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Abstract

We present a method to determine where the nanoparticles nucleate and grow during pulsed laser deposition in an ambient
gas. Briefly, nanocrystalline Si films are systemically deposited on the substrates located at a distance from the plasma and
placed in horizontal direction; meanwhile an external electric field is introduced perpendicularly to the plume. Based on
the transportation dynamics of Si nanoparticles corresponding to different electric fields, the lateral nucleation range of 0.1
to 33.8 mm is determined for Si nanoparticles deposited in 10 Pa Ar gas at a laser fluence of 4 J/cm?. Further simulation of
the mass and area density of Si nanoparticles demonstrates that both nucleation and growth probabilities in nucleation

region are approximately Gauss-dependent of the lateral distance.
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1. INTRODUCTION

Intense laser beam interaction with solid surface has been in-
vestigated for many years, but it is still an attractive field
(Chen et al., 2009; Liu et al., 2010; Okamuro et al., 2010;
Wang et al., 2010) because more and more novel phenomena
are discovered. It is used in processing of materials via pulsed
laser ablation and has wide spread applications in such as
particle beam generation (Bin et al., 2009), medical therapy
(Linz & Alonso, 2007; Yogo et al., 2009), laser-induced nu-
clear reactions (Renner et al., 2008; Torrisi et al., 2008), di-
agnostics for laser-plasma interaction (MacKinnon et al.,
2004), laser-driven ion accelerators (Badziak et al., 2001,
Krushelnick er al., 2007; Malka et al., 2008; Mangles
et al., 2006), proton radiography and imaging (Borghesi
et al., 2002; Breschi et al., 2004; Cobble et al., 2002), fast
ignition in inertial confinement fusion (Roth ez al., 2001),
and thin film deposition (Caridi et al., 2008; Wang et al.,
2007). For the preparation of thin film containing nanoscale
structures (e.g., nanoparticles, nanowires, nanotubes) by
using ns-pulsed laser deposition (PLD), a high-energy laser
beam focused on a target induces the heating, melting, evap-
oration of a thin layer of the irradiated material (Aghaei et al.,
2008), and thus the formation of plasma associated with the
production of particle emission in front of the target (Alti &
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Khare, 2006; Trusso et al., 2005; Wang et al., 2009). The
charged ions with energies between tens and hundreds of
eV (Schmid et al., 2009) collide with ambient gas, and pro-
duce the charged nanoscale structures by the condensation
process (Hirasawa et al., 2006; Muramoto et al., 1999;
Seto et al., 2001, 2003), and finally are deposited on the sub-
strate to form the thin film.

Although PLD has been used to fabricate nanoscale struc-
tures for more than 10 years (Umezu et al., 2008; Werwa
et al., 1994), it is still difficult to carry out the controllable
preparation as we expect. Only when the formation dynamics
is clarified, can we obtain the nanoscale structures we want.
Numerous earnest efforts have been made to understand the
formation dynamics, but some basic, yet significant pro-
blems are not entirely clear. For a typical example, in what
quantitative conditions can the nanoscale structures form?
Thus, where and how do the nanoscale structures form? As
already known, during the formation of nanoscale structures,
nucleation and growth are always two crucial processes that
we can not parry (Morales & Lieber 1998; Yan er al.,
2009). Morales and Lieber (1998) skillfully prepared Si
and Ge nanowires by vapor-liquid-solid growth on the
basis of pulsed laser ablation nucleation in a quartz tube.
Their nanowire formation model revealed that the nucleation
occurs due to hot vapor condensation as the ablated species
cool through collisions with the background gas, and the
growth begins when the temperature and Si/Ge density get
to their critical values and maintains until these conditions
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cannot be met. This idea can be extended to the nucleation
and growth of nanoscale structures with other configurations
in various preparation methods. To explain the experimental
result that Ne gas induces the smallest and most uniform Si
nanoparticles (np-Sis, i.e., Si nanograins, nanocrystals, na-
noclusters or quantum dots) among He, Ar, and Ne, we pro-
posed a qualitative model (Fu et al., 2005), which indicated
that for ns-PLD, there are three regions, labeled “high energy
region,” “nucleation region” (NR), and “transporting
region.” The mean size and size-consistency of np-Sis
depend on the width of NR where the nucleation and
growth occur. With the modification that the metal atoms
can bond with the background gas, our model was extended
to organometallic complexes formation by laser ablating
transition metals in ethylene (Phillips & Shivaram, 2009).
Obviously, the determination of the NR during PLD is
very helpful to quantitative clarification of the formation con-
ditions for nanoscale structures. As a model material, the nu-
cleation location and growth process of np-Si are investigated
in this article due to its unique properties, e.g., light emission
by quantum confinement, single electron transport such as
Coulomb blockade and photonic band gap crystals.

