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Percolation and emission spectra of a laser plasma upon ablation
of silicon and silicon-containing composites

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

Abstract. The emission spectra of plasmas produced near the
surface of silicon and sulphur samples and their mixtures by
nanosecond and millisecond laser pulses are studied in a broad
range of pressures of buffer gases. The percolation depend-
ences are obtained for composite Si—S, Si—SiO,, and
SiO, —S targets. It is found that experimental percolation
thresholds coincide with the typical threshold for three-
dimensional continual percolation.
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1. Introduction

Synthesis of nanoscale structures with controllable param-
eters and their self-assembling into larger structures with
unique properties and functions is a fundamental direction
in modern science. The solution of this problem is of
interest for many branches of science such as physics,
chemistry, biology, materials technology, nanoelectronics,
and computation engineering. One of the promising
methods for producing nanostructures is laser ablation,
which allows one to synthesise nanostructures for a variety
of materials. The combination of laser ablation, which is
used for producing the vapour—gas phase of the target
material, and the vapour—Iliquid—solid (VLS) method of
crystal growth already allows the fabrication of macro-
scopic amounts of single crystal nanowires made of various
materials, including doped semiconductors [1]. Pulsed laser
ablation has a number of advantages over conventional
methods for preparing nanoparticles, in particular, the
possibility of producing monodisperse clusters with a
narrow size distribution [2].

The dynamics of plasma expansion into a surrounding
gas, the plasma composition and various processes proceed-
ing in it such as absorption of laser radiation, heating,
ionisation, recombination, condensation and clustering
depend, in particular, on the external pressure produced
by the surrounding gas. According to [3], at pressures lower
than 107° atm, a free adiabatic expansion of the plasma
takes place. Upon ablation of aluminium [3] and silicon [4]
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targets, it follows from the relation between the intensities of
ion lines that the plasma temperature achieves its maximum
(~ 10* K) by the single-pulse end and then decreases with
the characteristic time ~ 107 s.

Initially, associates (dimers, trimers, etc.) are formed in a
laser plume. In the case of the effusion method, their
concentration with respect to that of monomers can amount
to 0.1 [5]. As shown in papers [4, 6], nanoparticles are absent
at low pressures (P < 10~* atm) of the surrounding gas.
Collisions of plasma particles with atoms of the surrounding
(buffer) gas become noticeable at pressures ~ 10~ atm; this
is accompanied by a noticeable increase in the plasma plume
emission within 1 — 2 ps after the end of a laser pulse.

It is obvious that the increase in the plasma emission
observed after a few microseconds during plasma expansion
into the surrounding gas is caused by the change in its
emission (absorption) ability. It is also known from experi-
ments [4, 7] that the intensity of discrete spectral lines and
molecular bands belonging to ions and dimmers of the
evaporated material, respectively, correlates with the
efficiency of formation of condensate nanoparticles. Ions
are centres of heterogeneous nucleation: vapour atoms
polarised in the ion field are attracted to them [4]. According
to [8], dimers are the main unit in gas-like clusters.

During the time of the order of 10~ s, compact clusters
containing 10° — 10* atoms appear in the cooled layers of a
vapour—gas flow due to vapour condensation and coagu-
lation of the seeds of a liquid phase [6]. In the pressure range
(5 —15) x 10~* atm, nanoclusters of size ~ 10 nm appear,
which aggregate to form fractal clusters of size ~ 1 pm with
increasing pressure up to 107> — 107" atm and restricting
the expansion of the ablation cloud. Fractal clusters are
observed within ~ 1072 s after irradiation by a millisecond
laser pulse with a power density of 10° — 107 W cm ™2 [9].
Fractal aggregates are assembled into filament macrostruc-
tures in an external electric field. In experiments [9], fractal
filaments appeared within 10° — 10° s after the laser pulse
action.

The mechanism of formation of macrostructures differ-
ent from aggregation is realised, probably, upon a longer
laser action and a correspondingly higher density of finely
divided fraction in the laser plume. Thus, when the laser
pulse duration was increased by a factor of ten, macro-
structures appeared during the time ~ 1072 s even in the
absence of an external field [10, 11]. It is assumed that the
formation of macrostructures is triggered in this case by a
percolation transition in a cluster of microfractals. Note that
the threshold density of percolating particles depends on
their shape, decreasing substantially with deviation from a
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spherical shape [12] and due to formation of linear nano-
structures such as chains, nanowires, etc. It is known [1] that
upon laser ablation of a silicon target containing a proper
metal impurity, aside from nanoclusters, nanowires can be
formed by the VLS mechanism [13], according to which a
crystal nanowire grows in the region of its contact with a
liquid drop being replenished, in turn, by atoms of a
saturated vapour. The size of a drop representing the alloy
of the target material with the metal determines the wire
diameter, which always proves to be smaller than the drop
diameter. Nanowires can be also formed by different
mechanisms. Thus, upon ablation of a silicon target doped
with silica, a silicon monoxide layer is formed at the
intermediate stage [14], on which crystal silicon nanowires
appear and grow. The efficiency of this process is maximal
when the weight fractions of components (silicon and silica)
in the target are equal.

