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Abstract

Formation of Aluminum (Al) Nanoparticles in water by femtosecond laser ablation is studied
numerically by considering the effect of femtosecond laser parameters, target and liquid properties.
The absorption of laser energy by Aluminum is simulated using Single-Temperature Model (STM)
and results obtained from this model are compared with experimental studies. Classical Nucleation
Theory is used to calculate free-energy of critical clusters production and size distribution of
nanoparticles (NPs) as function of laser energy and pulse duration in femtosecond range by
considering concentration and delay time during the laser generated plume expansion in liquid.
Finally, we deduce and point the optimum condition for the growth of Aluminum NPs of desired
size and dispersion using STM.

Keywords: Pulsed laser ablation in liquid, ultra-short laser-metal interaction, aluminum
nanoparticles, nucleation.
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1. Introduction

Nanoparticles (NPs) exhibit superior physical, chemical and optical properties, therefore, find
extensive use in various physical, biological, biomedical applications.These include solar cells [1],
sensor [2], photo-thermal therapy [3], cooling system [4], nanophotonics devices [5], catalysis [6],
carrier systems for drug delivery [7], optoelectronic device [8], cancer treatment [9,10], imaging,
sensing, biology and medicine [11]. Laser-generated nanoparticles have also found many
applications in bio-photonics, medicine and inthe development of photovoltaic cells. Many
experiments have been performed demonstrating the formation of these particles from solid targets
invacuum, in the presence of a gas or a liquid; however, it is still difficult to predict the size
distribution of these particles. The efforts of many researchers have focused on obtaining smaller
size NPs and narrower size dispersion [12-14]. There is large number of factors which affect the
final size distribution; the crucial factor for the formation of narrow size distribution is careful
selection of laser parameters such as pulse duration, laser fluence, and repetition rate. Target
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material Properties affect absorption and the ablated material quantity, thus affecting the plasma
plume parameters, and liquid properties such as temperature, mechanical impedance, and viscosity
which play a role in shock wave and cavitations bubble formation. In particular, it has been
confirmed that lower laser fluence [15] and smaller laser beam size [16] are useful for the formation
of the smaller nanoparticles.

To understand the mechanism of nanoparticles formation by pulse laser ablation, detailed study of
the material evaporation—condensation process is required. Several analytical approaches have been
used to study this process, such as the statistical model of Rice, Ramsperger and Kassel (RRK)
[17,18] and classical nucleation theory (CNT) [19,20]. Molecular dynamics (MD) methods [20- 22]
have been used for investigation of the evaporation process or the formation and evolution
processes of clusters of many materials. Several MD simulations [234,24] and experiments [25-27]
of laser ablation of solids have shown that clusters are formed in the expanding ablation plume.
Theoretical studies of the ultrashort laser absorption by metals using two-temperature model (TTM)
have been reported by several researchers [28-30]. Conduction band electrons absorb laser
energy and then diffuse it inside the target material due to their thermal conductivity, where
the lattice is simultaneously heated by electron-phonon coupling. In fact, numerical solutions turned
out to be sensitive to a number of governing parameters, such as electron-phonon collisions rate,
thermal conductivity coefficient, and optical absorption depth; which in turn may be function of
temperature and density to accurately determine these coefficients in simulation of ultrashort laser-
material interaction. [31, 32].

Using TTM for shorter fs laser irradiation of metal the temperature of lattice remains at room
temperature for long time (a few ps) especially if the metal has a large heat capacity, thus to achieve
more accurate results we propose use of single-temperature model STM in this work. In STM, the
energy absorption takes place during fs-pulse interaction with solids and energy transfer to the
lattice takes place when the laser pulse is OFF [33]. The difference between Two Temperature
Model (TTM) and Single Temperature Model (STM) is that during the time when the laser
pulse is ON, the electron-lattice coupling in STM can be neglected, and the lattice temperature is
due to transfer of energy from maximum electron temperature. Therefore, STM is suitable for fs-
pulse duration because it considers the maximum energy of excited electrons as an energy source
for lattice heating without dependence of electrons-lattice coupling.

