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INFLUENCE OF THE IMPURITIES TO THE COMPOSITE
MATERIALS IN LASER ABLATION PHENOMENA

Alexandru COCEAN', Tuliana COCEAN? and Silviu GURLU?

Study of physico — chemical phenomena and processes that may occur during
laser ablation, plasma plume expansion from target to support and finally
deposition on special supports was performed on a nonhomogeneous target. The
target is made of silver with impurities of iron and nickel. Experimental study was
assisted and completed by COMSOL simulations. The thin films were deposited on
different supports using Pulsed Laser Deposition (PLD) method. The aim was to
investigate the physico-chemical characteristics of the obtained thin films, searching
for the influence of parameters and conditions on the quality of the layer and for a
better understanding of the mechanisms that induce the observed phenomena.
Considering the possibility of using silver films as applications in the production of
laser mirrors, laser damage threshold and damage magnitude at different fluences
are experimentally and by means of COMSOL investigated and a very good
similitude is obtained between the experimental and numerical results.

Keywords: PLD, COMSOL, fluids instabilities, nonhomogeneous target,
composite materials

1. Introduction

Silver layer produced by pulsed laser deposition method (PLD) aimed for
laser mirrors require specific properties (i.e. damage threshold) and the study with
respect to those is presented in this paper. [1]. Laser ablation plasma behavior
during pulsed laser deposition has been extensively studied by means of various
experimental and simulation techniques. [1, 3 - 14]. Therefore, droplets formation
on the deposited layers that can seriously damage both the quality of the deposited
thin layer and the morphology [15] is treated herein from the perspective of
Plateau-Rayleigh, Rayleigh — Taylor and Richtmyer — Meshkov instabilities, as
well as crown splash, based on the numerical study of co-existing phases in the
ablated material correlated with experimentally observed morphology (SEM,
AFM) and measured, composition, dynamic, structure (EDX, FTIR, XRD, ICCD
camera). Previous papers expand Plateau — Rayleigh instability (PRI) theory from
liquids and thermocapillary suppression [16 - 18] and solid—liquid interface [19]
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to dielectric elastomer films [20], in solids as simple phase separation [21], during
reorganization of silicon macro pores process [22] and usage for preparation of
the nanoparticles in photonics applications [23]. The other fluid break — up
phenomenon to consider is the Rayleigh — Taylor instability (RTI) that occurs at
the interface of two fluids of different densities when the lighter liquid pushes the
heavier one under gravity or other forces such as those generated by explosions
[24 - 26]. This instability is used to explain mushroom clouds in volcanic
eruptions, nuclear and supernova explosions. RTI was also studied at “large and
small scale” as to the bubbles internal structure and cascade wavelengths [27].
Richtmyer — Meshkov instability (RMI) regarding shock — wave that occurs when
two fluids of different densities are impulsively accelerated [28, 29] and “crown
splash” [17, 30] are the next phenomena related to fluids break — up that will be
addressed in this work. With this paper, it is first time to considering the three
instabilities - PRI, RTI, RMI — and crown splash for droplets formation during
laser ablation and deposition and they are discussed based on experiments and
COMSOL simulation of co-existing ablation phases. This paper will present the
techniques of pulsed laser deposition (PLD) used as a new method to produce thin
layers of silver citrate. The three directions of study — droplets formation during
PLD, laser damage threshold of the deposited layer and silver citrate produced
with PLD technic are all connected by the same numerical simulation in
COMSOL, same target and the phenomena and processes observed are
interconnected for all the three findings presented with this paper.

2. Materials and methods

The experiments were carried out on the installation for PLD (pulse laser
deposition) and LIBS (laser induced breakdown spectroscopy) from Atmosphere
Optics, Spectroscopy and Lasers Laboratory described in reference [1, 2, 6] using
a target mainly consisting of silver, containing also iron and nickel impurities.

