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Si nanocrystal grains were prepared by pulsed laser ablation with different laser fluence in Ar gas of 10 Pa at room temperature.
The as-formed grains in the space deposited on the substrates and distributed in a certain range apart from target. According to
the depositing position and radius of grains, the nucleation locations of grains in the space were roughly calculated. The results
indicated that the width of nucleation region broadened with increasing of ion densities diagnosed by Langmuir probe, which
increased with laser fluence from 2 J/cm2 to 6 J/cm2; that is, width of nucleation region broadened with addition of laser fluence.
At the same time, the width broadened with the terminal formation position moving backward and the initial formation position
of grains moving toward ablated spot. The experimental results were explained reasonably by nucleation thermokinetic theory.

1. Introduction

Recently, in order to prepare ideal size of Si nanocrystal grains
and uniform film for better applications, the works about
nucleation and growth dynamics of grains gradually become
hot topics. It is important to fully understand and exploit
the dynamics mechanism for both practical application [1,
2] and fundamental research [3]. Among the methods of
experimental and theoretical studies about Si grains, pulsed
laser ablation (PLA) is one of the most common methods
due to its unique advantages such as rapid thermogenic
speed, high atoms concentration, and small surface con-
tamination. As it is known, Si nanocrystal grains will come
into being through collision between background gas and
ablated particles, which generated by nanosecond (ns) laser
ablates single crystal Si in inert gas environment. The ns-
laser ablation remarkably differs from femtosecond (fs) laser;
the latter can produce grains directly in vacuum during
ablation, but it is not conducive to observe the nucleation
and growth process of grains [4, 5]. Thus many techniques
have been focused onns-PLA for possessing both processes of
nucleation and growth during ablated particles transmitting
in background gas. In order to obtain uniform and ideal

size grains by PLA, many means have been introduced, such
as imposed outside force [6], changed laser wavelength [7],
altered distance between target and substrate [8], elevated
substrate temperature [9], and transformed background gas
kind [10]. At the same time, many theoretical models have
been established to understand the nucleation mechanism
during laser ablation process, such as hydrodynamics model
[11], nucleation division model [12], and nucleation potential
of one certain size grain [13]. According to the nucleation
division model, nucleation and growth of grains occur in the
area of nucleation region (NR) [12]; furthermore, the mean
size and size-consistency of grains directly depend on the
width, so determining width of NR is an important topic. To
better understand the influence of NR width on the mean
size and size-consistency of grains will be helpful for more
practical applications in future. The relationship of different
experimental parameters with width of NR is another key
point.

2. Experimental Installation

Thesingle crystal Si targetwas ablated by a focused laser beam
of XeCl (308 nm, 15 ns). Chamber was filled with pure Ar
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Figure 1: Schematic sketch of PLA apparatus.

gas of 10 Pa after base pressure was evacuated less than 2 ×
10−4 Pa. Samples were deposited on two different substrates,
namely, glass plates and Si (111) plates; both were parallel
to plume axes and the vertical distance was 2 cm to ablated
spot; the schematic sketch is shown as Figure 1. Laser fluence
varied from 2 J/cm2 to 6 J/cm2 and pulse frequency was 1Hz.
The thickness of deposited films was 200 nm or so, and films
deposited on glass plates were analyzed by Raman scattering,
while films deposited on Si (111) plates were characterized
by scanning electron microscopy (SEM). Langmuir probe
made of tungsten material was located along plume axes and
vertical to the target surface. Probe tip was penetrated into
the center of the plume and the distance to target surface was
2 cm.

3. Experimental Results

All results of experiments showed definitely that the
deposited grains distributed in an area on substrates. Mean
size of grains first increased and then decreased with addition
of lateral distance to target with different laser fluence.
Furthermore, width of the area broadened bidirectionally
with increasing laser fluence; that is to say, when terminal
position (away from ablated spot) of detected grains shifted
backward, the initial position (close to ablated spot) of
detected grains moved toward target at the same time. The
measured deposition location of grains on substrates (𝑥)
corresponding to different laser fluence is listed in Table 1;
𝑥
0
is nucleation location of calculation in the space (the

calculation details are shown in following section).
According to the similar distribution rule of grains on

substrates, SEM graphs of deposited samples with laser
fluence of 3 J/cm2 are selected out to be representative, which
are shown as Figure 2.

Figures 2(a)–2(h) corresponding to the various lateral
distance to target surface are 6.3mm, 6.4mm, 10mm, 15mm,
20mm, 30mm, 37.4mm, and 37.5mm, respectively. It is
obviously that no grains can be found in Figures 2(a) and
2(h); furthermore, at the same position of glass plates, Raman
spectra of samples indicate that the deposited films are
also amorphous. Figures 2(b)∼2(g) show the films contain
grains, 6.4mm and 37.4mm are initial and terminal positions
where detect grains on substrates, and the mean size on the
substrates located at 15mm from target is biggest.

