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a  b  s  t  r  a  c  t

Laser  ablation  of  metal  targets  is actively  used  for generation  of  chemically  clean  nanoparticles  for a
broad  range  of practical  applications.  The  processes  involved  in  the  nanoparticle  formation  at  all  relevant
spatial  and  temporal  scales  are  still  not  fully  understood,  making  the  precise  control  of  the size  and
shape  of the  nanoparticles  challenging.  In this  paper,  a combination  of molecular  dynamics  simulations
and  experiments  is  applied  to  investigate  femtosecond  laser  ablation  of  aluminum  targets  in vacuum  and
in 1  atm  argon  background  gas.  The  results  of the  simulations  reveal  a strong  effect  of the  background
gas  environment  on  the  initial  plume  expansion  and  evolution  of the  nanoparticle  size  distribution.  The
suppression  of the  generation  of  small/medium-size  Al clusters  and  formation  of  a dense  layer  at  the
front  of  the expanding  ablation  plume,  observed  during  the  first  nanosecond  of the  plume  expansion
in  a simulation  performed  in  the  gas  environment,  have  important  implications  on the characteristics
of the  nanoparticles  deposited  on  a substrate  and  characterized  in the  experiments.  The  nanoparticles

deposited  in  the  gas  environment  are  found  to be more  round-shaped  and  less  flattened  as  compared
to  those  deposited  in  vacuum.  The  nanoparticle  size  distributions  exhibit  power-law  dependences  with
similar  values  of exponents  obtained  from  fitting  experimental  and  simulated  data.  Taken  together,  the
results  of this  study  suggest  that  the gas  environment  may  be  effectively  used  to  control  size and  shape
of  nanoparticles  generated  by laser ablation.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Generation of nanoparticles with sizes, shapes, and compo-
itions tailored to the needs of practical applications is highly
esired in various fields ranging from biomedicine to plasmonics
nd nanofabrication [1]. It has been demonstrated computation-
lly [2–4] and in experiments [5–8] that nanoparticles constitute a
ajor fraction of the total mass of material ejected in femtosecond

aser ablation. The production of nanoparticles by ultrashort laser

blation is considered to be one of the most promising methods
llowing for an effective control of the ablation products through a
roper selection of the ablation conditions, such as target mate-
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rial [9], external environment [10], and laser wavelength [11].
Moreover, the nanoparticle synthesis through laser ablation elimi-
nates the need for chemical precursors and intermediate reactants
[12–14], thus providing a g̈reenr̈oute in production of nanoparti-
cles. Despite all the advantages listed above, the precise control of
the size and shape of the nanoparticles generated by laser ablation
remains challenging and requires improved understanding of the
dynamics of the ablation process.

The presence of a background gas is regarded as a key factor
enabling an effective control over nanoparticle size and structure
in laser ablation [10,15–17]. In a gas environment, laser ablation
is a multistage phenomenon consisting of a series of intertwined
processes occurring on different time and length scales. The strong
effect of the background gas on the ablation plume dynamics is

demonstrated experimentally [15–20] and investigated in molec-
ular dynamics (MD) simulations focused on shock wave formation
in the gas environment [21–24]. The effect of the atmospheric pres-

https://doi.org/10.1016/j.apsusc.2017.11.190
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.11.190&domain=pdf
mailto:hanwu@hust.edu.cn
https://doi.org/10.1016/j.apsusc.2017.11.190
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Fig. 1. Schematic of the computational model used in the simulations of laser ablation of an Al target in vacuum and in 1 atm Ar gas. The laser irradiation is directed from
the  right side as indicated by the arrow, and periodic boundary conditions are applied in the lateral (parallel to the irradiated surface) directions. The dimensions of the parts
of  the model that correspond to the Ar gas, TTM-MD, and TTM are not drawn to scale.

Table 1
Statistical parameters characterizing the size and shape of nanoparticles deposited in ablation experiments performed in vacuum and 1 atm Ar. All parameters are mean
values obtained in analysis of 5 images such as the ones shown in Fig. 5.

Number density (�m−2) Height h (nm) Perimeter l (nm) Area s (nm2) Volume v (nm3) Taper t Circularity c

1.69 × 104 4.24 × 105 6.48 0.65
2.14 × 104 8.62 × 105 5.38 0.71
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Vacuum 6.81 18.00 4.86 × 102

1  atm Ar 4.96 23.14 4.77 × 102

ure background gas on the nanoparticle characteristics, however,
as not been investigated in MD  simulations so far.