2. EXPERIMENTAL DETAILS

The discussed NR is in the one-dimensional range in the
axial direction. To study the information on the location of
np-Si nucleation and growth, we placed the deposition
substrates under the plasma and in horizontal direction
(Fig. 1), which is different from the conventional PLD
setup. This design, moreover, can avoid the influence of
the substrate in conventional PLD system on the NR due to
the oscillation of mixed region (Wang et al., 2006). Although
the formed np-Si moves as a simple horizontal projectile
motion from the NR to the substrate, we can not ascertained
NR by PLD dynamics calculation based on the experimental
data about the np-Sis without the slowing coefficient and the
initial velocity of ablated particles (Yoshida et al., 1996).

XeCl laser

_b
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Fig. 1. The schematic diagram of the experiment used to determine the
nucleation region in pulsed laser ablation.
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Noted that the simultaneous determination of the NR location
and these unknown parameters needs three dynamics
equations, an external electric field is introduced perpendicu-
larly to the plume (Fig. 1). The introduced field with appro-
priate direction can make np-Sis get to substrates more
quickly because np-Sis are positively charged (Muramoto
et al., 1999; Seto et al., 2001, 2003; Hirasawa et al.,
2006). Three electric fields for various voltages can induce
three PLD dynamics equations, from which the location of

Fig. 2. SEM images of the Si films deposited by pulsed laser ablation in 10
Pa Ar gas under the dc voltage of 50 V. Where (a), (b), (¢), (d), (e), (f), (g),
(h), (i), and (j) correspond to the various lateral distance from Si target
of 45mm, 5mm, 10 mm, 15mm, 20 mm, 25 mm, 30 mm, 35 mm,
36.1 mm, and 36.5 mm, respectively.
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NR, the slowing coefficient, and the initial velocity can be
determined.

In our PLD apparatus (Fig. 1), Lambda Physik XeCl
excimer laser (wavelength 308 nm, laser fluence 4 J/cm?,
pulse duration 15 ns, repetition rate 1 Hz) was used. The res-
istivity of single crystalline Si target was 3000 Q-cm. An
electric field was applied by a direct current voltage between
parallel aluminum electrodes placed perpendicularly to
the target surface. The distance between the electrodes
was 40 mm, and they were positioned from 1 to 55 mm at
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the right of the target surface. Different voltages of 50V,
100V, and 200V were applied to the two electrodes.
A series of single crystalline (111) Si or glass slices
substrates were placed on the bottom electrode. Ar gas
in a vacuum chamber was kept at a constant pressure of
10 Pa. The typical deposition time was 10 min. Scanning
electron microscopy (SEM; FEI Sirion XL30), Raman
(MKI-2000), and X-ray diffraction (XRD; Rigaku D/Max)
were employed to characterize the microstructural properties
of the films.

Fig. 3. SEM images of the Si films deposited by pulsed laser ablation in 10
Pa Ar gas under the dc voltage of 100 V. Where (a), (b), (c), (d), (e), (f), (g),
(h), (i), and (j) correspond to the various lateral distance from Si target
of 3mm, 3.6 mm, 85mm, 13.5mm, 185mm, 23.5mm, 28.5 mm,
33.5 mm, 35.5 mm, and 36 mm, respectively.
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Fig. 4. SEM images of the Si films deposited by pulsed laser ablation in 10
Pa Ar gas under the dc voltage of 200 V. Where (a), (b), (c), (d), (e), (f), (g),
(h), (i), and (j) correspond to the various lateral distance from Si target
of 2mm, 2.5mm, 7.5 mm, 12.5mm, 17.5mm, 22.5mm, 27.5 mm,
32.5 mm, 34.9 mm, and 35.3 mm, respectively.
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The SEM images of the films prepared under 50 V, 100 V,
and 200 V for the typical lateral distances from Si target are
shown in Figures 2, 3, and 4, respectively. In Figure 2a-2j
correspond to the various lateral distances of 4.5 mm,
Smm, 10 mm, 15 mm, 20 mm, 25 mm, 30 mm, 35 mm,
36.1 mm, and 36.5 mm, respectively. Obviously, no np-Sis
can be seen in Figures 2a and 2j, all the films located at
5-36.1 mm contain np-Sis, that is to say, 5Smm and
36.1 mm are, respectively, the distance that np-Sis appear
(starting distance) and the distance that np-Sis disappear
(ending distance) on the substrate. Figures 3 and 4 shows
that the starting-ending distances on the substrate are,
respectively, 3.6-35.5 mm and 2.5-34.9 mm for 100 V and
200 V. It is obvious that 100 V and 200 V induce the smaller
starting and ending distances than 50 V. The mean size and
area density of np-Sis in the films located at various lateral
distances can be obtained from statistic operation, as the
squares for 50 V, the circles for 100 V and the uptriangles
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Fig. 5. (Color online) The experimental data (symbols) and theoretical re-
sults (curves) about the mean size (a) and area density (b) of Si nanoparticles
in the films located at various lateral distances. The squares, the circles, up-
triangles correspond to the experimental results for 50 V, 100 V, and 200 V,
respectively. The solid, dashed and dotted curves correspond to the theoreti-
cal results for 50 V, 100 V, and 200 V, respectively.
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for 200 V are shown in Figure 5a and 5b, respectively. Ob-
viously, both the mean size and area density of np-Sis first
increase to a maximum at about 20 mm and then decreases
with the increase of lateral distance. The corresponding
Raman spectra of the films prepared under 50 V are demon-
strated in Figure 6a, in which the peaks in the vicinity of
520cm™ " indicate that the grains appearing in Figures
2b-2i are nanocrystalline. Additionally, with increasing lat-
eral distance, the Raman peaks first right-shift and then left-
shift, implying that the grain size varies as indicated in SEM
images, which can be further confirmed by the width vari-
ation of (111) crystalline peaks in Figure 6b, XRD spectra
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Fig. 6. The Raman spectrum (a) and XRD spectrum (b) of Si films depos-
ited by pulsed laser ablation in 10 Pa Ar gas under the direct current voltage
of 50 V.
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of the films under 50 V. It should be emphasized that the ob-
served lateral dependence of nanoparticle deposition can be
used for the size selection of nanoparticles.

