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The analysis of low-energy ion from a gas-puff laser plasma

The observation of ablated particles from the silicon irradiated with a fs laser
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The single-shot creation of tadpolelike silicon nanoparticles constructed with multi-crystalline

heads and amorphous tails by a high brightness fs-pulse laser was demonstrated. This is also the first

demonstration of the creation of a nanosized connection of multicrystalline silicon with amorphous

silicon. This result should expand the creation of new materials by a laser ablation using a

high-intensity fs laser, and the created silicon nanoparticles can be applied to scientific and industrial

fields.

The recent development of femtosecond (fs) pulse lasers expanded the possible applications of

laser ablation. It is well-known that different mechanisms of pulsed laser ablation of materials are

realized at different laser pulse durations.u For nanosecond (ns) pulse duration at moderate powers,

the mechanism of normal ablation with increasing laser fluencies has been understood. For ns-pulse

laser ablation, amorphous silicon films have been introduced as being piled on the substrate by laser

ablation in many papers.2^ It is reported that a short-pulse laser irradiation causes a multiphoton

excitation and evaporation of transparent materials.5) Surface modifications under fs laser irradiation

of bulk silicon have also been analyzed for laser pulse durations of 5 to 400 fs, but minimal

information on ablators has been obtained.6"8* On the other hand, single-walled carbon nanotubes
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have been produced by laser ablation of graphite rod containing catalytic transition metals in the

oven at more than 800K.910)By using almost the same method, a silicon nanowire has been

successfully fabricated.11' However, the growth rate of the silicon nanowire is not high. The

industrial production of silicon nanofibers or nanotubes has been expected for applications in

high-efficiency photovoltaic devices, emitter devices, and LSI devices.

In our work, tadpolelike silicon nanoparticles like constructed with multicrystalline heads and

amorphous tails were created by a single fs-pulse laser shot with high brightness. This is also the

first demonstration of the creation of a nanosized connection of multicrystalline silicon with

amorphous silicon. High-purity silicon wafers (KOMATSU) were used as silicon targets, which

were irradiated by the laser with high brightness. In the fs-pulse laser ablation experiments, the

pulsed laser of 800 run wavelength, pulse duration of 50 fs, repetition rate of 10 Hz, and energy of

10 mJ, delivered from the Ti-sapphire laser system (TERALITE UNC: HOYA Continuum Co.) was

used. In ps-pulse laser ablation experiments, we used the pulse laser of 1060 nm wavelength, pulse

duration of 160 ps, repetition rate of 10 Hz, and energy of 10 mJ delivered from the YAG laser

having a Brillouin pulse compressor system (SL312P: EKSPLA Co.). The focused laser beam on the

silicon target was approximately 20 Dm in diameter, as estimated using a CCD imaging system, by

the off-axis parabola mirror mounted in the vacuum chamber (Fig. 1). Each irradiated intensity of

the laser beam on the target was estimated to

be approximately 8xl016 W/cm2 and 2xlO13

W/cm2 for the fs-pulse laser and ps-pulse laser,

respectively. Note that the fs laser had a

prepulse of about 8xl012 W/cm2 intensity. The

prepulse illuminated the target 12.5 ns before

the main pulse arrived, resulting the creation

of a preformed plasma.12) Scattered ablated

particles were collected by the copper mesh

and the copper mesh with carbon thin films

mounted in the vacuum chamber under 2.6x10"* Pa.

Off-axis
Parabolic mirror

Fig. 1. Schematic experimental set-up

Scattered ablated particles on the silicon substrate were collected by the replica method. The

distance between the target and the copper mesh was about 130 mm. Ablated particles or fibers were

observed and analyzed using an analytical transmittance electron microscope (JEM200CH: JEOL

Ltd.) and a high-resolution transmittance electron microscope (JEM2000EX: JEOL Ltd.). In the

ablators observed using the analytical transmittance electron microscope (TEM) from the silicon

target irradiated by the fs-pulse laser, sub-micrometer particles and fibers of silicon were observed .

In the ablated particles on the silicon substrate, many tadpolelike particles were observed , while in

the ablated particles on the carbon thin films, fibers smaller than those on the silicon substrate were
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observed. The fiber structure seems to be a broken tail of a tadpole. The width of the fiber was

between 20 nm and 200 nm. On the other hand, the head of the tadpole was about 500 nm in

diameter and the tail was 200 nm in width and more than 600 nm in the length. Clear grain images

were observed in the head of the tadpole but not Head Head

in the tail (Fig. 2(a)). In the electron diffraction *S&s

pattern (Fig. 2(b)) at the head of the tadpole, Tail

many clear diffraction spots, due to the

multicrystalline structure, were observed. Each ,_ $?w . / ^ ^ ^ u r T ^ Tai

spacing of the lattice planes calculated from this I

diffraction pattern was correspondent to the ;

d-value of silicon plane of (111), (220), and (311).

In the electron diffraction pattern at the tail of the

tadpole, two diffuse diffraction rings, due to the Fig. 2. TEM image and diffraction patterns

amorphous or microcrystal structure, were observed.

In the ablators from the silicon target irradiated by the ps-pulse laser, only multi-crystalline

particles between 5 nm and 200 nm in diameter were observed. Neither tadpoles nor fibers were seen.

In almost all the particles, many clear diffraction spots were observed.

It is well-known that in a ns-pulse laser ablation or fs-pulse laser ablation of silicon with low

irradiation intensity8), spherical amorphous particles between a few nm and a few ^m in diameter

were ablated from a silicon target. In this experiment, we showed tadpolelike particles consisting of

multicrystalline silicon and amorphous silicon by a single intense laser irradiation. In the case of a

fs-pulse laser ablation of a silicon with a low irradiation intensity of 4 xlO13 W/cm2 and a low

fluence of 5 J/cm2, only nano-particles with radii of 5-10 nm are generated and deposited. However,

in our case with a high irradiation intensity of 8 xlO16 W/cm2 and a high fluence of 3 xlO3 J/cm2,

tadpoles with lengths of more than 1 îm are observed. To understand the mechanism of silicon

tadpole creation, more detailed experiments are necessary. We assume that the tadpole creation

process is closely related to the high laser plasma temperature and the high-speed scattering of the

silicon ablators.

This is for the first time that tadpolelike particles consisting of multicrystalline silicon and

amorphous silicon are obtained by a single intense laser irradiation. The new method for the quick

creation of silicon nanofibers by high intensity laser irradiation can be used for the industrial

production of silicon nanomaterials.
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