
Abstract. The formation eféciency of fractal nanostructures
is studied experimentally depending on the composition of the
binary silicon ë silica mixture during evaporation by milli-
second laser pulse. The inêuence of percolation on the
eféciency of nanostructure formation in a laser plume is
discovered. It is found that the eféciency is maximal near the
critical densities of atoms in the plasma, which correspond
both to the three-dimensional and two-dimensional percola-
tion. The dependences of the effective temperatures of the
laser plasma and the intensity of spectral lines on the target
composition are presented.

Keywords: laser ablation, laser plasma, percolation, nanostructures,
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1. Introduction

Synthesis of molecular nanostructures and the study of the
process of their self-assembly into larger structures with
unique properties and functions is a fundamental direction
in the modern science. In the case of carbon, the variety of
its allotropic forms leads to self-assembly of different
nanoobjects ë fullerenes and nanotubes. The synthesis of
similar structures based on chemical elements belonging to
the same subgroup of the periodic table seems promising.
Special hopes are pinned on silicon, the element that
follows carbon and has found wide applications in micro-
electronics [1].

One of the most promising methods for obtaining
nanostructures is laser ablation, which allows the synthesis
of nanostructures for many materials, including heat-resist-
ant materials. Despite signiécant success of the method of
laser ablation in the production of nanoclusters, the clear
understanding of the mechanisms of their formation in the
laser plasma has not been achieved so far. Usually, the
model of a liquid drop, which is not applicable for structures
containing less than several tens of atoms, is used. In this
connection the important task is the proper consideration of
branched molecular structures [2] and gas-like clusters [3]

with a small number of atoms, because it is the atoms that
are the nucleation centres. It was shown in [3] that in the
dense plasma at high enough temperatures a gas-like cluster,
representing a spontaneously appeared virtual chain of
atoms, is realised with a greater probability than the
close-packed structure. This model has not been conérmed
experimentally yet.

Of interest is the study of the percolation model during
the efécient formation of low-dimensional nanostructures in
the dense plasma of the optical discharge. According to this
model, when some critical density (percolation threshold) is
exceeded, the corresponding component in the medium
forms the so-called critical cluster of `unlimited' length.
The sizes of nodes and branches of a percolation cluster
appearing in the vapour ë gas region can change depending
on the ratio of rates of nucleation and growth of elementary
geometrical objects ë compact and molecular clusters, as a
rule, at a nanometer scale. In the limiting case of micro-
scopic percolation [4], the thickness of branches of a
percolation cluster can have atomic dimensions.

Previous studies of the emission spectra [5, 6] showed
that three-dimensional percolation structures exist in plas-
mas produced upon ablation of targets into the surrounding
gas by millisecond and nanosecond laser pulses. The
percolation threshold is the critical atomic density of an
evaporated component of the target. Upon laser ablation of
one-component targets, percolation is manifested in the
threshold dependences of the emission spectrum and the
eféciency of formation of fractal nanostructures, when the
density of the component particles changes with changing
the external pressure produced by the buffer gas [7]. During
the evaporation of binary targets, the dependence of
emission on the component composition also has the
threshold nature [8] (the corresponding measurements for
the efécient formation of nanostructures have not been
performed).

In this paper, we present the results of the experimental
study of the formation eféciency of fractal nanostructures
depending on the composition of the binary silicon ë silica
mixture evaporated by millisecond laser pulses.