Raman spectra of samples with laser fluence of 3 J/cm2,
corresponding to the location from 6.4mm to 37.4mm, are
shown as in Figure 3.

In Figure 3, the main peaks of spectra correspond-
ing to the location from 6.4∼37.4mm are 515.995 cm−1,
518.981 cm−1, 519.474 cm−1, 518.488 cm−1, 515.995 cm−1, and
514.502 cm−1, respectively. All values of the peaks are close
to the characteristic peak value of single crystal Si, which is
520 cm−1; calculation results of𝑋

𝑐
indicate that the crystalline

grains formed on the base of formula
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where 𝑋
𝑐
is crystalline volume fraction of samples and 𝐼

𝑐
,

𝐼
𝑚
, and 𝐼

𝑎
are Raman spectra intensity corresponding to

520 cm−1, 510 cm−1, and 480 cm−1, respectively. Figure 3 also
shows that the main spectra peaks first shift right and then
left, which indicates that themean size of grains first increases
and then decreases by the formula [14] of

𝑑 = 2𝜋(

𝐵

𝑤

)

1/2

, (2)

where 𝑑 represents diameter of grain, 𝜔 is peak shift of
Raman for the grain as compared to single crystal Si; 𝐵 =
2.0 cm−1⋅nm2. The measure results changing rule agrees with
statistic data by SEM.

4. Calculation of Nucleation Region Location

Ablated Si particles (which contain Si atoms and ions;
electrons are neglected here) spray from target after laser
ablation; their kinetic energy wears down through collisions
with background gas during transportation. According to
the hydrodynamics model [11], slowing coefficient of ablated
Si atom (atom is equated to ion) is 𝑎Si = 𝐶𝑆Si𝜌/2, where
𝐶 is proportional constant, 𝑆Si is cross section of Si atom,
and 𝜌 is density of ambient gas. The mean size of nucleated
grains and structure of samples will change for different gas
sort and gas pressure (or 𝜌), which have been confirmed by
several experiments [11–13]. Fu et al. [12] proposed that the
nucleation division model shows that nucleation will happen
when ablated Si atoms’ thermal motion temperature (𝑇) is
lower than themelting point of single crystal Si. According to
thermodynamic equation, when ablated atoms nucleate, they
obey the formula

𝑘
𝐵
𝑇 =

𝑚SiVSi
2

2

=

𝑚
Δ
V
Δ

2

2𝐴
2

(3)

and 𝑚Si/𝑚Δ = (𝑟Si/𝑟Δ)
3, where 𝑘

𝐵
is Boltzmann constant, 𝑇

is temperature of melting point for atoms nucleation,𝑚Si and
𝑟Si, 𝑚Δ, and 𝑟Δ are the mass and radius of Si atom and grain,
respectively, and 𝐴 is energy conversion coefficient between
ablated atom and grain. VSi and V

Δ
are velocity of ablated Si

atom and grain; the direction of them is parallel to plume axes
too.The schematic diagram of nucleation andmotion for one
grain is shown in Figure 4.
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Table 1: Deposition location of grains on substrates and nucleation location in the space with different laser fluence.

Sample A B C D E F
Laser fluence [J/cm2] 2 2.5 3 3.5 4.5 6
𝑥 [mm] 7.7–31.4 7.2–34.8 6.4–37.4 5.3–42.8 4.3–45.0 3.9–58.4
𝑥
0
[mm] 3.5–28.9 3.3–32.7 3.0–34.5 2.5–41.6 2.2–43.8 1.8–56.7

NR width 25.4 29.4 31.5 39.1 41.6 54.9

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2: SEM photographs of samples with laser fluence of 3 J/cm2. (a)–(h) Corresponding to the various lateral distance to target surface
are 6.3mm, 6.4mm, 10mm, 15mm, 20mm, 30mm, 37.4mm, and 37.5mm.
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Figure 3: Raman spectra of samples with laser fluence of 3 J/cm2,
and the sample positions relative to the target are 6.4mm, 10mm,
15mm, 20mm, 30mm, and 37.4mm.
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Figure 4: Schematic diagram of nucleation and motion of grain.

During transportation process, collision cross section
between ablated Si atom and gas atom is

𝑆Si-Ar = 𝜋 (𝑟Ar + 𝑟Si)
2

. (4)

The collision cross section between formed grain and gas
atom is

𝑆
Δ-Ar = 𝜋 (𝑟Ar + 𝑟Δ)

2

; (5)

𝑟Ar is radius of Ar atom.
Formed grains will fall onto substrates through flat

parabolic motion. Formula for spatial position of grain
formation based on the hydrodynamics model [11] is

𝑥
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= 𝑥 − 𝐴]
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where V
0Si is initial velocity of ablated Si atoms [15] and

its direction is parallel to plume axes too, 𝑥 is position of
deposited grains on substrate, ℎ represents vertical distance
from ablated spot to substrates, which is equal to 2 cm in this
work, and 𝑔 is acceleration of gravity.

