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Influence of the laser wavelength, fluence, gas and gas pressure on silicon nanoparticles 
produced by laser ablation is reported. Nanoparticles ranging from 2 nm to 13 nm were 
generated by ablation of silicon target into He or Ar, (250-550 mbar) with a Nd:YAG laser, 
(335 and 532 nm, 5 ns), at a fluence of 4-8 J/cm2. The shape, structure, and size distribution 
were determined by transmission electron microscopy. 90% of nanoparticles were in the 
range 2-10 nm, regardless pressure, wavelength or fluence. The wavelength 355 nm and 
higher fluence, 8 J/cm2, are more suitable for smaller nanoparticle synthesis (2-5 nm). The 
optimal conditions for an efficient synthesis of minimum sized silicon nanoparticles were 
355 nm / 8 J/cm2 / 550 mbar / He. 
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1. Introduction 
 
The recent l iterature reveals a considerable interest in the nanoparticle field. The theoretical 

understanding of the nanoparticle structure and related characteristics are very important aspects to 
engineer properties and functionalities for new applications heretofore unavailable in conventional 
materials. Nanoparticle structure, size distribution, monodispersity, composition, stability, 
agglomeration, photoluminescence, scale up production, are numerous challenging problems for the 
scientific community.  

Silicon nanocrystals, have raised hopes in applications for Si-based devices.  A substantial  
interest has received the development of numerous synthesis techniques. Among them much 
attention has been paid recently to the study and developing of pulsed laser ablation (PLA).  A great 
deal of work has been carried out to produce silicon nanoparticles by PLA, to control their size, 
cristalinity, luminescence (quantum dots), selective adsorption property etc.[1-31]. 

Generally, synthesis of silicon nanoparticles by PLA technique is made in an ambient gas as 
argon, helium; the nanoparticles are collected on a filter, substrate, cold plate, electron microscope 
grid, etc. Usually in most of the works the ambient pressure is in the range 0.1- 13 mbar excepting 
the works of M.S. El-Shall et al [3,7,8,16-18,22,28] in which the pressure was 1000-1300 mbar. 

The main goal of our work is to optimize the PLA method so that the synthesis of 
silicon/silicon–rich sil icon oxide nanopowders to have a high efficiency.  

Here we report the investigations on synthesis by PLA of silicon nanopowder with the aim 
to reveal the role of the laser wavelength, fluence, gas and pressure on nanoparticle morphology and 
size distribution. The experiments have been done at a pressure of 250-550 mbar, higher than in the 
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standard methods. The silicon nanopowders and individual nanoparticles were examined by 
transmission electron microscopy.  

 
 
2. Experimental 
 
The method and apparatus for nanopowder synthesis have been reported elsewhere [32, 33].  

The experimental setup consisted of a stainless steel chamber, with target system, gas handling, 
focusing lens and collector. The silicon target was almost uniformly irradiated due to the combined 
rotation-translation movement of the target. The experiments were conducted in flowing argon and 
helium (1 l/min flow rate, 99.99% purity). Initially the chamber was evacuated by a turbo molecular 
pump at a base pressure of 4×10-6 mbar. In our case, the gas-suspended nanoparticles were collected 
on Millipore filters (pore size 100 nm) after 36,000 laser shots. 

The Nd:YAG laser, model Surelite II-10, delivers  pulses at the wavelength  of 532 nm 
(second harmonic) and 355 nm (third harmonic) with the duration of  5 ns, and repetition rate of 10 
Hz. The fluences have been in the range of 4-8 J/cm2. 

 The transmission electron microscope (TEM) was Phillips, model CM 120, and JEOL JEM-
2000FXII operating at an accelerating voltage of 200 kV; as grids we utilized formvar and 
formvar/carbon coated 300 mesh copper grids.  

The powder was deposited on the grid by lightly direct touching of the nanopowder.  We 
consider this technique as real random sampling. The measurements have been made after 3 months 
aging in ambient atmosphere, at room temperature, without any special precautions.  