According to [9], upon ablation of a silicon target
containing silica impurity, a layer of silicon monoxide is
formed on which nanowires of crystal silicon are produced
and grow. The eféciency of the process is maximal when the
weight fractions of the components (silicon and silica) in the
target are the same, and substantially exceeds the growth
eféciency typical for the known vapour ë liquid ë solid (VLS)
mechanisms [10]. The growth of the nanowires according to
the VLS model occurs in the region of its contact with the

N.E. Kask, E.G. Leksina, S.V.Michurin, G.M. Fedorov D.V. Skobel'tsyn
Research Institute of Nuclear Physics, M.V. Lomonosov Moscow State
University, Vorob'evy gory, 119992 Moscow, Russia;
e-mail: nek@srd.sinp.msu
Received 14 July 2006

Kvantovaya Elektronika 37 (4) 366 ë 371 (2007)
Translated by I.A. Ulitkin

PACSnumbers:52.50.Jm; 52.38.Mf; 81.07.^b; 61.43.HvINTERACTION OF LASER RADIATION WITH MATTER. LASER PLASMA

DOI:10.1070/QE2007v037n04ABEH013345

Formation of nanostructures upon laser ablation
of a binary Six(SiO2)1ÿx mixture

N.E. Kask, E.G. Leksina, S.V. Michurin, G.M. Fedorov

222/274 ë KAI ë 18/vi-07 ë VERSTKA ë 6 ÒÑÎÑÔ ÍÑÏÒ. å 3
Quantum Electronics 37 (4) 366 ë 371 (2007) ß2007 Kvantovaya Elektronika and Turpion Ltd



liquid drop of a nanometer size, which apart from silicon
also contains impurity metals (Au, Fe, Ni, Co). The
composition of the produced melt is close to the compo-
sition at the eutectic point, and the balance of the matter is
provided by the supply of atoms of saturated vapour. One-
directional growth of nanowires occurs when the drop is in
the vapour whose temperature is one hundred ë two hundred
degrees lower than the temperature of the epitaxial depo-
sition of the matter (for silicon, T � 1150 8³).

2. Experimental

The scheme of the experimental setup is presented in [7]. A
neodymium glass laser consisted of a master oscillator and
an ampliéer. The quasi-continuous regime was obtained by
using a nearly concentric resonator in the master oscillator.
It provided a comparatively low (� 15%) modulation
depth of the generated power in the frequency range from
104 to 107 Hz. The target was evaporated under the action
of a � 10-ms FWHM bell-shaped laser pulse. The laser
pulse energy was varied with neutral light élters in the
range from 10 to 100 J. The laser radiation was focused on
the target by a spherical lens with the focal length of 300
mm into a spot of diameter � 1 mm. The êow density on
the target surface equal to �105 W cmÿ2 corresponded to
the maximum eféciency of the nanostructure formation.
The decrease in the eféciency at a higher density is
obviously related to the destruction of fractal aggregates
by laser radiation.

The sample under study was placed in a sealed chamber
with the diameter and length of the internal cavity of 25 and
150 mm, respectively. The pressure of the inert buffer gas
(Ar or He) was 1 or 30 atm. According to [7], the majority
of materials, including silicon, form most eféciently fractal
nanostructures at pressures close to normal. At a pressure of
30 atm the threshold of fractal shell formation is exceeded
[7]. The target was a mixture of silicon and silica powders
with the grain size of about 10 mm, pressed at a pressure of
60 atm. The éne-dispersed phase produced in the laser
plume was deposited on a glass substrate placed horizontally
on the chamber bottom.

To separate structures, which are formed by the laser
pulse and are deposited on the substrate within several
seconds after its end, we pumped out the buffer gas
containing the éne-dispersed phase. If the gas is not pumped
out, the nearly complete deposition of fractal microclusters
and formation of a layer on the substrate terminated within
15 min after the laser pulse action. The optical density of the
layer, determined by the intensity of the transmitted or
scattered probe radiation from an incandescent lamp
characterised the formation eféciency of fractals. Photo-
graphs of the layers were processed with the standard Adobe
PhotoShop programs.

