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As insulating films with low-k dielectric constants, SiO2 nanoporous films have lately seen a considerable 

increase in popularity. In this work, we showed how pulsed laser deposition may be used to create a low-k SiO2 
nanoporous sheet that contains SiO2 nanoparticles. However, it's critical to comprehend the spatial and size 

distribution of the nanoparticles generated by laser ablation in order to improve the growth conditions of 

nanoporous films. Here, we studied the effects of gas species and pressure on the spatial distribution of the laser-
ablated SiO2 nanoparticles in the gas phase while seeing them using a two-dimensional laser scattering imaging 

approach. A spherical-shaped scattering picture showing the spatial distribution of SiO2 nanoparticles was 
acquired from a delay period of around 10 ms after the plasma emission decayed within a few microseconds. With 

increasing pressure, the spherical-shaped distribution of SiO2 nanoparticles in Ar gas transformed into an 
ellipsoidal shape, but in O2 gas, it transformed into a mushroom-like shape. These findings demonstrate that the 

primary factors influencing the geographical distribution of nanoparticle production are the gas species and 

pressure. 
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1. Introduction 

Over the past four decades, ultra-large-scale 

integrated circuits (ULSIs) have become more compact 

in accordance with Moore’s law [1-3], and the gate delay 

time and power consumption have decreased. However, 

the RC delay time increases owing to wiring, which 

increases the total delay time [4]. One way to solve this 

problem is to reduce the ca- pacitance between the 

interconnections, which requires a low-k material as an 

interlayer dielectric. In addition, low-k interlayer 

dielectrics are required to have various material 

properties such as heat and moisture resistance, and 

mechan- ical strength. To fabricate low-k interlayer 

dielectrics that satisfy the required properties, various 

materials such as SiO2-based SiOC [5] and SiOCH [6] 

have been developed. In addition, many interlayer 

dielectric formation and planar- ization techniques have 

been studied, such as adopting po- rous films itself 

porous, or inserting an air gap [7]. 

We focused on low-k porous films manufactured by 

de- positing nanoparticles using pulsed laser deposition 

(PLD). PLD is widely used as a method to fabricate thin 

films. In recent years, it has been used to produce thin-

film oxides [8] and compounds [9,10]. In addition, PLD 

can produce nano- particles, as well as nanoporous films 

consisting of nanopar- ticles [11]. In PLD, the 

characteristics of the fabricated thin film are generally 

strongly affected by the growth conditions, such as gas 

pressure, gas species, and the distance between the target 

and substrate. In the case of nanoparticle deposi- tion 

using PLD, nanoparticle formation in the gas phase is 

dramatically affected by the growth conditions. 

Therefore, understanding the spatial and size distribution 

of nanoparti- cles produced by laser ablation is important 

for establishing 
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the preferred growth conditions for nanoporous films. 

Par- ticularly, gas species and gas pressure strongly 

affect the spatial distribution of nanoparticles formed 

by the laser ab- lation [12]. The purpose of this study is 

to investigate the spatial distribution of nanoparticles 

under different gas spe- cies and pressures using a two-

dimensional laser scattering imaging technique [12-16]. 

 
2. EXPERIMENT 

The experimental setup for the time-resolved 

measure- ment of SiO2 nanoparticles is shown in Fig. 1  

[17]. A SiO2 target on a rotating holder in a vacuum 

chamber filled with Ar or O2 gas was ablated by an 

ArF excimer laser 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

                                                    Fig.1 

Experimental setup of the 2-D laser imaging 

technique. 