The target was produced by thermal, mechanical and chemical processes from
silver jewelry that had been previously doped with nickel and iron. Sodium tetra -
borate (Na;B407-10H,0) and sodium borohydride (NaBH4) have been used
during these procedures for cleaning — up the oxides from the target by conversion
of silver cations to atomic state [31, 32]. The other metals in the target
composition (iron and nickel) have also been converted from their ionic state in
oxides and hydroxides into atoms during the mentioned chemical treatment. The
silver target was further cleaned up with sodium bicarbonate (as catalyst) in
presence of aluminum foil (which has sulfur higher chemical affinity) to extract
the eventual sulfur that might had been acquired by the target when in contact
with the atmosphere and when resulted silver sulfide (Ag2S). The silver target has
been ablated using a YG 981E/IR-10 laser system, and the parameters: =10 ns
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pulse width, A=532 nm wavelength, a=45° incident angle and v = 10 Hz pulse
repetition time (Figure 1). The pressure in the deposition chamber was 3-10
Torr. For a better understanding of the processes and phenomena that take place in
the pulsed laser ablation and deposition of thin films using a target made of silver
and containing impurities of iron and nickel, ablation simulation in COMSOL
Multiphysics. Under the study presented in this work, two simulations were
performed: for laser heating of the target including thermal effects in the vacuum
chamber atmosphere and a second one for laser heating of the silver thin film to
evaluate laser damage threshold and damage magnitude under different fluences.
As shown in previous publications [1, 2, 33], Heat Transfer in Solids is the most
appropriate COMSOL module to describe the ablation as a heating effect of laser
irradiation interaction with the target, generating the phase change into liquid, gas
and plasma states.
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Fig. 1. Experimental set-up.
3. Results and discussions

Study of fluid phase influence on thin film morphology

The new model that we introduced in COMSOL for this study calculates and
acquires data for the heat effects from both target surface and volume and in the
deposition chamber environment designed in convenient geometry to best cover
all the areas of interest. Though the previous models [1, 2] take into consideration
the heat loss in the surrounding environment, they do not allow data acquisition
on the thermal effects due to heat diffusion in the surrounding environment,
because of the geometry and the mesh. The results in element finite method — as
the case for COMSOL too — are nodal solutions based on the discretization of a
geometrical structure. Thus, if the previous models are applicable when there is an
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interest only for the heating effects on the target and in the target volume, this new
model provides also information on the temperature developed under heat
diffusion in a certain volume of interest (geometrically designed) from the
surrounding atmosphere. The inconvenient for such complex model consists in the
much longer time needed to process the simulation and the model should be used
only when there is a good reason, in order to optimize the work. Because in this
study there is an interest for the material phase states (reveled by the material
temperatures) during its travel from the target to support, the extended model
presented herein has the role to complete such information and, therefore, its use
is justified. For such purpose, the geometry consists in two rectangular prisms,
one of them representing the environmental atmosphere in the deposition chamber
on the direction of the target, and a second one virtually representing the silver
target covered by a silver layer containing iron and nickel impurities (Figure 2).

(Ni)

(Ag)

Fig. 2. Geometry with materials and mesh for COMSOL simulation

Once the material selected from COMSOL library, all its parameters and
constants are automatically provided. COMSOL provides polynomial functions
on ranges of temperatures only up to the temperature near melting point for
density (873°C for Ag, 960°C for Fe, 1728°C for Ni). Polynomial equations for
the specific heat at constant pressure and for the thermal conductivity are provided
by COMSOL library up to the melting point of each material (1235°C for Ag,
1810°C for Fe, 1728°C for Ni). For higher temperatures, the “nearest function”
was chosen as extrapolation option for each of them. Refractive indexes and
extinction coefficients of each of the materials at initial temperature T= 293.15 K
(only one pulse is simulated) and laser beam wavelength A = 532 nm were
introduced as it follows: nag = 0.054007; kag = 3.4290; nge = 2.8954; kg = 2.9179;
nni = 1.8775; kni = 3.4946 [34]. Laser standard deviations along x — coordinate
and along y — coordinate ox = oy = 168 pm, laser spot center coordinates, pulse
width of 10 ns and laser energies of 100 mJ, 150 mJ and and 180 mJ were
introduced in accordance with experiment. Important preliminary, quick
information about heating effects on the target and in its surrounding environment
in the deposition chamber are provided by 3D and 2D plots generated either as 3D
isosurface plots pre-set in COMSOL or as 2D plots generated based on 3D cut