It is interesting to study the percolation model in the case
of efficient formation of reduced-dimensionality nanostruc-
tures in dense optical-discharge plasmas. According to this
model, the so-called critical cluster of ‘infinite’ length is
formed in a medium at the percolation threshold. The size of
the nodes and branches of the percolation cluster produced
in the vapour — gas region depend on the ratio of the rates of
nucleation and growth of elementary geometrical objects —
compact and molecular clusters, as a rule, of the nanometre
scale. It can be expected that the thickness of branches of the
percolation cluster will by of the atomic size in the limit.

Previous investigations [15, 16] have shown that the
plasma produced upon ablation of targets into the sur-
rounding gas by millisecond and nanosecond laser pulses
contains three-dimensional percolation structures. The per-
colation threshold is the critical atomic density of the
evaporated component of the target.

The dependence of the percolation threshold on the
electronic structure of target atoms indicates to the presence
of the chemical bond between structural elements of the
percolation cluster [17]. Atoms and ions of the target
material entering percolation structures do not contribute
to the intensity of the corresponding discrete spectrum. As a
result, the intensity of the discrete spectrum is not propor-
tional to the density of the evaporated target component
[16].

In this paper, we study the manifestation of percolation
in emission spectra of plasmas depending on the buffer gas
pressure and the composition of targets containing silicon.
The studies were performed using laser pulses of different
durations.

2. Experimental setup

Because the scheme of laser ablation experiments is quite
universal and the setup used here was described in [18], we
consider only the experimental parameters relevant to the
solution of the problems formulated in the paper.

We used 1.06-um laser pulses of different durations: (1) a
10-ns, 1-mJ single pulse from an LTIPCh-8 laser; (2) a train
of ten 100-ns, 1-mJ pulses from a laser with a saturable
filter; and (3) a quasi-continuous 10-ms, 100-J pulse.
Experiments with different interaction times allowed us
to reveal both general properties and specific features typical
for the time scale and laser radiation density.

Laser radiation was focused into a spot of diameter
~ 1 mm on the target surface by a spherical lens with the

focal distance f'= 30 cm. The target (silicon and sulphur
crystals and their pressed powder mixtures) was placed into
a sealed chamber in which pressure could be varied from
0.001 to 150 atm.

We studied the spectra and emission intensity of the
ablation cloud in the direction perpendicular to heating laser
radiation. In the case of nanosecond pulses, the region of a
laser plume under study was located at a distance of 500 pm
from the target surface. The emission of a laser plume
produced by quasi-continuous radiation was studied in
regions located from the target at distances d; = 5.5 mm
and &, = 17.5 mm.

3. Experimental results

3.1 Effect of pressure on the light flash spectrum

It was found in [18] that upon laser-induced evaporation of
most metals, the laser plume emission intensity drastically
increases by a few orders of magnitude at some external
pressure P, whose value is mainly determined by the target
material. Such a critical behaviour, which is typical for the
percolation transition, is also observed for some other
characteristics of the plasma plume.

The study of the formation efficiency of fractal nano-
structures showed [18] that at the threshold pressure of the
surrounding gas, the energy of interaction between particles
of the disperse phase in the laser plasma becomes equal to
their kinetic energy. As a result, a disordered macroscopic
fractal structure appears in external plasma layers already
during laser irradiation. This is accompanied by an increase
in the absorption and emission ability of the plasma and
also in the effective colour temperature describing the
spectral continuum of the light flash. The correlation of
variations in the optical properties of plasma with the
percolation threshold suggests that the spectral continuum
of the laser plasma is related to the formation of percolation
structures. According to [16], the increase in the continuum
intensity is accompanied by the decrease in the intensity of
discrete atomic spectra. Of interest are the dependences of
the threshold pressure and emission spectra of the plasma
on the laser pulse duration and power.