We also studied the spectrum and intensity of the laser
plasma emission propagating in two directions: longitudinal
(towards the laser beam) and transverse (perpendicular to
the plume axis). In the latter case, the emission of the plasma
layer at a distance of 500 mm from the target surface was
studied by using a spectral attachment with a diffraction
grating from a VFU-1 setup. The spectrum was recorded
with a CCD array (3650 pixels) every 3 ms. Spectra were
studied in the wavelength range from 350 to 650 nm with a
resolution of 0.08 nm. In the longitudinal direction, the
emission of the total volume occupied by plasma was

directed to the entrance of a SFL-451 spectroêuorimeter
operating in the wavelength range from 400 to 900 nm with
a resolution of 6.4 nm. The effective colour and brightness
plasma temperatures were determined by comparing the
emission intensities of the plume and a reference SI8-200U
tungsten band lamp. To eliminate the effect of the geo-
metrical factor during calibration measurements, the
reference source was placed instead of the target.

3. Experimental results

3.1 Formation of fractal nanostructures

Figures 1 and 2 show the experimental dependences of the
eféciency of nanostructure formation on the target
composition (on the weight fraction x of silicon in the
target and the relative density nSi of silicon atoms in the
plasma) in the buffer gas at pressures of 30 and 1 atm.
Under the assumption that upon ablation the relative
content of evaporated components of the target does not
change and the complete thermal decomposition (dissoci-
ation) of molecules occurs, the expression

nSi �
xmSiO2

� �1ÿ x�mSi
xmSiO2

� 3�1ÿ x�mSi
(1)

is valid for the relative density of silicon atoms in the
plasma. Here, mSi and mSiO2

are molecular weights of the
target components. (Note that nO � 1ÿ nSi for the relative
density of oxygen atoms. The values of nSi, corresponding
to the weight fraction x, are shown at the upper scale of
Fig. 1.)

Because the density of heated fractal structures sus-
pended in the chamber volume approaches the buffer gas
density, the comparison of the eféciencies of gases under
study may prove incorrect. Thus at a pressure of 30 atm, the
density of the ablation cloud is smaller than that of argon
but higher than the helium density. As a result, nearly all the
structures were deposited in helium, whereas in argon they
condensed at the top of the chamber. Only the heaviest
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Figure 1. Experimental dependences of the formation eféciency of
nanostructures on the target composition in the buffer gas (He, Ar) at
a pressure of p � 30 atm. The time of the layer deposition is 15 min.
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aggregates with the fractal dimensionality of df > 2
descended. The layer formed by them within 5 s after the
end of the laser pulse had df � 1:71� 0:06 (Fig. 3). Fractals
consist of compact nanoparticles with the characteristic size
of 80 nm. Branched structures with df � 1:43� 0:12 prevail
in the layer deposited in helium. The value of df of fractals
deposited in argon but at a pressure of 3 atm is close to the
value of df of fractals deposited in helium. In this case the
argon density is approximately equal to the helium density
at a pressure of 30 atm. (Note that the fractal dimension-
ality df for structures on the substrate was calculated by the
cell method.)

If the pressure of the buffer gas is 1 atm, all the
structures collected at the cell bottom both in helium
and argon. It follows from a comparison of dependences
presented in Fig. 2 that at a normal pressure, the eféciency
of structure formation in argon is several times higher than
in helium. The behaviour of the dependences near the two-
dimensional percolation threshold is explained by the
difference of ejecting forces acting on the fractals. The
two-dimensional percolation is realised in the medium with
the same density of components (in the plasma under study,
with equal density of silicon and oxygen atoms). One can see
from Fig. 1 that a well pronounced narrow peak is observed
in the region of compositions x � 0:41 (nSi � 0:55) at a
helium pressure of 30 atm, while in argon a large scatter of
experimental points is observed which can be treated as a
narrow dip in a broad peak.

