainly 
attributed to inter- and intraband transitions, fol-
lowed by an excited states absorption, which is 
similar to reverse saturable absorption in molecu-
lar systems [14]-[17]. The properties of these par-
ticles are determined by d and s-p conduction 
band electrons. The Au cubes show a small in-
crease of about 5 % in transmittance at low input 
fluence, also referred to as plasmon band bleach, 
which is typical for metal nanoparticles.  

The performance of gold nanoparticles depends 
strongly on the particle size [18]-[20]. The gold 
cubes and gold branched nanostructures used in 
our work had about the same size. Therefore, the 
better properties of branched Au could be as-
signed to the geometry of the particles. 

Table 2 gives an overview on the limiting thresh-
olds of the investigated Au particles. 

 

 

 
Table 2: Nonlinear thresholds of Au branched and 
Au cubic particles.  

 

  

 

Nonlinear threshold (J/cm²) 

ns pulses ps pulses 

Sample 532 nm 1064 nm 526.5 nm 1053 nm 

CBS  150 80 80 

MWCNT 39.5 39.5 7.6  

C60 15 300 1.5 30 

 

 
 

Figure 11: Normalized transmittance as a function 
of the input laser energy and input fluence (log-log 
scale) of branched and cubic gold nanoparticles in 
methyl 2-methylprop-2-enoate at 532 nm (top) 
and 1064 nm (bottom) ns pulses. 

 
Nonlinear threshold (J/cm²) 

ns pulses 

Sample 532 nm   1064 nm  

Au cubes 115 175 

Au branched 66 175 



4. CONLUSIONS 

The optical limiting properties of different geomet-
rically shaped nanoparticles, based on the ele-
ments carbon or gold, were studied in the nano-
second and picosecond time regimes. 

It has been revealed that MWCNT and CBS act 
as broadband limiters but only in the nanosecond 
time domain. Due to the higher specific surface 
MWCNT performs better than CBS. In the case of 
C60 a different optical behavior was observed. Due 
to its electronic properties optical limiting takes 
place only in the visible range, but in contrast to 
MWCNT or CBS it works very well in the time 
regimes of nanosecond and also picosecond laser 
pulses.  

Our investigations on novel gold structures like 
cubed or branched particles showed that the limi-
tation efficiency depends on the particle morphol-
ogy. We observed a broadband limiting effect for 
both metallic nanostructures. Moreover the 
branched gold particles had a higher attenuation 
compared to the cubes. This might be owed to the 
fact that the interaction of the electric field with the 
particles depends on their geometrical structure.  
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