2. Theory

2.1 Absorption

In Two Temperature Model (TTM) the absorption of laser light takes place by the conduction
band electrons and subsequently the energy diffuses inside the material from excited electrons to
lattice after the electrons acquire very high temperature ~10°K. This increasing lattice temperature
largely depends on electron-phonon coupling, electron relaxation time and heat capacity of material.
For shorter fs-laser pulse, therefore, the increase in lattice temperature is insignificant during laser
pulse duration and very significant after end of the laser pulse for a few ps[34,35]. The two-
temperature diffusion model can be described by the following one-dimensional equations;

ol, _ Q) -
C. o= -T)+S ®
o
C ) =y(T.-T) (2)
ot
Q@) =-k =, S=IOAzexp(-a2) (3)
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where, T, and T; are the electron and the lattice temperatures. Q(z) is the heat flux, S is the laser
heating source term, C, and C; are the electron and lattice heat capacities per unit volume,
respectively. y is the electron-phonon coupling coefficient, k. and k; are the electron and lattice
thermal conductivity, respectively, ke=Ko(T¢)(Te/Ti) where ko(Te) is the conventional equilibrium
thermal conductivity of the metal. I(t) is the laser intensity measured in [W-cm™], o is the
material absorption coefficient including the surface absorptivity, A is the surface transmissivity.
There are three very important characteristic time scales in these equations: %, 7 and 7, where z
=C./y is the electron cooling time,7 =Ci/y is the lattice heating time (n<<g7) and 7 is the laser
pulse duration. These parameters define femtosecond, picosecond and nanosecond regimes of the
laser-metal interaction.

In case of fs-pulse interaction with material, pulse width is much smaller than the electron cooling
time i.e. T <<t therefore, during the time when the laser pulse is ON, the electron lattice
coupling can be neglected, and the electron conduction term is very small, Egs. (1) and (2) are
reduced to a single equation given by[35]

T

e

C

=2l aAexp(az) 4)

which on integration gives,

TO =08+ 22 e 7y ®)
T, (0) = (200 exp(- ) ©)

e

where T,=T¢(0) is the initial temperature of the electrons and Iy is the incident laser power density.
At the end of laser pulse, the electrons will attain maximum energy and the thermal conduction to
the lattice in fs time scale is neglected, the temperature of the electron is,

20,7
S

e

T () ~( )2 exp(—zg) @)

The electron temperature is much greater than the ambient temperature Te(z)>>T, and we assume
that the absorption of the laser energy only up to skin depth &=2/a). The electron temperature
attains a maximum value during the laser pulse followed by rapid transfer of energy to the lattice
after the laser pulse. Thus, the electrons will be cooled with rapid rate and the temperature of lattice
T; will be increased, therefore using Eq. 2 we can get T; as:

T - Fa
C.

e (8)

The condition for evaporation of the target material will be fulfilled if the absorbed energy
exceeds the specific heat of vaporization, i.e. when CiT; > p2, where p is the density and
is the specific heat of evaporation per unit mass. [35]

Using STM, we consider that there are two independent and consequent steps for energy transfer,
the first is from laser to electrons and the second is from electrons to lattice when electrons
temperature reach to maximum energy. Therefore, by using STM we expect that the energy of the
excited electrons to be larger and consequently higher rate of lattice heating compared to TTM.
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2.2 Nucleation

Now, after calculating the amount of laser energy absorbed by Aluminum target and the
electrons and lattice temperatures using both TTM and STM for the same bulk values and the laser
parameters, we now study the nucleation process of NPs within the induced plasma plume inside
the liquid (water in this study). By modeling the free energy AG of the growing embryos (or nuclei
which serve as monomers for the primary-particle nucleation as solutes) which consist of number
(n) of ablated species (atoms, ions, molecules), we can calculate the critical clusters nc and the rate
of production of critical clusters p(t) from the calculation of critical free energy AG..