 
 
3. Results and discussion 
 
The sil icon nanoparticles collected on the filter are yellow,  light orange, in color [7]. 
The figure 1 shows a typical TEM image of clusters with particles having diameters in the 

range 3-14 nm. From TEM images it is evidently that the particles stick together in clusters of more 
or less complicated shape following of a collision-coalescence process and cluster-cluster 
aggregation.  

We have to emphasise difficulties created by the electron beam induced heating of the Si 
individual nanoparticle or clusters. This phenomenon in most cases leads to melting and evaporation 
of the sample. 

 

�����

 
 

Fig. 1.  TEM image of typical cluster; Experimental conditions: 
�
=355 nm / 4 J/cm2 / helium / 400 mbar. 

 
 
In Fig. 2, such nanoparticles having diameter of ~10 nm are shown.  The nanoparticles look 

almost spherical. Figure 2a presents the image of a single particle; in Fig. 2b, the structure is more 
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visible: a sil icon core coated with an amorphous layer [1,18,19,26].  Kanemitsu and Makimura et al. 
[1,5] analyzing similar samples by x–ray photoemission spectroscopy and Fourier-transform infrared 
spectroscopy, confirmed that the outlayer is amorphous silicon oxide. The silicon dioxide layer was 
formed either due to some residual  oxygen in the experimental chamber or when was taken out of 
the chamber. All images have shown that the oxide coating (thickness 1.2-1.5 nm) is at most weakly 
dependent on the diameter. 

 

 
 

Fig. 2.   TEM image of (a) single nanoparticle obtained in argon / 400 mbar / 355 nm 
wavelength  /  4 J /  cm2  fluence;   (b)  particles  obtained   in  argon  /  550  mbar  /  355  nm  
                                                           wavelength / 4 J/cm2 fluence.  

 
 

The selected area electron diffraction patterns from clusters of Si nanoparticles, showed that 
in many cases the particles are crystalline. For example in Fig. 3 is illustrated the pattern for a 
powder created in helium at 400 mbar, � =355 nm, fluence 4J/cm2. It should be noted that only 
typical rings of the crystalline silicon appear, they being attributed to the silicon core [1,2,19,26]. 
Diffraction lines due to oxides were not found; this also suggests that SiO2 coating is amorphous.  

 

 
   
        Fig. 3.  Selected-area electron diffraction pattern of nanoparticles prepared  in helium  
                              at 400 mbar / laser wavelength 355 nm / 4 J/cm2 fluence. 
 
 
Fig. 4 shows high resolution TEM images, illustrative for the interplanar spacing. The 

properties of the Si are similar to those observed by [19, 26]. It is observed a lattice fringe image 
spacing of 0.316 (a) or 0.319 nm (b), corresponding to the (111) planes of the diamond structure.  
Our investigations on most of the samples consisting of single crystal domains showed lattice 
constants in the range 0.310 - 0.329 nm (111), 0.193-0.202 (220), 0.160-169 (311). Once again we 
have to mention that not all particles showed lattice patterns, but amorphous-like structure.  
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Fig. 4.   High resolution  transmission electron microscope image of a sil icon/silicon–rich 
sil icon oxide nanoparticle: (a) 355 nm wavelength / argon / 550 mbar / 8 J/cm2 fluence, (left 
side, Fourier transform); (b) 355 nm wavelength / argon / 400 mbar / 4 J/cm2 fluence, (right 
side, Fourier transform); The lattice pattern indicative of (111) planes  of  diamond structure. 
 
 
One of the goals of our work was the study of the influence of the experimental parameters 

on the size distribution. Our interest was to determine the optimal conditions for an efficient 
synthesis of minimum sized silicon nanoparticles (related to applications as quantum dots).    

First of all we have to mention that due to clustering there are some uncertainties that clearl y 
make the evaluation of the size distribution troublesome. The evaluation was not regarded as very 
accurate for the carefull size distribution.  

Figure 5 shows the size histograms of the powders obtained at di fferent laser wavelengths, 
fluences, gas pressure, in helium or argon. As one can see, the statistical distribution has an 
asymmetric shape with a tail toward larger diameters.  It was seen that in many cases, in spite of a 
slight uncertainty, best fit has been achieved with log-normal distribution function [1,34]. 