In this paper, the explosive material disintegration and ablation
lume expansion occurring within the first nanosecond after the

aser pulse is studied using large-scale MD  simulations. The simu-
ations provide a realistic representation of the initial stage of the
blation plume formation, which is beyond the reach of experimen-
al probing. Computational predictions are extrapolated to longer
imes and related to the results of experimental characterization of
ize and shape of Al nanoparticles generated in femtosecond laser
blation in vacuum and 1 atm Ar gas environment and collected
n a mica substrate. The connections between the computational
nd experimental results, along with the implications for mecha-
istic understanding of the effect of the background pressure on
he nanoparticle generation in laser ablation, are discussed.

. Computational model and experimental setup

A schematic diagram of the computational model used in the
imulations of laser ablation of Al targets is shown in Fig. 1.
arge-scale atomistic simulations are performed with a hybrid
tomistic−continuum model [25] that couples the classical atom-
stic MD  method with the continuum-level two-temperature

odel (TTM) describing the evolution of electron and lattice tem-
erature by two coupled differential equations [26]. A complete
escription and all parameters of the TTM-MD model used in the
imulations of laser interaction with an Al target are given in Ref.
3]. The laser energy deposition is represented through a source
erm in the TTM equation for electron temperature. The laser pulse
as a Gaussian temporal profile with a FWHM pulse width of 100 fs.
he simulations are performed for an absorbed laser fluence of
.2 J/cm2, which corresponds to the regime of phase explosion [3].
he initial dimensions of the atomistic (TTM-MD) part of the Al tar-
et are shown in Fig. 1 and are 94.3 nm × 94.3 nm × 300 nm,  which
orrespond to 159 million Al atoms. Due to the relatively high com-
utational cost of the atomistic simulations, only the first 600 ps
fter the laser pulse are simulated.

The interatomic interaction among Al atoms is described by the
mbedded atom method (EAM) potential [27], while the interac-
ion between Ar atoms is governed by Lennard–Jones (LJ) potential
28]. The interatomic interactions between Ar and Al atoms are

lso described by the LJ potential with parameters fitted to the
esults of ab initio calculations of the adsorption energy of Ar
n Al (111) surface [29]. At short distances between Ar and Al
toms (strong repulsive interactions), the LJ potential is substituted
Fig. 2. Schematic diagram of the experimental setup.

by Ziegler–Biersack–Littmark (ZBL) potential [30], which provides
more realistic description of the energetic collisions between the
Al and Ar atoms at the initial stage of the plume expansion. The
LJ and ZBL potentials are smoothly connected with each other by
a second-order polynomial applied in the range of distances that
correspond to the energy of the repulsive interaction ranging from
0.026 to 0.220 eV.

The laser ablation in 1 atm Ar is simulated by introducing a 4-
�m-long region above the surface of the Al target filled with Ar
gas equilibrated at 300 K and 1 atm, as shown in Fig. 1. A simple
reflective plane is used as the upper boundary of the background
gas region. The size of the gas region is chosen to be sufficiently large
to ensure that the shock wave generated in the background gas by
the ejection of the ablation plume does not reach the upper end of
the region during the time of the simulation. This straightforward
approach is possible because only 0.5% to the total number of atoms
is added to the computational system by the explicit treatment of
the 1 atm Ar gas.

A schematic diagram of the experimental setup is depicted in
Fig. 2. A Ti: Sapphire femtosecond laser amplifier system (HP-
Spitfire, Spectra Physics Inc.) is employed to produce 50 fs pulses at
central wavelength of 800 nm,  with a repetition rate of 1 kHz. We
focus the laser beam on the bulk Al target at normal incidence with
a plano-convex lens of 100 mm focal length. The spot size at the
target surface, defined as full width at half maximum (FWHM) of
the Gaussian profile, is approximately 150 �m. A mica substrate is
placed parallel to the target to collect the nanoparticles. The mica
substrate is located ∼1.3 mm  away from the Al target to ensure that

the laser fluence is sufficiently low to avoid damage to the substrate.
The nanoparticles deposited on the mica substrate are generated by
100 laser pulses at 0.5 J/cm2 in vacuum (10−4 pa) and in 1 atm Ar
gas environment. The high reflectance (close to ideal reflectance
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ig. 3. Snapshots of atomic configurations generated in TTM-MD simulations of Al t
nvironment. The atoms are colored by their potential energies, with the scale from
hown  for 600 ps after the laser pulse. (For interpretation of the references to colou