Figures 1 and 2 illustrate the behaviour of the spectral
characteristics of the laser plasma produced near the silicon
surface irradiated by laser pulses of different durations. The
dependences of the intensity of spectral lines of silicon and
emission continuum of the plasma on the buffer gas pressure
are presented in the spectral range from 4000 to 6500 A.
Upon target ablation by nanosecond laser pulses, the
emission spectra contain, along with continuum and buf-
fer-gas lines, distinct doublet lines 4128 — 4131 A, 5056—
5041 A, and 6347 — 6371 A belonging to singly ionised
silicon ions.

Figure 1 compares the pressure dependences of the
integrated intensity of the 4128 — 4131 A doublet and the
continuum intensity obtained upon ablation of a Si target by
nanosecond laser pulses with power densities 10> W cm™
(single pulse) and 10’ W cm™ (pulse train). A buffer gas
was helium. Figure 2 presents similar dependences in the
case of plasma expansion in the argon atmosphere upon
irradiation of the Si and S targets by a train of 10’ W cm >
pulses. In the case of a quasi-continuous 10° W cm™? pulse,
the increase in the continuum intensity is observed at the
same pressures (I — 3 atm) as upon irradiation by nano-
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Figure 1. Dependences of the plasma emission intensity on pressure
upon ablation of the Si target by a train of nanosecond pulses ( /, 2) and
a single pulse (3, 4) (buffer gas is helium): (7, 3) emission spectrum of
silicon ions; (2, 4) continuum.
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Figure 2. Dependences of the plasma emission intensity on pressure
upon ablation of the Si (/, 2) and S (3, 4) targets by a train of
nanosecond pulses (buffer gas is argon): (/) emission spectrum of silicon
ions; (2, 3) continuum; (4 ) emission spectrum of sulphur ions.

second pulses; however, the behaviour of discrete spectra is
different.

At comparatively low buffer-gas pressures (< 1 atm),
the emission spectrum of the plasma does not contain the
lines corresponding to silicon ions. The critical pressure at
which the ion spectrum appears almost coincides in the case
of a low radiation density with the threshold percolation
pressure P, = 1 atm, above which the plasma temperature
and continuum intensity begin to increase noticeably.

As follows from our previous studies [15—18], both the

appearance of the continuum and population of high excited
states at such a low radiation power density as 10° W cm™>
are related to the formation of percolation structures. Inside
and in the periphery of a percolation cluster, giant fluctua-
tions in the light-field strength are possible (up to 10° times)
[19]. This leads to a noticeable difference between the
electron and gas temperatures [18] and to the ionisation
and excitation of high-energy levels (above 10 eV) of atoms,
in particular, buffer-gas atoms (Ar, He). Silicon atoms and
ions inside compact and percolation clusters do not con-
tribute to discrete spectra.

As the surrounding gas pressure and plasma density are
increased, a smaller part of target atoms remain in a free
state, and a continuum (thermal emission of percolation
structures) begins to dominate in the plasma emission. The
threshold pressure at which the spectral characteristics of
the plasma change almost does not depend on the laser pulse
duration and laser power density. Note that the continuum
intensity is mainly determined by hot clusters, which are
formed within one—two microseconds after the action of
short laser pulses [4].

Similar investigations were performed for plasmas pro-
duced upon ablation of polycrystalline sulphur targets. The
results were similar to those obtained for silicon. In
particular, upon irradiation by nanosecond pulses, the
discrete spectrum consists only of the lines belonging to
singly ionised sulphur ions. Figure 2 presents the depend-
ences of the integrated intensity of the 5454 — 5474 A
doublet and continuum intensity of the buffer-gas (Ar)
pressure obtained upon ablation of sulphur by a train of
nanosecond pulses. No plasma emission was observed upon
irradiation of polycrystalline sulphur by a 10-ms,
10® W ecm™? pulse.

3.2 Effect of the target composition on the light flash
spectrum. Percolation upon ablation of the Si—S,
Si—Si0,, and SiO,—S composites

Figures 3—5 present the dependences of the integrated
intensities of discrete lines of the Sill and SII ions on the
target composition upon ablation of binary targets made of
powder Si—S, Si—SiO,, and SiO,—S composites by a train
of nanosecond pulses. On the abscissa the relative density n;
of the number of silicon atoms (ions) in the plasma is
plotted. The value of n; was calculated assuming that the
weight ratio of the components does not change during
evaporation. In the case of a binary mixture of elements,
the expression

np=[1+(1-x) Ni/(%#j)]il M

is valid, where y; are the molecular weights of Si and S, and
x; are their weight fractions. Note that the relative density
of the number of sulphur atoms is n; =1 — n;.