At the buffer gas pressure of 30 atm, fractal macro-
structures ë fractal shells (according to the terminology in
[7]) are formed, which appear during the laser pulse at the
periphery of the plasma region. Fragments of shells of size
1 ë 10 mm are observed in a wider range of compositions
(0.1< x<0.9). Figure 4 shows a microphotograph of such
a two-dimensional structure, which resembles a transparent
folded fabric. The formation of shells, which `emerge' in the
argon atmosphere, do not deposit on the substrate and do
not contribute to the thickness of the deposited layer, also
results in an apparent decrease in the eféciency of fractal
formation.

3.2 Effect of the target composition on the optical
spectrum and the effective temperatures of the laser
plasma

It was established in [7] that during the evaporation of
many materials under the action of quasi-continuous laser
radiation, the intensity of the plume emission drastically
increases by several orders of magnitude at some external
pressure, whose value is determined mainly by the target
material. It was assumed in [7] that at a threshold pressure
of the surrounding gas, the interaction energy of dispersed-
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Figure 2. Experimental dependences of the formation eféciency of
nanostructures on the target composition in the buffer gas (Ar) ( 1 , 2 )
and (He) ( 3, 4 ) for p � 1 atm; measurements were performed 15 min
after the laser action ( 1, 3 ) and immediately after the action ( 2, 4 ).
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Figure 3. Fractal layer formed on a substrate within 5 s after the laser
pulse end at a 30-atm pressure of the Ar (a) and He (b) buffer gases.

500 mm

Figure 4. Fractal shell. Weight fraction of silicon x � 0:326; buffer gas ë
He, p � 30 atm.
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phase particles in the laser plasma becomes equal to their
kinetic energy. As a result, a disordered macroscopic fractal
structure appears in external layers of plasma already
during the action of laser radiation. In this case, the
absorptivity and emissivity of plasma and the effective
colour temperature, describing the spectrum continuum of
the light êash, noticeably increase. According to [6], the
increase in the continuum intensity is accompanied by a
decrease in the intensity of discrete atomic and ionic
spectra, because atoms and ions entering the composition
of the percolation cluster do not contribute to discrete
spectra. The spectra of emission propagating in the
direction perpendicular to the laser beam axis were studied
in [5]. The fractal shell produced around the plasma plume
can decrease the emission intensity in this direction. The
laser radiation prevents the formation of fractal shells at the
leading edge of the plume.

Figure 5 shows the dependences of the effective colour
temperature on the composition of the target. In the
longitudinal direction, the colour temperature of plasma
in argon exceeds the emission temperature in helium by
20% on average. In the spectral interval under study, the
experimental values of the effective brightness temperature
coincide with the effective colour temperature within 15%
of the measurement error, which indicates the absence of
strong absorption at the leading edge of the plume. The
emission in the transverse direction has the same colour
temperature as in the longitudinal direction. The difference
between the brightness and colour temperatures in the
transverse direction depends both on the mixture compo-
sition and on the distance between the plasma layer under
study and irradiated surface of the target. The éne-dispersed
condensed phase (fractal shell) accumulating at the plume
periphery reduces the emission intensity near the target by
two ë three orders of magnitude (in argon by an order of
magnitude stronger than in helium).

The dependences of the intensity of spectral lines in
plasma on the target composition are shown in Figs 6 and 7.
The dependences are presented for typical lines of silicon
ions (SiII, l � 634:7 nm), oxygen atoms (OI, l � 777:1 nm)
and molecules (O2, the primary atmospheric absorption
band at l � 759:6 nm) and atoms of sodium (NaI, D line,
l � 590:0 nm) and calcium (CaI, l � 396:8 nm), which are

used as impurities to the silicon powder in the target
composition. To take into account changes from pulse to
pulse in the absorbing layer and the changes in the target
composition, the line intensities in Figs 6 and 7 are
normalised to the continuum intensity in the corresponding
spectral region. The results presented for SiII ions and Na
and Ca atoms were obtained for the plasma emission in the
transverse direction and for oxygen ë in longitudinal
direction.