 = 0.86) at the interface between Al nanoparticles and mica sub-
trate (due to the nearly perfectly plane mica surface), makes the
anoparticles deposited by previous pulses insensitive to the irra-
iation by the subsequent pulses. The screening of the subsequent

aser pulses by nanoparticles already deposited on the mica sub-
trate is less than 11.5% (estimated from the areal density of the
anoparticles on the mica substrate, see Table 1). The nanopar-
icles in the central areas of the deposited regions are analyzed
y AFM (Bruker Innova) in tapping mode with a tip radius of less
han 10 nm.  The original AFM images are processing by NanoScope
nalysis 1.5 software. The 3D AFM images are visualized by Gwyd-
ion 2.44 software, and the contour plots are drawn by Matlab. The
article analysis is processed using ImageJ and Matlab.

. Results and discussion

As can be seen from the snapshots shown in Fig. 3, the gen-
ral picture of the ablation process is similar in vacuum and in
he 1 atm Ar gas. In both cases, the surface regions of Al targets
ndergo explosive decomposition into mixtures of vapor and liq-
id droplets, whereas deeper regions of the target decompose into

 complex foamy structure of interconnected liquid regions due to
he relaxation of laser-induced stresses [2,3]. The foamy structure
n the deeper part of the ablation plume is expected to decom-
ose into individual spherical droplets on the timescale of several
anoseconds.

Despite the visual similarity of the two snapshots shown in
ig. 3, one can also notice substantial differences in the dynam-
cs of the plume expansion. While the deeper parts of the ablation
lume consisting of large liquid regions/droplets are not affected
y the presence of the background gas, the expansion of front part
f the plume, consisting of vapor, atomic clusters, and small liquid
roplets generated in the phase explosion, is clearly hindered by
he Ar gas environment. The deceleration and compression due to
he interaction with the background gas leads to the coalescence
f small clusters and formation of relatively large droplets at the

nterface with the compressed background gas. On the side of the
ackground gas, the strong push from the ablation plume results

n the shock wave formation, with the temperature of the shocked
r increasing up to more than 8000 K and the pressure behind the
hock front reaching 80 atm.

The most notable feature of the snapshot shown in Fig. 3 for
he simulation in Ar atmosphere is almost complete disappearance
f small and mid-size clusters/droplets from the front part of the
lume (between 1 �m to 1.5 �m at 600 ps). This visual observa-
ion can be quantified by considering spatial distributions of vapor,
mall atomic clusters and nanoparticles shown in Fig. 4 for a time of
00 ps after the laser pulse. The comparison of the results reveals a
trong effect of the background gas on the initial plume expansion

nd spatial distribution of nanoparticles in the plume. In vacuum,
lume expands adiabatically and freely. In the presence of back-
round gas, the interaction of the metal atoms and clusters with
he background gas atoms slows down the front part of the plume
irradiated by a 100 fs laser pulse at a fluence of 0.2 J/cm2 in vacuum and in 1 atm Ar
 eV (blue, solid Ag) to 0 eV (red, individual vapor-phase atoms). The snapshots are
is figure legend, the reader is referred to the web version of this article.)

and produces narrower spatial distributions in Fig. 4. The formation
of a dense front layer of the plume facilitates collisions and coales-
cence of small droplets and clusters, and increases the population
of intermediate and large droplets. The effect of the background
gas is particularly strong on atomic clusters consisting of up to 100
atoms (Fig. 4a) and small droplets consisting of up to 10,000 atoms
(Fig. 4b), which are prominently present in the front part of the
plume generated in the laser ablation in vacuum, but pushed back
and suppressed by the plume interaction with the background gas.
While the strong effect of the background gas on the cluster com-
position of the ablation plume and the dynamics of different plume
components is generally recognized and supported by experimen-
tal evidence [10,15–17], the computational prediction of the short
timescale of the drastic changes in the plume composition, occur-
ring within the first nanosecond of the plume expansion, is an
unexpected prediction of the simulations.

Note that the distributions of mass density of large liquid
droplets in the lower parts of the plumes (at distances below 1 �m)
in Fig. 4b are affected by the small number of large particles in these
regions. The visual analysis of the snapshots from the simulations
(Fig. 3) suggests that the presence of the background gas does not
make any significant impact on the characteristics of the lower part
of the ablation plume, and any differences observed in this region
in Fig. 4b are mainly due to the limited statistics available for the
large droplets.