During fs-laser pulse, laser energy absorbed by the electrons and subsequent relaxation of energy to
the target material leads to the generation of heat waves followed by the generation of two shock
waves propagating (inside and outside the target) [36]. The formation rate of critical nuclei, per unit
volume (m~sec™), can be written as:

p(t)=4ran"Dc’ a6 /KT 9)

where, a is the effective radius of plume species (Aluminum atoms =1.43 x 10™°m), D is the
diffusion coefficient of Aluminum atoms in water (m?sec™), n. is number of solutes in an embryo
at the critical nucleus size, AG is the free energy of the growing embryos, considering the solute
concentration c(t), at time t, is larger than their equilibrium saturation concentration co.In case of n
< n (embryos of size smaller than critical embryos), the attaching and detaching processes into or
from embryo can occur, so that the size distribution is given by the equilibrium form. Thus, when
the embryos sizes are reaching to critical size of n. the exponential term in Eq. (9) is considered as a
factor of thermodynamic distribution. While for sizes equal or larger than n., we can assume fully
irreversible dynamics, It is assumed that the radius of nuclei collection (cluster) equal to an”,
where a is the effective solute radius, (0" is the volume filling-fraction correction [37].

For n-embryos the free energy can be written as:

C

G (n)=-nKT In(c j+47ra2n2’30 (10)

(o]
which involves the bulk term, proportional to n, and the surface term proportional to n?>.
To calculate AG. we will ignore G(1) because it is much smaller than AG of large n, the significant
factors in this equation are the surface tension and the concentration of solutes c(t), where both n.
and AG; are functions of c(t). We can calculate the critical value n; fromoG/on =0, then,

n, =[87a%0/3KTIn(c /c,) (11)
3,46 __3
And AG, = 207a0 (12)
27(KT )°(Inc/c,)

The value of the effective surface tension of nanosize Aluminum embryos is ¢ = 0.84 N/m, the
saturation concentration of Aluminum in solution is ¢, = 1.6x10" m™ [38], and c(t) changes with
time and it decreases by the formation and then the growth of critical nuclei. If the process is
considered as an irreversible formation, thus, we write

dc Gt — _ncp(t ) (13)

Where, the initial concentration of the Aluminum solution is ¢(0) = 6.2 x 10°m™ [37]. Using Egs.
(9) to (12) we get following equations for c(t) and p(t)
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dc 2" 7°a’c'D c? PAY o Won
= - - eXp< — 5 > (14)
dt (3KT)'[In(c/c,)] (KT )[In(c /c,)]
5 2,3 2 8 3,6 __3
p(t):27TaO'DC expl— 2§ra0' : (15)
3KT In(c/c,) (BKT )[In(c /c,)]

After plasma plume generation by fs-laser, we consider that the generated plasma plume does not
absorb laser radiation. In this case, a larger fraction of energy is transferred into the target, so that
the laser intensity which is required to create plasma plume with length L(t) and pressure P(t) can
be written as:

|(t):p(t)d:t(t)+d[(1—a);i OL )] 16)

where, Ej(t) is the internal energy of the created plasma; equal to sum of thermal and ionization
energy E, =E, +E,,, where E, =aE, and E_, =(1—-a)E,, in case of fs-laser as described above,
E,, is nearly zero and o determines the energy fraction transferred to the thermal energy of the

plume. We can solve this equation using the ideal gas assumption to obtain the initial pressure of
the plasma plume:

a

P,=P(r)= 3ZIo (17)
+

here, Z refers to combined shock impedance defined as [37].

2_t., 1 (18)

Z ZAI ZWaIer

Za is defined as the product of the density and shock velocity Za=paiUai, Where p is the density of

Al (=2.37 g-cm ) and U is the shock velocity (=5,000 m-s ). Za and Zyaer are (11.85 x10° and

1.65x10° g/s.cm?), respectively [37]. Then Z=19.55x 10° g/s.cm? So that the pressure P(z) and
P, = _ . . o

temperature T, =Tl(32) ' are depending also on pulse duration, where y is the adiabatic parameter,
1

_1+2a

3
It can be noticed from Eqgs. (17) and (18) that the initial plume length is smaller, whereas the initial
pressure is larger for fs-laser pulses than for longer laser pulses. After that the generated plasma
plume will expand adiabatically behind the shock wave. Using the common equations for the
adiabatic expansion we can obtain expressions for pressure length of expanded plasma as a function
of time [36],

Pt)=P, {1+7/T+1(t —T)T a (19)
L) =L, [1+7/T+l(t —7)} " (20)

From these equations, the higher value of plume number density may be evaluated in this stage
(growth stage), whereas in the case of shorter pulses the plume temperature is smaller, that will
lead to formation of NPs with smaller size (smaller primary particles), whose free energy controls
the size of NPs according to Eq. (10).

