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Abstract

Pulsed laser deposition (PLD) is a commonly used technique for fabricating thin films. Additionally, it can produce oxide
material nanocrystals and nanoporous films by controlling gas pressure during the deposition. Previously, we fabricated
nanoporous films with low dielectric constants by depositing SiO, nanoparticles. In such deposition techniques that use laser-
generated nanoparticles as raw materials, parameters, such as ambient gas pressure, gas species, and the distance between
the target and substrates, have a considerable influence on the size and structure of the nanoparticles. In this study, to clarify
the behavior of nanoparticles during pressure-controlled PLD, such as their formation process and spatial distribution, SiO,
nanoparticles generated by laser ablation are visualized using two-dimensional laser scattering imaging. The spatial distribu-
tion of the nanoparticles tends to decrease with increasing ambient gas pressure, and the distribution exhibits various shapes,
including spherical and mushroom clouds, depending on the gas species. Nanoparticles generated by laser ablation in the
gas phase and collected at different positions from the target surface on a collection substrate placed parallel to the target are
observed. Nanoparticles are deposited without aggregation at a collection position below the maximum expansion distance
of the laser ablation plasma plume . In the collected position around and above /,, web-like aggregates consisting of nano-
particles with a particle size of a few nanometers are observed. As the pressure increases, the size of the web-like aggregates
and number of deposits increase. Information regarding these spatial distributions and deposited aggregates is useful in
optimizing conditions, such as ambient gas species, gas pressure, and deposition distance, for nanoporous film fabrication.
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1 Introduction of SiO, crystal substrate targets and deposition of nanopar-

ticles at room-temperature to form low dielectric constant

Pulsed laser deposition (PLD) is one of the most promising
technologies for the fabrication of various thin films, such as
single-wall carbon nanotube composites [1] and supercon-
ducting thin films [2, 3]. Laser ablation produces gas-phase
particles from a bulk target material; these gas-phase par-
ticles are used to fabricate metal nanoparticle [4] and nan-
oparticle-assisted ZnO nanocrystal [5—7]. Moreover, nano-
porous films have reportedly been fabricated using ablation

> R. Koike
koike.reiji.383 @s.kyushu-u.ac.jp

D. Nakamura

dnakamura@ees.kyushu-u.ac.jp

Graduate School of Information Science and Electrical
Engineering, Kyushu University, Fukuoka, Japan

Department of Gigaphoton Next GLP, Kyushu University,
Fukuoka, Japan

(low-k) insulating films [8]. The SiO, nanoporous films have
attracted attention in the ultra-large-scale integrated (ULST)
field as insulating films with low dielectric constant owing
to their pores and quantum confinement effects. In the ULSI
field, low-k materials are required to reduce wiring delays as
the device dimensions become smaller. Efforts to lower the
dielectric constant include the development of new materi-
als, such as SiOC [9], SiOCH [10], porous films [11], and
air gap insertion [12]. Previously, we fabricated nanoporous
films via PLD using SiO, as a target by controlling the ambi-
ent gas pressure, and achieved a relative permittivity of 1.8
[8]. In such deposition techniques that use laser-generated
nanoparticles as the raw material, the distance between tar-
get substrates and ambient gas pressure are important param-
eters because they have a significant effect on the particle
size and structure of the nanoparticles. Further, clarify-
ing the behavior of nanoparticles, such as their formation
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process and spatial distribution, is essential for establishing
the fabrication conditions for such aforementioned deposi-
tion technology. This study aims to measure the behavior of
laser-generated nanoparticles using a two-dimensional (2D)
laser imaging technique [13, 14].

2 Experimental setup

The setup for the 2D laser image measurements of SiO,
nanoparticles is shown in Fig. 1 [14]. SiO, nanoparticles
were produced by laser ablation of a SiO, crystal substrate
placed in a rotating holder atop a vacuum chamber filled
with Ar or O, gas. An ArF excimer laser (A=193 nm, pulse
width =15 ns, COMPex PRO 102F) was used for the
laser ablation. The ablation laser beam was shaped into a
5 mm-diameter circle using an aperture; subsequently, it was
focused and irradiated onto a SiO, crystal target placed in a
vacuum chamber using a lens with a focal length of 300 mm.
The ablation fluence was 6 J/cm? (5.2 mJ on 0.087 mm?)
and laser irradiation was performed with a single pulse. The
pressure of the ambient gas filling the vacuum chamber was
adjusted to a range of 400-2700 Pa. The ambient gas was
replaced at each irradiation to eliminate the effect of nano-
particles generated by the previous irradiation. Addition-
ally, the in and out gas flow during laser irradiation was
eliminated to reduce the influence of convection currents in
the chamber on the generated particles. A Nd: YAG laser
(A=355 nm, pulse width 7=10 ns, Quanta-ray GCR-200,