The experimental analysis of the nanoparticles generated by
laser ablation of Al target and deposited on a substrate is illustrated
by AFM 3D images and contour plots shown in Fig. 5, while a sum-
mary of statistical characteristics of the nanoparticles is provided in
Table 1. As can be seen from Fig. 5, both in vacuum and in 1 atm Ar
background gas, the deposited nanoparticles are sufficiently scat-
tered over the substrate to eliminate the possibility of significant
agglomeration and coalescence of the deposited nanoparticles on
the substrate. This conclusion is supported by the values of the
number density listed in Table 1, which suggest that the distance
between the nanoparticles is much larger than their sizes.

Since the distance between mica substrate and target is small
(∼1.3 mm),  it is possible that rebound of the plume [31] may affect
the nanoparticle distribution by a preferential reflection of plume
species of different sizes. The relatively large nanoparticles counted
in the AFM images, however, are likely to reach the substrate
despite the resistance from the reflected front part of the plume in
vacuum and the compressed background gas in the 1 atm exper-
iments. The possible splashing of nanoparticles upon impact on
the mica substrate may  also influence the observed nanoparti-
cle size distribution. To evaluate the likelihood of splashing, we
calculate the Reynolds and Ohnesorge numbers for the experi-
mental conditions. The Reynolds number Re is ∼80 for density
of liquid Al ∼2.4 × 103 kg/m3 (T ∼ 1000 K) [32], dynamic viscosity

∼1.2 mPa  s (T ∼ 1000 K) [33], initial droplet velocity ∼200 m/s  [18],
and initial droplet diameter < 200 nm (Table 1). For surface tension
of ∼1.0 N/m (T ∼ 1000 K) [32], the Ohnesorge number Oh is ∼0.05
which yields the value of parameter K = Oh·Re1.25 of ∼12, which is
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Fig. 4. Mass density of individual atoms and atomic clusters consisting of up to 100 atoms (a) and small nanoparticles consisting of 100 to 10,000 atoms (equivalent diameters
from  0.73–3.4 nm)  (b) as functions of the distance from the initial surface. The distributions are plotted for 600 ps after the laser pulse, which corresponds to the snapshots
shown  in Fig. 3. The pressure distribution in the Ar gas is also shown by blue line for the simulation performed in the Ar environment. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web  version of this article.)
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ig. 5. Representative 3D lightning AFM images (a,b) and contour plots (c,d) of Al na
n  vacuum (a,c) and in 1 atm Ar environment (b,d). The size of each frame is 10 �m 

elow the deposition-splashing boundary of K = 57.7 suggested in
ef. [34]. Thus, the splashing was unlikely to happen in the exper-

ments.
The visual inspection in Fig. 5 and the parameters listed

n Table 1 suggest that the nanoparticles have generally a
¨ ancakes̈hape on the substrate. This is confirmed by the large value
f average taper t = 6 in Table 1, where t = d/h in which d = 2(s/�)1/2

s the particle diameter at the base, s is area, and h is height. In
ig. 5a,b, the cone-looking shapes of the nanoparticles are the arti-
acts of the visualization, where the height scale is enlarged in
D lightning AFM images by a factor of 6.4 in order to show the
orphology clearly. It can be seen from the AFM images that the
anoparticles generated in vacuum typically have a rough outline,
hile the nanoparticles generated in 1 atm Ar have smooth oblate

hapes. This interesting observation can be quantified by the circu-
arity parameter, c = 4�s/l2, where s is the area of the particle base
rticles deposited onto mica substrates in ablation of an Al target by 100 laser pulses
m.

and l is its perimeter. For instance, the circularity parameters of a
perfect circle, a square, and an equilateral triangle are 1, 0.78, and
0.60, respectively. A larger mean value of circularity of nanopar-
ticles, 0.71 in 1 atm Ar as compared to 0.65 in vacuum, supports
the conclusion from the visual inspection of the nanoparticle mor-
phology in the contour plots that the nanoparticles generated in
1 atm Ar have more regular round shapes than those deposited in
vacuum. The shape difference between large nanoparticles gen-
erated in vacuum and 1 atm Ar can be qualitatively attributed
to higher impact velocities [35] and stronger cooling of large
nanoparticles generated in vacuum and not affected by interac-
tion with highly compressed Ar environment heated due the shock

compression.