(λ = 193 nm, pulse width τ = 15 ns, COMPex PRO 102 

F). The laser beam was extracted through a 5 mm 

diameter ap- erture and focused by a lens onto the target 

placed at the top of the vacuum chamber. The ablation 

fluence was 6 J/cm
2
 (5.2 mJ on 0.087 mm

2
), and the laser 

was operated with a single pulse. The gas was regulated 

between 400–2700 Pa and refreshed after each shot to 

prevent disturbance from particles produced by the 

former laser pulse. A Nd: YAG laser (λ = 355 nm, pulse 

width τ = 10 ns, Quanta-ray GCR- 200, Spectra-Physics) 

was used as the probe laser to observe Rayleigh scattering 

of nanoparticles produced by the abla- tion laser. The 

probe beam was shaped into a sheet with a width of 

approximately 30 mm using cylindrical lenses, which 

passed parallel to the target surface at approximately 2 

mm from the target. The polarization direction of the 

probe laser was set parallel to the observation plane. The 

fluence was 0.26 J/cm
2
 (32 mJ on 12.3 mm

2
) and the laser 

was againoperated with a single pulse. The scattered light 

from the SiO2 nanoparticles was observed using an 

intensified charge-coupled device (ICCD, Roper PI-

MAX) camera. The ablation laser, probe laser, and ICCD 

camera were con- nected to a pulse generator to adjust 

for the delays in each device. By changing the delay time 

of the probe lasers of the ablation laser, the temporal 

variation of the spatial distribu- tion of SiO2 nanoparticles 

was obtained. 

 

3. Results and discussion 

Before observing the scattering light from the laser-

pro- duced particles, the plasma emission produced by 

the abla- tion laser was measured using an ICCD 

camera without any probe laser irradiation. Fig. 2 shows 

the plasma emission im- ages in Ar at 400 Pa. The white 

dotted line indicates the lo- cation of the target holder. 

The colored bar indicates the sig- nal intensity, and the 

delay time is shown on the lower left 

 

 

 
 

Fig. 2 Plasma emission image in Ar gas at 400 

Pa. 
 

 

Fig. 3 Temporal changes of spatial distribution 

of SiO2 nanoparticles in Ar gas at (a) 400 Pa, 

(b) 670 Pa, (c) 1300 Pa and (d) 2700 Pa. 

part of each image. The plasma emission disappeared at 

ap- proximately 5 μs in Ar at 400 Pa. The emission 

duration was extended by increasing the gas pressure to 

670 Pa at 6 µs, 1300 Pa at 8 µs, and 2700 Pa at 10 µs. 

Regarding O2 gas, similar images were observed to those 

observed in Ar gas. However, the emission duration was 

shorter than that ob- served in Ar gas, namely 

approximately 2 μs at 400 Pa, 3 µs at 670 Pa and 1300 Pa, 

and 4 µs at 2700 Pa. This result sug- gests that the plasma 

emission is dependent on the gas spe- cies and gas 
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pressure, and the specific heat of the back- ground gas 

may influence the cooling process of the plume. In 

addition, while the time range in which the plasma emis- 

sion was observed, no scattering light was observed with 

the probe laser irradiation, indicating that very few 

nanoparti- cles were formed in the microsecond range 

after laser abla- tion. 

Furthermore, scattering light from the particles with a 

delay time in the millisecond range was observed. The 

scattering phenomena originate from nanoparticles 

formed by aggre- gation of the laser-ablated species in the 

plume owing to col- lision with gas molecules and with 

each other. Because the photon energy of the ablation 

laser is lower than the bandgap energy of SiO2, the 

incident laser light is partially transpar- ent to the target. 

Thus, the stability of each ablation 

phenomenon is poor. In the experiment, the 

reproducibility of the ablation phenomenon was 

improved by irradiating the laser multiple times to the 

same spot. The spatial distribution images of SiO2 

nanoparticles under different Ar gas pres- sures, 

namely, 400 Pa, 670 Pa, 1300 Pa, and 2700 Pa are 

shown in Fig. 3. The scales on the right-hand side of the 

im- ages indicate the distance from the target, and the 

colored areas indicate the region illuminated by the 

sheet probe laser beam. In Ar gas, scattered light was 

observed from 10 ms at 400 Pa, 670 Pa, 1300 Pa and 

2700 Pa. Subsequently, the scattered light intensity 

increased as the delay time elapsed. This is because the 

signal intensity of Rayleigh scattering is proportional to 

d
6
N, where d is the diameter of the particle and N is the 

number density of the particle. In the literature [18], 

nanoparticle formation owing to collisions between the 

laser-ablated species and background gas molecules is in 

the order of microseconds, and the size of nanoparticles 

is as- sumed to grow on this time scale. Because the 

time scale of the images shown in Fig. 3 is in the order 

of milliseconds, the increase in the number density of 

nanoparticles is con- sidered dominant. The spatial 

distributions of the nanoparti- cles at 400 Pa, 670 Pa, 

and 1300 Pa were spherical. At a higher pressure, 2700 

Pa, the distribution was ellipsoidal. Surprisingly, the 

nanoparticles maintained their spatial 

 