In this stage of primary particle growth we can study several cases considering the
following: If the temperature of plasma still high after laser pulse, the evaporation process will
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increase the number density of primary particle while there is a decrease of the density due to the
growth of primary particles by adding both monomer and cluster. If the temperature of both
clusters and plasma is not too high, this process will overcome evaporation that appears in case of
fs-laser more than others. These clusters can be considered as seeds for the following much longer
process i.e. formation of large NPs by aggregation of primary particles or clusters occurs. The
aggregation stage takes place after growth stage of primary particles, where the rates of formation
of large NPs can be determined in this stage, thus the time-evolution of cluster can be described in
this stage by simplified master equations.

For evolution population of NPs we consider that the size of cluster can be defined by the
number (s) of primary particles (singlets), which were aggregated into each secondary particle,
where s refers to this number s =1, 2, 3,...., thus we can write Nj,N2,Ns,... to refer to the population
of cluster with one, two, three ,.... primary particle(s). By keeping in mind the fact that clusters can
take or give singlets particles, then the population of cluster of s-primary particles will change
during the time of the process, in this case of particles growth the population of NPs can be describe
by master equation, all these populations are fed by critical clusters , the rate of production of
critical clusters at this stage is given by Eq. (9) where the initial parameters of the solution, such as
temperature, concentration of solute, particle size, and density, are very important functions to
determine the critical cluster size, its production rate, and further evolution of NPs.

For the singlet population, the equation of its concentration can be obtained using the rate of the
primary particle formation, p (t) and the rate of its transformations.

N, - dN,
e R _ 21
&P 2y (21)

with the initial values Ng(0) =0 for all s =1, 2, 3, ....
The concentrations of dimers is given by,

AN, kN2 kNN, (22)

where, the factor f = 1/2 for the monomer-monomer aggregation term due to the double counting,
thus it is only for the clusters of s=2[37]. The population of other larger clusters is given by:

dN
Fszks—lNle—l_kZNle (23)

where, K is the attachment rate constant, which can be described by Smoluchowski rate expression
[39],

K, =4z(R,+R,)(D,+D;) (24)
but can be used simplification of Park-Privman [37] by ignoring the cluster-cluster aggregations

because this process is slower than singlet-cluster aggregations process, resulting from that they
have larger diffusion constants (D; ), thus ks may be written as:

K, =47nR.D, (25)
where, Ry is the radius of the s-singlet particles, given by Rs =1.2 r s Y, r and D; are the average
radius and diffusion coefficient of the primary particles, respectively.

The solute diffusion coefficient D can be estimated by using the Stokes-Einstein formula for
diffusion of spherical particles through liquid with actual radius of the Aluminum atom [40],

— kB-I—

D —
6/mr

(26)
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Here n is viscosity of water (kg/m.sec) n=A*10"T"% A = 2.414 *10"%Pa s; B =247.8 K; and C =
140 K.[36,40]. We can estimate the yield of clusters using Eqs.(21-23), using approximation (i)
ignoring the cluster-cluster aggregations as referred above, (ii) the radius of the captured primary
particles close to the critical radius and (iii) the size of critical nuclei do not increase before its
attachment to the secondary particles.