3. THEORETICAL MODEL AND CALCULATION

Figure 7 demonstrates the formation and propagation of
np-Sis. The ablated particles (Si atoms and so on) with the
initial velocity of vgg; are ejected from the surface of the Si
target when the pulsed laser ablates Si target and they gradu-
ally release their kinetic energy (corresponding velocity vs;)
by colliding with ambient atoms. Most ablated particles are
distributed in plume where the axis located at 4 (20 mm)
from the substrate, and they are agglomerated to form
np-Sis with velocity of v, at xo in NR. Because the NR is
above the substrates, the np-Sis formed in NR is deposited
on the substrates after undergoing “horizontal projectile
motion” under gravity. It is believed that the formed np-Sis
are positively charged, here the electric quantity ¢ = +e is
assumed (Seto et al., 2003), in which e is the electrical
elementary charge. Thus, when the electric field E= U/
(2h) is applied, the motion of np-Sis in the field is horizontal
projectile-like, where U denotes the voltage between the two
electrodes. The calculation shows that compared with the
electric field force, gravity can be ignored in our work. It is
natural that 100 V induces the smaller starting and ending
distance than 50 V and the smallest starting and ending
distances take place at 200 V. According to the inertia
fluid model proposed by Yoshida er al. (1999), vg; =
VosieXp(—axy/ms;), in which mg; is the mass of Si atom
and a = BSp/2 is the slowing coefficient, B is the pro-
portional constant, § = n(rs; + ra))’ is the cross-section,
and p denotes the ambient gas density. It is supposed that
mava®/2 = C*(msivs;*)/2 and ms;/ma = (rsi/rs)’, where C
is the energy transformation coefficient, m, is the mass of
the nanoparticles, rg; and 7, are the radii of the Si atom,
and the formed np-Si, respectively. In the horizontal direc-
tion, the formed np-Sis at x, are exerted a resistance by the
ambient, with a similar form to Si atom except for the cross-
section of (ry + rA,)Z. Based on the dynamic equation of
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Fig. 7. The schematic diagram for the formation and propagation of Si
nanoparticles.
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horizontal projectile in the electric field E, the position x of
np-Si deposited on the substrate can be obtained by

a XO]
exp
mg;
) 3 (n
o] ae- Xo) <rA + rA,> <@> 2hmg;
ms; rsi + Tar ra gE -~

For np-Si, when x (the distance on the substrate) is
measured, the corresponding x, (the distance in the NR)
can be determined by Eq. (1). From mava %/2 = C2(mgvs; %)/
2, np-Si with small size can obtain big horizontal velocity,
thus it is reasonable that the np-Sis at ending position on
the substrate are from the ending position of NR. Because
the staring position on the substrate is quite near to the Si
target, we think that this position corresponds to the staring
position in NR. Namely, according to the staring and
ending positions on the substrate obtained in the experiment,
we can gain the staring and ending positions of NR based on
Eq. (1). From Figure 5a, we know the ending positions on the
substrate are, respectively, 36.1 mm, 35.5 mm, and 34.9 mm,
and the size r, of np-Si are, respectively, 4.35 nm, 4.52 nm,
and 4.88 nm, for 50 V, 100 V, and 200 V, which determines
the ending position of NR is 33.8 mm, and the parameters
a=1.09%x10"* kg/m, Cvos; = 1641 m/s. Similarly, the
starting position of the NR is calculated as 0.1 mm with
the same parameters a and Cvgs;. In our calculation, mg; =
4.67x107%°kg, rg;=1.46 A and ra, = 0.88 A are used.
In a word, the ablation with laser pulses of 4 J/ cm? in 10
Pa Ar gas can form a NR ranging from 0.1 mm to 33.8 mm.