Spectra-Physics) was used as a probe laser to obtain Ray-
leigh scattered light from the nanoparticles produced by the
ablation laser. The probe laser beam was shaped into a sheet
with a width of approximately 30 mm using a cylindrical
lens and was incident horizontally approximately 2 mm
above the SiO, target surface. The polarization direction
of the probe laser beam was horizontal to the observation
plane, considering the Rayleigh scattering characteristics.
The irradiation fluence was 0.26 J/cm? (32 mJ on 12.3 mm?),
and the laser irradiation was performed with a single pulse.
The scattered light from the SiO, nanoparticles was meas-
ured using an intensified charge-coupled device (ICCD
Roper PI-MAX) camera. The ablation laser, probe laser,
and ICCD camera were connected to a pulse generator, and
the delay time of each device was controlled. By changing
the delay time between probe laser and ablation laser, the
temporal variation of the spatial distribution of SiO, nano-
particles was observed.

The particles generated in the gas phase by laser ablation
were collected on a substrate and observed by transmission
electron microscopy (TEM). Further, an energy dispersive
X-ray spectroscope (EDS) attached to the TEM instrument
was used to analyze the elements. In the particle collection
experiment, Ar and O, gases were used as the ambient gases,
and the gas pressure was adjusted to 20 Pa and 400 Pa. The
target was ablated 200 times, and the produced particles
were deposited on a collection substrate positioned parallel
to the target.

Ablation laser

C acuum chamber
P ——

ArF Excimer Laser
2=193 nm, Tt =15 ns

Probe laser

Nd: YAG Laser

A2=355nm,t=10ns

Scattered light

ICCD camera

Fig. 1 Experimental setup of the 2D laser imaging system
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3 Result and discussion

Before measuring the scattered light from the nanoparti-
cles, plasma plume emission produced by laser ablation
was observed using the [CCD camera. Plasma plume emis-
sion images of O, gas at 400 Pa are shown in Fig. 2. The
white dotted lines indicate the position of the target surface,
and the delay time after the laser irradiation is shown in the
lower left corner of each image. The scale bar on the right-
hand side of the image indicates the distance from the tar-
get surface. Generally, the expansion distance of the plasma
plume is represented by the point-blast model [15] described
by the following equation.

R(t) = £(Ey/p) 1P M

where R, &, E, p, and ¢ are the radius of the plasma plume,
dimensionless quantity, absorbed energy, ambient gas den-
sity, and time after laser irradiation, respectively. Figure 3
shows the time variation of the expansion distance of plasma
plume obtained at each gas pressure. The expansion distance

Target holder

Laser
beam

Delay time

Fig.2 Laser induced plasma emission images of O, gas at 400 Pa

350 ns

of the plasma plume is defined as the position at which the
plasma plume emission intensity is 1/10 of the maximum
value at each time. The results obtained in this study are
consistent with the theoretical curve of Eq. (1), represented
by the solid line. The plasma plume in the O, gas at 400 Pa
expanded with a gradually decreasing expansion velocity
and disappeared after approximately 2 ps. Similar plasma
images were obtained for Ar and O, gases.

After the disappearance of the plasma plume emission,
scattered light from the nanoparticles was observed with a
delay time of several tens of milliseconds. The spatial dis-
tribution images of SiO, nanoparticles under different Ar or
O, gas pressures, namely, 400, 670, 1300, and 2700 Pa were
previously observed [16]. Figure 4 shows the scattered light
images at a delay time of 800 ms with different pressures
of Ar and O, gases. In the case of the Ar gas, the spatial
distribution of the nanoparticles formed a spherical shape.
In contrast, in the case of O, gas, the spatial distribution was
spherical at 400 Pa, but it changed into a mushroom cloud as
the ambient gas pressure increased to 1300 and 2700 Pa. For
both gases, the spatial distribution tended to decrease with
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Fig.3 The expansion distance 1
of the plasma plume in O, gas
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Fig.4 Scattered light images from nanoparticles with a delay time of 800 ms at pressures of 400,670,1300, and 2700 Pa of a Ar gas and b O,

gas

an increase in ambient gas pressure. These results indicate
that the gas species and gas pressure affect the formation and
aggregation of the nanoparticles.