Influence of the impurities to the composite materials in laser ablation phenomena 229

plans defined by the coordinates appropriate to the area of interest for highlighting
the useful data (Figure 3 and 4). In the 3D plot of isosurface contours (Figure 4)
temperature was set to a minimum of 10° K order for obtaining information about
the magnitude in volume of the heating conditions that favor the plasma formation
on the target and heat transfer in the surrounding environment that allows plasma
state conditions at pulse width of 10 ns, for a laser energy of 150 mJ.
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Fig. 3. 3D Plot representing the Isosurface where heating is high enough to favor the plasma
formation on the target and heat transfer in the surrounding environment

Figure 4. 2D Heating plots in xOy plane at 10 ns when using 150 mJ laser energy: a) on the target
surface; b) at 10 mm height from target; c) at 20 mm height from target

It is evidenced an important amount of plasma phase formation confirmed also by
the 1D plots in Figures 5 and the diagrams in Figures 6. The environmental
heating considers only the heat transfer from the target to the environment and
does not consider the heat transfer between the ablation plume and the
environment when the plume crosses it. However, that would add more heating in
the deposition chamber, the environment temperature conditions on the ablated
plume direction of movement being even more favorable to preserve the plasma
state of the ablated material. The 2D plots at 10 ns for 150 mJ laser energy,
generated based on xOy cut planes on target surface and on planes placed at
different distances (z) from the target surface (Figure 4: b) z= 10 mm and ¢) z =
20 mm) provide the information about target surface heating due to laser
irradiation and heat diffusion and thermal effect in the environment from the
deposition chamber. The simulation shows conditions favorable for melted phase
up to 10 mm distance from the target in the deposition chamber environment
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(Figure 7). This information is important to estimate thermal conditions developed
in the deposition chamber for a phase state evaluation of the ablated material. The
thermal effect is calculated at different energies, i.e. 100 mJ, 150 mJ and 180 mJ —
same as in the experimental study - and for that purpose, a parametric sweep of
100 mJ, 150 mJ and 180 mJ is used in the simulation. 1D plots, based on 3D Cut
Lines across diagonal D; and diagonal D, (Figure 3), have been generated as
phase change diagrams T(d) (Figure 5).
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Fig. 5. Phase change diagrams T(d) on the target irradiated surface after 10 ns for: iron and nickel
at different energies (a) and their co-existing phases at 150 mJ (b); silver at different energies (c)
and its co-existing phases at 150 mJ (d)

The phase change is established in COMSOL based on the temperatures achieved
compared to the melting and boiling points of the materials. Conditions of
ablation at 10 ns (pulse width) after laser ignition are met on an average area of
0.468 mm? for 100 mJ laser beam energy, 0.577 mm? for 150 mJ and 0.617 mm?
for 180 mJ, calculated based on the phase diagrams in Figure 5 and considering
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that ablation includes melted material, gas and plasma. Based on the diagrams in
Figure 5, ratio phases at 10 ns after laser ignition is studied for each of the laser
energy used to irradiate the target (Figure 6). The following observation is to be
noticed: silver from all the three elements in the target is with the most potential
to generate liquid phase, followed by iron and nickel (“Phase rate per element”
Figure 6).

Pha
(a)
100%
80%
60%
40%
20%
Fe

Liquid Phase = Plasma& Gas Phase Liquid Phase ™ Plasma& Gas Phase Liquid Phase ~ wPlasma& Gas Phase

Element rate out of each phase

(b Phase rate out of total ablated material (C) 150 mJ, 10 ns

150 mJ, 10 ns

se rate per elem
150 mJ, 10 ns

nent
86,3
i 63,
100.00 100,00 - 950
50.00 Y 2559 50,00 4 P &5 ‘
! .67 004 045 (| 0.5 176
Ag i

0.0 0.00 +

0
Ni Fe Ni Ag Fe

Fig. 6. Study of phases fractions during ablation, for t =t = 10 ns, based on COMSOL simulation.
(a) Phase rate per element developed during laser ablation at 150 mJ on COMSOL simulation; (b)
Phase rate out of total ablated material based on COMSOL simulation; (c¢) Element rate out of
each phase during ablation to different energies based on COMSOL simulation.