As follows from the results presented in Fig. 3, at the
initial stage the density of silicon and sulphur ions increases
proportionally to the increase in the number of their atoms.
The density of the number of ions in the plasma ceases to
increase after the relative concentration of Si and S atoms in
the target achieves threshold values:

N (Si) = 0.11 £0.02, N.(S) = 0.20 £ 0.04. )

The experimental thresholds for Si and S well agree with
the value 0.15, which is typical for the threshold of three-
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Figure 3. Dependences of the intensity of discrete emission spectra of
silicon (/) and sulphur (2) on the composition of the Si — S composite
(buffer gas is helium, P = 1 atm).

dimensional continual percolation in its potential model
[20, 21]. After the target composition achieves the threshold
for the second component, the density of the number of ions
of the second component drastically increases. Upon
ablation of targets with the composition lying between
the two thresholds for S and Si, two percolation clusters
consisting of silicon and sulphur atoms, respectively, exist in
the plasma. Outside the above-mentioned interval, where
the cluster of one of the components is absent, the ion
concentration of another component in the plasma tends to
the concentration existing near the surface of a single-
component target. It is obvious that the mutual penetration
of percolation clusters prevents the free flying apart of
atoms and ions: atoms of the same kind in the dense plasma
cannot overcome the energy barrier produced by particles of
another kind.

Figure 4 shows the intensity of the emission lines of
silicon on the composition of a Si — SiO, composite. Note
that we have failed to identify discrete lines unambiguously
belonging to silicon in the wavelength range under study.
The analysis of dependences obtained upon ablation of the
composite by nanosecond laser pulses presented in Fig. 4
gives the critical densities
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Figure 4. Dependences of the intensity of discrete emission spectra of
silicon on the composition of the Si — SO, composite (buffer gas is
helium, P =1 atm): (/) single pulse; (2) train of nanosecond pulses.

N (Si) = 0.15 £ 0.02, N (SiO,) = 0.14 £ 0.02. 3)

When the relative concentration of Si atoms is N.(Si),
the initial increase in the intensity of silicon lines ceases, and,
vice versa, for N(Si) = 1 — N.(Si0O,), the intensity of silicon
lines begins to increase, which is similar to the dependences
for the Si—S composite. The abscissa for this composite is
calculated from (1), where y; and n; are the molecular weight
and density of the number of silica molecules, respectively.
Upon dissociation of silica molecules, the intermediate
intensity maximum of the discrete spectrum of ions appears
at the density N(Si) ~ 0.5.

Figure 5 presents the dependences of the line intensities
on the composition of the SiO, — S composite. By using (1)
and the weight fractions of components for the character-
istic points of these dependences, we obtained the critical
densities of the target components N_.(SiO,) = 0.14+ 0.03
and N.(S)=0.35+0.04. Silicon atoms and ions appear
upon laser ablation of this mixture only due to the
dissociation of silica molecules. The presence of free oxygen
atoms and molecules in the plasma reduces the relative
densities of S and Si. By assuming a complete dissociation of
silica molecules in the calculation of densities of silicon or
sulphur ions, the first or second term in the right-hand side
of expression (1) should be multiplied by three. By analysing
the dependences presented in Fig. 5, we obtain

N (Si) = 0.13£0.03, Ny (S) =0.14 £ 0.02. (4)

At these values, the initial increase in the intensity of
spectral lines of the corresponding component ceases, and
as in the case of the S—Si composite, vice versa, the
intensity of spectral lines of the second component begins to
increase.
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Figure 5. Dependences of the intensity of discrete emission spectra of
silicon (/) and sulphur (2) on the composition of the SiO, —S
composite (buffer gas is helium, P = 1 atm).

Note that, if a target consists of a powder mixture, it can
be also treated as a medium with three-dimensional
percolation. However, the threshold in such an object is
determined by the relative fraction of volumes of mixed
components rather than by the atomic density [22]. In this
case, according to the model of overlapping spheres, the
characteristic percolation threshold p, is ~ 0.3, which does



Percolation and emission spectra of a laser plasma upon ablation

439

not correspond to experimental results (2)—(4) and depend-
ences presented in Figs 3—5.

4. Conclusions

We have shown in this paper that upon ablation of targets
into a surrounding gas by laser pulses of different
durations, percolation in the plasma is manifested in
emission spectra upon variations of the target composition
and buffer-gas pressure. The percolation threshold is the
critical atomic density of the evaporated target material.
Good agreement between the critical densities for compo-
nents of an individual composite and for different com-
posites and between them demonstrates the validity of the
percolation model for interpreting the results.
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