Given the high likelihood of a substantial evolution of the
nanoparticles during the ablation plume expansion, particularly in
the case of 1 atm Ar background, it is difficult to make the direct
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Fig. 6. Nanoparticle size distributions in vacuum (a) and in 1 atm Ar (b) predicted for
the initial stage of the ablation plume expansion in simulations and observed upon
deposition to a substrate in experiments. The red and blue circles are the data points
obtained in MD simulations and experiments, respectively. The lines are power law
fits  of the data points with corresponding power-law dependences indicated in each
plot. (For interpretation of the references to colour in this figure legend, the reader
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laser ablation plume into a background atmosphere, Appl. Phys. Lett. 92
(2008) 041503.
s  referred to the web version of this article.)

onnection between the nanoparticle distributions recorded in MD
imulations just 600 ps after the laser pulse and the final size dis-
ribution obtained through the experimental characterization of
he nanoparticles deposited on the substrate. Nevertheless, it is
nstructive to compare the general characteristics of the simulated
nd experimental distributions shown in the same format in Fig. 6.
he distributions show the probability to find a nanoparticle of a
iven mass and are plotted in double-logarithmic scale, so that the
ower law fits of the data sets show up as straight lines. The masses
f the nanoparticles in experiments are obtained by converting the
anoparticle volumes evaluated based on the AFM scans, such as
he ones in Fig. 5, to masses using the room-temperature density of
olid Al. The distributions predicted in the simulations are shown
or nanoparticles that contain more than 100 atoms, which account
or a mass fraction of 98.66% and 98.97% in simulations performed
n vacuum and 1 atm Ar, respectively.

As can be seen from Fig. 6, the size distributions predicted in the
imulations and observed in experiments follow the same general
rend and can be well described by power low dependences with
imilar values of power law exponents. Moreover, both simulated
nd experimental dependences exhibit weaker decay of the prob-
bility to find clusters of increasingly larger size (smaller absolute
alues of the power law exponents) in the presence of 1 atm Ar
as, suggesting higher probabilities of finding large clusters in the
resence of the background gas.

The power law cluster size distributions similar to the one
hown in Fig. 6 have been observed in earlier MD  simulations
f laser ablation performed in vacuum for Al [3], one-component
olecular targets [2] and polymer solutions [36,37]. Experimen-

ally, power law mass distributions of surface polymer features
n films deposited by matrix-assisted pulsed laser evaporation
MAPLE) technique have been reported [38,39]. Moreover, a recent
heoretical analysis of the generation of liquid nanodroplets in laser
blation of metal targets [40] also predicted a power law droplet
ize distribution with a power law exponent of 1.9. The results of
he present study provide the experimental conformation of the
ower law distribution of metal nanoparticles deposited by laser
blation in vacuum and in the background gas environment, thus

onfirming that the power law nanoparticle size distribution is a
eneral characteristic of short pulse laser ablation in the regime of
hase explosion.
nce 435 (2018) 1114–1119

4. Summary

Large-scale MD simulations and experiments are performed to
investigate the effect of 1 atm Ar background gas on the charac-
teristics of nanoparticles generated in laser ablation of Al targets.
The results of the MD  simulations suggest a strong effect of the
Ar gas environment on the initial expansion ablation plume occur-
ring within the first nanosecond following the laser irradiation. The
formation of a strong shock wave in Ar and suppression of the gen-
eration of small and medium-size Al clusters at the front of the
ablation plume are among the effects observed in the simulation
performed in the gas environment.

Experimental analysis of the nanoparticles deposited on a
substrate reveals that the nanoparticles deposited in the gas envi-
ronment are more round-shaped and less flattened as compared
to the ones deposited in vacuum. The nanoparticle size distribu-
tions obtained from analysis of the experimental AFM images and
predicted in the simulations for the initial stage of the plume expan-
sion are found to follow power law dependences of the probability
to find a nanoparticle of a given mass with similar values of the
power law exponents. The effect of the background gas on the
size distribution is similar in the simulations and experiments: the
power-law exponent of the nanoparticle size distributions gener-
ated in 1 atm Ar is smaller than that in vacuum, i.e., the decay of
the probability with size is slower for the nanoparticles generated
in 1 atm Ar.

Overall, the results reported in this paper provide important
insights into the effect of a background gas on the formation
mechanisms and final morphology of nanoparticles generated in
short pulse laser ablation of metals. The development of mul-
tiscale computational approaches for exploration of longer-term
processes during the ablation plume expansion as well as utiliza-
tion of advanced experimental time-resolved probing of the plume
dynamics are needed for elucidation of the complete picture of the
nanoparticle formation on all relevant length- and time-scales.
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