4. Discussion of the results

At constant pressure and temperature, the equilibrium
constant keq of evaporation processes and thermochemical
decomposition is determined by the change in the Gibbs
energy [11]:

ÿRT ln keq � DG � DHÿ TDS; (2)

where DH and DS are changes in enthalpy and entropy
during the reaction and R is the gas constant. The
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Figure 5. Dependences of the effective colour temperature of plasma
emission on the target composition at a buffer gas (Ar, He) pressure of
30 atm.
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Figure 6. Dependences of the spectral line intensities of atomic oxygen at
777.1 nm ( 1 ), molecular oxygen at 759.6 nm ( 2 ) and silicon ion at
634.7 nm ( 3 ) on the target composition; buffer gas is helium,
p � 30 atm.
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Figure 7. Dependences of the spectral line intensities of NaI at 590.0 nm
(buffer gas is helium, p � 30 atm) ( 1 ) and of CaI at 396.8 nm (buffer gas
is argon, p � 30 atm) on the target composition.
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beginning of the spontaneous process (chemical boiling) is
determined by the equality DG � 0.

According to [12], the spontaneous decomposition of
silica at a normal pressure occurs in the reaction

SiO2�c; l� $ SiO�g� � 1

2
O2�g� (3)

at temperature T 0
r � 3050� 70 ¬ with the thermal effect

DH 0
r � 171 kcal molÿ1 and the entropy change DS 0

r �
54:2 cal molÿ1 Kÿ1.

For the silicon monoxide, the displacement of the
reaction equilibrium

SiO�g� $ Si�g� �O�g� (4)

to the thermal decomposition at a normal pressure occurs
at temperature T � 6000 K [13].

Thermochemical calculations presented in [14] indicate
that already at temperature 3100 K nearly all silica particles
are decomposed into monoxide and molecular oxygen
according to reaction (3) (concentration of other compo-
nents in the plasma can be neglected). As the temperature
increases to 5000 K, the molar concentration of SiO does
not change and the molecular oxygen partially dissociates.

As follows from the results of [15], a substantial change
in the threshold temperatures in the case of spontaneous
decomposition of silicon oxides does not occur at a pressure
of 30 atm. It follows from Fig. 5 that the plasma temper-
ature does not exceed 3200 K for the mixture composition
0 < x < 0:2. As a result, the silicon dioxide is decomposed
according to reaction (3). At this temperature, reaction (4) is
directed to the formation of silicon monoxide. Therefore,
free silicon atoms are absent, which agrees with the results
of the experiment (see. Fig. 6). When targets with
0:23 < x < 1 are evaporated, the plasma temperature
exceeds 6000 K (see Fig. 5), the reaction direction shifts
to the SiO molecule decomposition and lines of silicon ions
are present in the emission spectrum (see Fig. 6).

The threshold changes in the temperature and intensity
of spectral lines belong to the target composition with x �
0:23� 0:03. The volume fraction of silicon in the target is

pV �
�
1� rSi�1ÿ x�

rSiO2
x

�ÿ1
(rSi and rSiO2

are the densities of silicon and silica) for this
x is close to the threshold one (p th

V � 0:33) for the three-
dimensional percolation according to the model of over-
lapping spheres. The formation of a percolation cluster
from silicon particles in the target volume does not lead to a
drastic increase in the laser radiation absorption, for
example, at low enough pressures (p < 3 atm) of the buffer
gas. It is obvious that such a high value of temperature
(T � 6000 K), which is observed for x > 0:3, cannot be
provided only by absorption in the plume plasma.
According to [7], when the target is irradiated by milli-
second laser pulses, its surface is heated to the boiling point
of the material. The temperature in the laser plume in the
regime of developed evaporation does not differ substan-
tially from it if the pressure of the buffer gas is lower than
some value typical for materials of the target.