3. Results and Discussion

In this work, we have considered the absorption of fs-laser beam by Aluminum target
immersed in water using both single temperature model (STM) and the two temperature model
(TTM). The temperature at the surface of Aluminum target, calculated from Eqgs. (1) and (2) for
TTM, and from Egs. (7) and (8) for STM, shows that during 100 ps after fs-laser pulse, the lattice
temperature reaches to 3x10° K in case of TTM and to 7x10° K in case of STM, as shown in Fig. 2
and 3. In order to explain the difference in results obtained from STM and TTM simulations, it
should be emphasized that the electron-phonon coupling greatly influences the energy transfer
between the electrons and the lattice and thus affects the temperature rise of both electrons and
lattice in case of STM. Ignoring this term allows electrons temperature to rise without losing part of
their energy to the lattice, only if this temperature reach to a maximum value, the electrons will then
be a new source of lattice heating. If we considered the electron-electron collision te=1-10 fs, the
electron relaxation time tg 0.1-1 ps [41], the result of TTM in Fig. 2 is in agreement with our
expectation. While in case of STM after the end of pulse duration (100 fs) the electrons temperature
reaches to a maximum value 2x10* K (see Fig. 2), at this time the lattice will get the energy from
electrons. The temperature deference between Te and T, (about 7x10%) in case of STM as shown in
Fig. 2 and 3, is due to the difference in values of volumetric specific heat of electrons (=1.065x10°
JIm® K?)[35] and lattice (=8x10° J/m® K?)[42].
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Figure 2: Two-temperature model for Aluminum target at surface during 5 ps, the pulse duration
and fluence of laser are 100fs and 0.6 J/cm?.
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Figure 3: Calculated maximum electrons temperature (a) and lattice temperature (b) by Single-
temperature model for a Aluminum target. The pulse duration and fluence of laser are 100fs and
0.6 J/cm?, respectively.

By solving Eq. (10) for the case of 0G/on =0, the results plotted in Fig. 4 show free energy at
several temperatures and critical particles sizes n. at different temperature for both TTM and STM.
We found that there is a clear deference between the results obtained from the two models; in both
cases the increasing temperature result in decreasing sizes and the sizes of critical particles are
smaller in case of STM. This can be explained by Eq. (10),where the bulk term is proportional to
the particles temperature.
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Figure 4: Free energy of production of critical particles in case of TTM (upper) and in case of STM
(lower) at different temperatures.

It should be mentioned that the cooling rate of ablated species in solution has an important role
in the growth of particles to the critical size, we expect that this critical size will increase with the
increasing deference in temperatures between the ablated species and the solution i.e. the cooling
rate in STM is much higher than in TTM, this is confirmed by the results of free energy in Fig. 4,
although this will lead to smaller clusters size and narrow dispersion. The high temperature in case
of STM will lead to continuous aggregations to produce larger clusters over longer times (=100 ps)
thus increasing NPs size with a wide dispersion. The deference between TTM and STM results is
shown in Fig. 5 and Fig. 6, where it can be noticed that the dispersion is narrower in case of TTM,
and the best dispersion is in the range 9 -15 nm at 340 K, while in case of STM there is clearly large
dispersion with increasing temperatures.
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Figure 5: Size distribution of Aluminum NPs at different solution temperatures in case of TTM .
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Figure 6: Size distribution of Aluminum NPs at different solution temperatures in case of STM.

Also, the size and the dispersion of nanoparticles depend on the concentration of solutes (inside
the solution) and the initial plume pressure po, which depends on laser power density I, and the
parameters of both of target material and the ambient (water) given by Eq.(17), for pressure and
temperature evolution in expanding plume we used Eq.(18).

The adiabatically expanding plasma plume with high temperature of clusters leads to production
of large size nanoparticles because the large clusters have larger collision cross section than the
smaller clusters and the primary particles, we expect that is effective in case of increasing volume
of plume. Furthermore, the effect of delay times (0.01ps,Ips and 5us) on the nanoparticles size
distribution is shown in Fig. 7, where the size distribution and the dispersion increase with
increasing delay time at temperature (685K), these results are in good agreement with the previous
experimental results [13,14], and theoretical calculations [43,44].
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Figure 7: Calculated size distribution of Aluminum NPs for delay time 0.01us, 1us and 5us after
generation of plasma plume using nucleation theory.
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4. Summary

The simulation results obtained from the absorption of laser energy by Aluminum target in
water suggest that the ablated species acquire higher temperature in case of STM, this lead to
formation of larger NPs sizes, in spite of high cooling rates and small critical particles sizes, due to
continuing aggregation processes over longer time For shorter plasma plume expansion times
(< 0.01ps), the obtained results are better. We conclude that in case of STM the best results are
obtained when the temperature is lower but enough to obtain high cooling rates and small critical
particles sizes. We believe that the growth of large clusters can be reduced and STM will be suitable
to simulate the femtosecond laser absorption at lower fluence (< 0.6 to 0.01 J/cm?) in materials with
higher heat capacity, this is a subject of our next study.
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