In order to calculate conveniently, it is assumed that the
plume is limited in the cylinder with ablation spot as area
of base in this work, and the size of deposited grains on
substrates is the value of initial nucleation; that is to say,
the growth process in the space is not considered here. On
the base formula (6), the position of grains formation and
width of NR in the space are calculated, which are listed in
Table 1. Obviously, there is a shift toward target for nucleation
position contrasting to the detection value on substrates.
Furthermore, with laser fluence increasing, the tendency of
width of NR broadening is bidirectional.

5. Theoretical Analysis

On the base of the process of ablation, results of numerical
simulation show that velocities of ablated particles present
the Maxwell distribution, which are maximum at front of
plume and minimum near target (plume tail); the number
of particles corresponding to two parts (maximum and
minimum velocities) is also fewer than those with the most
probable velocity. According to formula (3), 𝑇 of particles is
lower for smaller velocity, so it will easily reach the nucleation
condition first through collision in constant pressure gas.
It implies that once supersaturation (𝜌) satisfies condition,
nucleation will happen first near target, which is also proved
byMakimura et al. [16, 17]. Obviously, 𝑇 is higher for greater
velocity of ablated particles; then they need to experience
much more collisions before nucleation; therefore, the nucle-
ation position should be comparatively farther from target.
For the number of particles with the most probable velocity
being the greatest, the growth probability of nucleated grains
by these particles is relatively large, which causes the final size
of these grains to be larger, so the grains’ size on substrates
first increases, after reaching the maximum value, and then
decreases. When the ablated particles spray from target just
after pulsed laser off, although 𝜌 is very big, but 𝑇 is much
higher than melting point, so they cannot nucleate [12]. After
long distance transportation in gas (out of NR width), 𝑇 is
lower than melting point, while 𝜌 is too low to nucleate, so
the width of NR distributes in a certain area apart from target.
In otherwords, as long as any one of𝑇and𝜌 does not comply
with the condition, nucleation will not happen.

The processes of ablation with different laser fluence are
also simulated through Monte Carlo method in this work.
The results show that initial velocity and sum numbers of
ablated particles elevate directly proportional to laser fluence
increasing; at the same time, the plume volume (𝑉) becomes
bigger too. Then a new problem emerges, which is how does
ablated particles density change? We cannot directly get an
answer through the formula of 𝜌 = 𝑀/𝑉, because both𝑀
and 𝑉 are variable.𝑀 is total mass of abated particles.

In order to resolve the problem, Langmuir probe was
applied to measure the densities of ablated ions in order to
understand the change rule of ablated particles. The probe
was vertical to the target surface along the plume axes, and
the probe tip was located within the center of plume. The
delay time for collecting signal was 15𝜇s; voltage of probe
changed from −30V to 50V. By fitting and analyzing the
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Figure 5: Si ion densities versus different laser fluence. Laser fluence
is 2 J/cm2, 2.5 J/cm2, 3.0 J/cm2, 3.5 J/cm2, 4.5, and 6.0 J/cm2.

I-V curves obtained from probe, the change rule of Si ion
densities is shown as in Figure 5. Obviously, ion densities rise
with addition of laser fluence linearly, which are suitable for
Si atoms too.

When laser fluence rises, the initial velocity and density
of ablated particles increase simultaneously, which lead to
intensive collision with gas atoms. Therefore, the kinetic
energy of some ablated particles near target decreases rapidly
and thermal motion temperature gets down to T; thus nucle-
ation appears and grains form. With laser fluence increasing
continually, the collision will become much more intensive,
grains would form at position more close to target surface
naturally, and then the initial formation position of grains
moves toward ablated spot. At the same time, the most unnu-
cleated particles with higher thermal motion temperature
have to experience much more necessary collisions; then
the temperature could decrease to 𝑇, which causes them to
translate farther path. So the terminal nucleation position
shifts backward with laser fluence increasing, which results
in the fact that width of NR of grains in the space broadens
bidirectionally.

6. Conclusion

In summary, we have prepared Si nanocrystal grains by
pulsed laser ablation through changing laser fluence; the
width of NR is calculated on the basis of experimental
results, which broaden from 25.4mm to 54.9mm with
addition of laser fluence from 2 J/cm2 to 6 J/cm2. The change
rule of ion densities is studied by Langmuir probe; results
indicate that the ion densities increase with laser fluence
raising, which results in themore intensive collisions between
ablated particles and background gas. From the analysis of
the thermokinetic process and calculated results, a good
explanation for the phenomenon of broadened width of NR
can be given. The results indicate that the nucleation and
growth of grains are decided by both the supersaturation
and thermal motion temperature of ablated particles. It
may support theoretical foundation for further studying the

nucleation and growth process for nanocrystal grains of Si as
well as other materials in gas phase.
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