In NR from 0.1 mm to 33.8 mm, the mass m, of np-Si
formed at various position x can be supposed as

2
mp = Mppy exp|:—<x ;1)61) :|, 2)

which indicates that the size of the formed np-Si first in-
creases to a maximum m,,, at x; and then decreases with
increasing x, where w; decides the mass-changing rate. Simi-
larly, the number N, of np-Si formed at various position x
can be given as

2
X — X
NA ZNAmeXP|:_< Wa 2) :|9 (3)

which reflects the nucleation probability of Si particles in the
gas phase. Incorporated with Eq. (1), the mean size and area
density of np-Sis on the substrate at various lateral distances,
appended in Figure 5, are obtained by numerical simulation
and statistic calculation. The solid, dashed, and dotted curves
in Figures 5a and 5b, respectively, correspond to the results
for 50V, 100V, and 200 V. Obviously, the theoretical re-
sults perfectly depict the varying behavior found in the

X =X+ CV()Si CXp|:—
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experiment. More importantly, some crucial quantities in
Egs. (2) and (3) are obtained in the simulation, i.e., ma,, =
10060mg;, x; =149 mm, w;=13.4mm, N,,= 1510,
X, = 15.8 mm, w, = 14.7 mm, which quantitatively gives
some pictures on the NR: The ejected Si atoms cannot
gather into nanoparticle before x = 0.1 mm. 498 nanoparti-
cles with mass of 3176msg; (size of ~4.9 nm obtained by
the first-principle calculation) are produced while the nuclea-
tion conditions are satisfied in the starting position of NR.
With the increase of the axial distance from Si target, more
np-Sis are formed, the number of Si nanoparticles increases
to a maximum 1510 at 15.8 mm and then gradually decreases
to 330 at the ending position of nucleation. The mass or size
of the formed np-Si versus the axial distance possesses the
similar varying tendency except for the peak position of
149 mm. The mass of np-Sis in the peak location and
the ending position is 10060ms; (~7.3 nm) and 1790mg;
(~4 nm), respectively.

4. CONCLUSIONS

A picture on the formation dynamics of nanoscale structures
(e.g., nanoparticles) with the size and configuration we
expect is very important to a controllable preparation
method. Especially, it is crucial to quantitatively depict the
nucleation location and growth process during nanoscale
structure preparation. In this article, the location of nucleation
region for Si nanoparticles formed during pulsed laser abla-
tion in an ambient gas was determined based on the transpor-
tation dynamics at different electric fields corresponding to
50V, 100 V, and 200 V through a special setup of the sub-
strate parallel and applied electric field perpendicular to the
plume. In the typical deposition conditions (laser fluence 4
J/ cmz, ambient Ar pressure 10 Pa), the nucleation region lo-
cates at (0.1 mm, 33.8 mm) away from Si target. Further
theoretical simulation for the mass and area density of Si na-
noparticles on the substrate indicates that both nucleation and
growth probabilities in the nucleation region are approxi-
mately Gauss-dependent of the lateral distance. This may
pave a way for effectively determining the nucleation
region and thus investigating the nucleation conditions for
nanoparticles of Si as well as other materials formed in gas
phase.

In many previous publications, the location of nucleation
region for Si nanoparticles induced by a single-pulse was de-
termined mainly by using charge-coupled device (CCD)
techniques (Muramoto et al., 2000; Nakata et al., 2002). Ac-
cording to our previous work (Wang et al., 2007), for the rep-
etition rate of 1 Hz, the ambient restoration is nearly finished
before the subsequent pulse ablates Si target, the dynamic
process corresponding to the latter pulse is hardly affected
by the background remained by the former pulse. Thus
SEM images obtained in this experiment can be thought to
be from the superposition effect of the multi-pulses. In this
meaning, CCD result has the same order of magnitude with
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our data. The difference may be from the limit of time-
response and resolving power of CCD.

The detailed nucleation and growth process, including the
nucleation conditions of vapor density and velocity in the nu-
cleation region, are complicate so that the further discussion
is expected in the future work.
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