In Fig. 6 the calculation was made based on the results obtained in COMSOL
simulation: dj,[mm] is the size of the liquid phase developed for each element on
the irradiated spot diagonal; des[mm] is the size of the gas &plasma phase
developed for each element on the irradiated spot diagonal; dapi[mm] is the total
ablated size on the irradiated spot diagonal for each element. The phase rates
(Figure 6 a) were calculated as it follows: %ligsim represents the percentage of
liquid phase resulted out of total ablated phase of each element (liquid + gas &
plasma) based on the simulation; %gassim represents the percentage of gas &
plasma phase resulted out of total ablated phase of each element (liquid + gas &
plasma) based on the simulation for each element. Phase rate out of total ablated
material (Fig. 6 b) is the phase rate corrected based on the initial elemental
composition of the target using the following formulae, where %EDS is the target
initial elemental composition %liqas1 represents the percentage of liquid phase of
each component (element); %gasap represents the percentage of gas & plasma
phase of each component (element). The element rate (%Me) out of each phase
(ligwt and gaswi), 1n Figure 6¢, was calculated as it follows:
%Me/liqwo=(%liqabl/ Totaliiq)*100 represents the percentage of each element
component out of the total liquid phase; %Me/gasw=(%gasapl/Totalgas)*100
represents the percentage of each element component out of the total liquid phase.
Based on the target elemental composition analyzed in EDX, as silver is the
majoritarian component (89.25%), the most contributing to the ablated liquid
phase is the silver liquid state (97.15% for laser beam energy of 100 mJ, 98.09%
for 150 mJ, and 98.46% for 180 mJ), as Figure 7 shows. Also, from the total
ablated material in liquid and gas/plasma state, silver liquid state represents
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around a quarter (28.15% when target irradiated with 100 mJ laser beam energy,
25.59% for 150 mJ, and 23.24% for 180 mJ laser beam energy), as it states in Fig.
6. The thermal effects resulted in the simulation reflect the influence of
nonhomogeneous composition of the irradiated material. In addition to the optical
properties of each component (absorbance, reflectivity, heat capacity, etc.) that
influence laser heating and heat diffusion, other effects and processes occur, such
as thermal equilibrium at contact regions of the components where heat exchange
takes place [2]. The phases of each element resulted during target ablation under
laser irradiation are the sources for the film that will be accumulated on the
support and they will be influenced by the temperature in the atmosphere from the
deposition chamber. As noticed in the preliminary observation regarding thermal
effects in the surrounding environment of the target (3D plots and 2D plots from
Fig. 3 and Fig. 4, respectively), significant heating is noticed in the target
neighborhoods due to the heat diffusion. For a better evaluation of the thermal
effects in the deposition chamber atmosphere, 1D plots of temperature variation
with the distance from the target, are generated (Fig. 7).
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Fig. 7. Thermal effects in the deposition chamber target surrounding atmosphere in (x, y, z) = (0,
0, z) and z € [0, d] and d=20 mm (distance between target and support)
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The nodes to collect results were appointed as (X, y, z) = (0, 0, z), meaning that x
and y are set in the spot center and z is along the vector normal on the target
surface pointing to the support surface. The range for z is set as per experimental
set-up of the target and support, z € [0, d] where d is the distance between target
and support and d = 20 mm. The step time to acquire data is 1/25, but only the
plots at 10 ns and 20 ns after laser ignition are presented herein to observe the
thermal effect due to pulsed laser irradiation (10 ns, the pulse width), and the
thermal effect due to heat diffusion (20 ns after laser ignition, when the heat
sourced by laser power dissipates into the volume of surrounding media). The
simulation provides information about fluid phase developed during ablation and
deposition. Fluids are susceptible to enter into instabilities generated under
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different perturbing phenomena leading to break-ups into their flowing mass.
Droplets noticed in SEM images on the deposited films, but also on the target are
the evidence that PRI, RTI and RMI have been developed during ablation and
plasma plume movement from target to the deposition support. Splash crown
effect is also noticed on the SEM images (Figure 8 a-d) of the thin layers obtain at
the higher energy (180 mJ) as ring shaped droplets compared to the pearl shaped
droplets obtained at lower energy (100 mJ). These instabilities are based on the
induced perturbing phenomena such as electromagnetic field of laser beam for the
first 10 ns, the electric field of the diffusion current generated by the charged
carriers (ions in plasma) during their motion and the phase states developed
during ablation and evidenced in the numerical simulation in COMSOL