 

 

 

Fig. 4 Temporal changes of spatial distribution of 

SiO2 nanoparticles 

in O2 gas at (a

) 400 Pa, (b) 670 Pa, (c) 1300 Pa and (d) 2700 Pa. 

distribution with slight diffusion for more than a few sec- 

onds. In addition, we confirmed that the scattered light 

from the spatial distribution was polarized, which 

indicates that the observed phenomenon was Rayleigh 

scattering from the SiO2 nanoparticles. 

The spatial distribution images of SiO2 nanoparticles 

in O2 gas at 400 Pa, 670 Pa, 1300 Pa, and 2700 Pa are 

shown in Fig. 4. At 400 Pa and 670 Pa, the scattered light 

from the nanoparticles were observed from 50 ms and 30 

ms, respec- tively, whereas at 1300 Pa and 2700 Pa, it 

was observed from 10 ms. This was due to the 

enhancement of nanoparti- cle aggregation with higher 

gas pressure. The spatial distri- bution of the 

nanoparticles was spherical at 400 Pa and 670 Pa. In 

contrast, a mushroom-like distribution was observed at 

1300 Pa and 2700 Pa. The spatial distribution in O2 gas 

was maintained more than a few seconds. This result 

con- firms that the gas pressure depends on the spatial 

distribution of the nanoparticles, even under O2 gas 

conditions. In addi- tion, these images indicate that the 

ablated species lost their initial kinetic energy owing to 

collisions with gas molecules within microseconds 

Comparing the spatial distribution of nanoparticles in 

each gas, the distribution changes from spherical to 

ellipsoi- dal shape with increasing pressure in Ar gas, 

whereas it changes from spherical to mushroom-like 

shape in O2 gas. This indicates that the spatial 

distribution of the nanoparti- cles is dependent on the gas 

species. A previous report on Si target ablation [12] 

showed the various spatial distributions of Si 

nanoparticles in different background gases, demon- 

strating that the spatial distribution of nanoparticles is not 

always determined by the relative atomic or molecular 

weight between the background gas and ablated atoms. 

In addition, our observation results of SiO2 nanoparticle 

distri- bution in Ar or O2 gases were different from those 

of Si na- noparticle distribution [12], indicating that the 

target mate- rial may affect the spatial distribution 

formation. Another re- port documented that the viscosity 
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of the background gas may be crucial in the plume 

formation dynamics [18]. 

Finally, we measured the particle size deposited on the 

substrate using transmittance electron microscopy 

(TEM). The particle sizes deposited at 2.8, 4.0, and 9.0 

mm from the target surface in Ar or O2 gas at 400 Pa was 

5–30 nm for all deposition distances. However, we could 

not confirm the de- pendence of gas species or distance on 

the particle size. 

 

4. Conclusion 

We investigated the effect of gas species and gas 

pres- sure on the spatial distribution of SiO2 

nanoparticles pro- duced by laser ablation in the gas 

phase. After the decay of the plasma emission within 

several microseconds, a scatter- ing image indicating the 

spatial distribution of SiO2 nano- particles was obtained 

from a delay time of approximately 

10 ms. In Ar gas, the spatial distribution changed from 

spher- ical to ellipsoidal with increasing pressure, 

whereas it changed from a spherical shape to 

mushroom-like shape in O2 gas. These results suggest 

that the viscosity and specific heat ratio of the 

background gas may affect the spatial dis- tribution of 

the SiO2 nanoparticles. From TEM observations, the size 

of the SiO2 nanoparticles produced in Ar or O2 gas at 

400 Pa was 5–30 nm. In future research, we will 

investi- gate the size and spatial distribution of 

nanoparticles at a lower gas pressure range of 0.1–10 

Pa. 
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