Laser-generated nanoparticles are formed by laser-ablated
species in the plasma plume owing to the collisions of ambi-
ent gas molecules with the species. Therefore, the nanopar-
ticle size and aggregation vary with the distance from the
target surface. Herein, we defined the Dg as the distance
from the target surface to particle collection substrate. Rep-
resentative TEM observations and elemental analysis of Si
and O atoms by EDS at Dyg=4.2 mm in Ar gas at 400 Pa
are shown in Fig. 5. The deposited aggregates consisted of
primary particles of approximately 3-5 nm, and the EDS
results confirmed that they were composed of Si and O
atoms. The TEM images of nanoparticles collected in Ar
and O, gases at both 20 and 400 Pa are shown in Fig. 6. Evi-
dently, under the same pressure conditions, the structure of
the deposited aggregates changed from spherical to web-like
as the deposition distance increased. Additionally, web-like

structures were deposited with a smaller Dg at 400 Pa as
compared with 20 Pa. This is believed to be owing to the
more active collisions with gas molecules because of the
increased gas pressure. As shown in Fig. 7, we defined /, as
the maximum expansion distance of the plasma plume when
the decaying plasma emission can no longer be observed by
the ICCD camera. The [, was 9.8 mm and 5.7 mm for Ar
gas at 20 and 400 Pa, respectively. Whereas it was 10.0 mm
and 4.8 mm for the O, gas, respectively. Also, we defined
the parameter L as L=Drg / [,. The relationship between
the deposited aggregates and Dy can be discussed in three
regions shown in Fig. 6: L<1,L~1,and L> 1.

The case of the O, gas is discussed in this section. For
L< 1, some aggregates consisting of nanoparticles of a few
nanometers in diameter were observed; however, the EDS
results confirmed the presence of trace amounts of Si and
O throughout the observed region. As shown in Fig. 3, the
collection substrate was in the region where the plasma
plume expanded. In this region, the ablated species were

Fig.5 a Representative TEM image of typical aggregates in Ar gas at 400 Pa. Results of EDS detection of(b Si atoms and ¢ O atoms
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Fig.6 TEM images of deposited nanoparticles at Ar and O, gas pressures of 20 Pa and 400 Pa with different collecting positions D g

Ablation laser
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Fig.7 Setup for particle deposition and definition of Dr, I, L

assumed to be deposited on the substrate before aggregation
and form thin films. Some of the particles produced by laser
ablation were expected to reattach to the target surface and
form spherical or web-like aggregates. Because the number
of laser irradiations was 200, such aggregates could have

Target Target

Substrate

DTS

Substrate
L>1 L<l1

possibly been generated on the target surface during deposi-
tion. However, for L> 1, a larger number of large web-like
aggregates were observed as compared with the other cases.
In this region, the plasma plume expanded with the loss
of kinetic energy until the internal pressure was equal to
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Fig. 8 Scattered light images of
a Ar gas and b O, gas at 400 Pa

the ambient gas pressure. Furthermore, the species in the
plasma plume repeatedly collided with ambient gas and
formed nanoparticles. The generated nanoparticles moved
to the substrate through diffusion in the gas phase. During
this process, nanoparticle aggregation occurred in the gas
phase and formed web-like aggregates [17, 18]. Web-like
aggregates were observed at L~ 1. This region is considered
an intermediate region between L< 1 and L> 1.

However, under Ar gas, web-like aggregates were
observed, even at L < 1. In addition, the size and number
of aggregates tended to increase as the deposition distance
increased, although the number of laser pulse is constant.
Therefore, these results indicate that Ar gas may tend to
cause aggregation of SiO, nanoparticles, or O, gas may
inhibit aggregation. Further investigations are required to
determine whether ambient O, gas affects the surface activ-
ity of the oxide nanoparticles produced by laser ablation.

Figure 8 shows that scattered light images, which began
appearing at 400 Pa of Ar and O, gases. As for Ar gas,
the scattered light was observed from near the target sur-
face, whereas in the case of O, gas, the scattered light was
observed at approximately 5 mm above the target surface.
These results correspond to the distance at which aggregates
were observed by TEM, thereby indicating that the scattered
light images represent the spatial distribution of aggregated
nanoparticles.

4 Conclusion

In this study, the spatial distribution of SiO, nanoparticles
produced by laser ablation was visualized using 2D laser
scattering imaging, and the influence of pressure and gas
species on the behavior of the nanoparticles was investi-
gated. Additionally, the shape of the particles as a function
of the ambient gas pressure, gas species, and deposition dis-
tance was investigated by collecting the particles produced
in the gas phase and observing them using TEM. The spatial
distribution formed by the nanoparticles tended to decrease
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when pressure for both the gases increased. Depending on
the gas species, the spatial distribution was spherical or
mushroom cloud-like. The shape and aggregation of the
deposited particles changed with the ratio L, which is the
distance between the target and substrate to the maximum
expansion distance of the plasma plume. As the pressure
increased, the size and number of the web-like aggregates
tended to increase. A comparison of the TEM observation
results with the scattered images revealed that the scattering
images captured the spatial distribution of the aggregates
of SiO, nanoparticles. Information regarding these spatial
distributions and deposits is useful in optimizing conditions,
such as ambient gas species, gas pressure, and deposition
distance, for nanoporous film fabrication.
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