The absorption bands of molecular oxygen are observed
only upon ablation of targets with the silicon concentration
exceeding the threshold value. Oxygen molecules, absorbing

radiation of central layers of the plasma plume with
temperature � 6000 K, reduce the radiation intensity of
the maximum of the band by two ë three times, by decreas-
ing the effective brightness temperature by no more than
thousand degrees. The absence of the absorption spectrum
of molecular oxygen and vice versa the presence of the
emission spectrum of its atoms for compositions lower than
the threshold one (x < 0:23) cannot be explained within the
considered model.

Of interest is the appearance of the percolation threshold
in the spectra of an impurity, whose concentration, accord-
ing to the quantitative spectral analysis, does not exceed
1%. As follows from the results shown in Fig. 7, the
temperature jump in the plasma volume leads to the change
in the slope of the dependence for the intensity of sodium D-
lines by approximately an order of magnitude. When the
target composition changes, the effective brightness temper-
ature, calculated by the line of Na, increases from 3000 K
(below the threshold) to 4200 K (above the threshold). For
emission at the resonance transition frequency, where the D-
line self-reversal takes place, an even lower effective bright-
ness temperature (2400� 200 ¬) is typical, which can be
considered as the lowest boundary of the temperature layer
containing sodium. The decrease in the emission spectrum
intensity of sodium, observed for x > 0:6, requires addi-
tional investigation.

In the case of calcium, the dependence of the spectrum
intensity on the target composition shows the same thresh-
old behaviour, which is typical for the main components of
the target. It is possible that calcium, forming stable
compounds with silicon, such as Ca2Si, CaSi and CaSi2,
proves to be in a bound state till the threshold and above it ë
in the atomic state.

Upon laser ablation of a binary silicon ë silica mixture,
nanostructures are produced more eféciently than in the
case of the one-component target (see Figs 1 and 2). The
dependences on the composition have three pronounced
maxima. The maximum near x � 0:33, corresponding to the
same density of silicon and oxygen atoms in plasma, can be
related to the formation of fractal microscopic aggregate
according to the model of two-dimensional percolation. The
boundaries of inhomogeneities in the lase plume can serve as
surfaces on which two-dimensional fractal structures are
assembled [16]. Macroscopic fractal nanostructures (fractal
shells [7]) are assembled in the boundary plume layer either
directly from nanoclusters or two-dimensional and three-
dimensional fractal microaggregates and take on the énal
form at temperatures close to the melting temperature. The
range of target compositions in which macroshells are
observed lies between the left and right maxima shown
in Figs 1 and 2. It follows from the results of [8], where
Six(SiO2)1ÿx targets were ablated by nanosecond laser
pulses, that in the plasma a three-dimensional percolation
cluster is formed from silicon atoms for x � 0:1. Upon
ablation by nanosecond pulses, the plasma temperature for
all the compositions of the target exceeds 6000 K and SiO
molecules are absent in its volume. When the target with a
high content of silica is irradiated by millisecond pulses, the
plasma temperature is � 3200 K and free silicon is absent in
its volume. Therefore, we should expect that a percolation
cluster is formed from molecules of silicon oxides [17]. It
follows from Fig. 6 that the maximum concentration of
oxygen and SiO molecules [according to (3)] takes place
upon ablation of targets with x � 0:1.
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5. Conclusions

The results of the study have shown that at a high pressure
of the gas surrounding the target, the method of laser
evaporation can be used to form eféciently two-dimensional
and three-dimensional fractal nanostructures based on the
percolation growth model. The dimensionality of the
structures depends on the buffer gas pressure and the
target composition. Near percolation thresholds the
eféciency of nanostructure formation increases by an
order of magnitude. Percolation takes place both in cooled
and hot layers of the laser plasma, which is manifested in
the formation of a fractal shell and threshold dependence of
the intensity of discrete spectra of atoms of the target
respectively. The dynamic nature of the percolation cluster
at a high temperature allows one to consider it as a virtual
gas-like low-dimensional structure. The study of the
properties of this object, including its optical properties,
is of great interest for further investigations.
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