 

 
 

Fig. 5.  Size distribution for sl icon nanoparticles produced in different experimental conditions. 
 
Table 1 summarizes the mean sizes of the primary particles, and the percentage of particles 

having the size of 2-5 nm and 2-10 nm.  
It is noted that in most cases almost 90% of nanoparticles are in the range 2-10 nm, 

regardless of pressure, wavelength or fluence.  
At the same time, one can see that the percentage of the particles with size in the range           

2-5 nm is much diminished, ~9-64 %, the best situation being at � =355 nm, in helium. It is worth 
pointing out that the particles synthesized in helium, with laser pulses � =355 nm, fluence 8 J/cm2, 
have the smallest arithmetic average diameter, around 5 nm and 64% of them are in the range           
2-5 nm. The most likely explanation is that the irradiation of the silcon target with higher fluences 
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results in formation of sil icon atoms with higher charges and kinetic energy expanding into a larger 
region, hence their density becomes lower, and consequently smaller particles appear. 

Some authors Kanemitsu  et al [1], Makimura et al [5], reported a diameter dependence on 
gas pressure. In their case, for the pressure was 0.5-10 Torr (the other parameters being similar to 
ours) the larger particles are formed at higher inert-gas pressure.  In our experimental conditions, 
particularly pressure of 250-550 mbar, we could not draw a clear conclusion on the size-pressure 
dependence. In our opinion this can be explained by two factors: (a) ablation process in gases at a 
pressure of 250-550 mbar is much more complicated, (b) difficulties on an accurate evaluation of the 
particle size. 

Concerning the gas influence we found that in argon the particles have larger diameters than 
in helium.  

 
Table 1. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
4. Conclusions 
 
In summary, Si/SiO2 particles were produced by laser ablation (UV and Vis. wavelength,          

4-8 J/cm2, in Ar and He). The main conclusions of our work are as follows: 
� The experiments have been carried out in the range of the gas pressure of 250-550 mbar, 

(di fferent than the usual range reported in the literature, 0.1-13 mbar or 100-1300 mbar);  
� 90% of nanoparticles are in the range 2-10 nm, regardless pressure, wavelength or fluence.  
� 9.3-63.9 % of nanoparticles are in the range 2-5 nm, depending upon wavelength, gas and 

pressure; 
� The particles synthesized in argon are larger than in helium; 
� The wavelength 355 nm and higher fluence, 8 J/cm2, are more suitable for smaller nanoparticle 

synthesis (2-5 nm); 
� The optimal conditions for an efficient synthesis of minimum sized silicon nanoparticles are: 

355 nm / 8 J/cm2 / 550 mbar / He. 
 

 

�   [
nm

] 

F
lu

en
ce

  [
 J

/c
m

2 ] 

G
as

 

P
re

ss
ur

e 
 [

m
ba

r]
 

 
Pa

rt
ic

le
s 

w
it

h 
di

am
et

er
 in

 th
e 

ra
n

ge
 2

-5
 n

m
 

[%
]  

Pa
rt

ic
le

s 
w

it
h 

di
am

et
er

 in
 th

e 
ra

ng
e 

2-
10

 n
m

 
[%

]  
A

ri
th

m
et

ic
 m

ea
n 

d
ia

m
et

er
 

[n
m

] 

T
he

 d
ia

m
et

er
 f

or
 

w
hi

ch
 th

e 
d

is
tr

ib
ut

in
 

fu
nc

ti
on

 is
 

m
ax

im
um

 
[n

m
] 

250 38.2 100 5.7 5.2 
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 550 11.4 90.1 7.4 6.6 

250 57.3 98.1 5.1 4.0 

400 38.5 99.8 5.6 5.2 

 

355 
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He 

 550 63.9 98.8 4.9 4.0 

250 17.2 92.5 6.9 6.0 

400 12.5 93.9 7.3 7.6 355 

 

4 

 

Ar 

 550 43.2 89.6 7.4 7.2 

250 29.4 94.9 6.3 5.0 

400 15.9 97.5 6.3 6.0 

 

532 

 

5.5 

 

Ar 

 550 15.2 73.6 8.2 5.6 
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