Figure 8. Compared SEM images of droplets on the thin films A (180 mJ) and B (100 mJ): (a)
Sample A (180 mJ) 500x; (b) Sample A (180 mJ) 5kx; (c¢) Sample B (100 mJ) 500x; (d) Sample B
(100 mJ) Skx

Study of damage threshold and damage magnitude

A second simulation in COMSOL was conducted for this study to compare
numerical results with SEM analysis in order to determine either damage
threshold and damage magnitude can be numerically anticipated. The simulation
corresponds to laser irradiation of the experimentally produced and analyzed
sample C. Laser parameters are the same as for the experimental study of damage
threshold, using a parametric sweep for energies. For the purpose of simulation,
the Heat Transfer in Solids module and equations as per Cocean et al, 2017 [1, 2]
were used to model the heat source, as presented before. The aim of the study
being to determine the heating of the target, the model is set this time only for the
target with the corresponding geometry and mesh [1]. Geometry was set up
consisting of a cylinder (disc) covered by a layer. EDX analysis of the film
deposited showed that its content in silver is almost 100%. For that reason, the
material added to the geometry is only silver. The silver layer of 240 nm is
virtually deposited on a glass slab of 50.8 mm diameter and 20 mm thickness. The
melting point is considered the starting temperature when the ablation conditions
are met. In order to quantify the computed damage magnitude, the distance on
abscise (corresponding to the distance on the diagonal in Figures 9 a-b) is
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measured for temperature higher than melting point of Silver (1239 K). Also, the
results of the simulation show that melting condition is not met on the back side
of the layer (Fig. 9 b) at any of the fluences used in experiment and that means no
damage goes through all the layer thickness.
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Figure 9. COMSOL results of layer heating under pulsed laser irradiation: (a) phase change
temperature conditions on laser irradiated surface at different laser irradiation energies; (b) thermal
effects on layer back side surface under laser irradiation at different energies

Table 1
Experimental versus simulated results
Energy Density of energy Threshold radius size (um)|  Threshold radius size (um)

(mlJ) (J/em2) Experimental (SEM) COMSOL
20 mJ 45.11 - -

25 mJ 56.39 138.42 pm 140 um
35m] 78.95 195.44 pm 191 um
40 mJ 90.22 210.56 pm 209 um
45 ml] 101.50 216.08 um 223 ym
65 mJ 146.61 266.48 um 263 um
80 mJ 180.45 287.72 pym 283 um

The threshold represents in this case the pulsed laser fluence or density of energy
in J/cm?that induces damages on the thin layer. The threshold, magnitude of
measured and simulated damages are compared and listed in Table 1. For the
threshold, the standardized areca was used and that is calculated with the formula
A=0.5mr? where r =168 pm is the laser spot radius [1, 2, 35]. Threshold starts
right after 45.11 J/cm? density of energy. Magnitude of damages evolution with
density of energy would be the fitting exponential line The experimental size of
the damages on the thin layer resulted under pulsed laser irradiation were
measured on the SEM images (Figure 10).
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areas on the Silver layer surface

Figure 10. SEM images of the laser irradiated dafnag

4. Conclusions

The study on the nonhomogeneous target consisting of silver with
impurities of iron and nickel under pulsed laser irradiation during PLD method
provided important information as to the composition and morphology of the
resulted thin layer and to the plasma plume of ablation. Fluid break — up due to
the Plateau — Rayleigh, Rayleigh — Taylor and Richtmyer — Meshkov instabilities
have been observed due to their effects in droplets and crown splash formation..
Understanding the instabilities that occur at interfaces of the fluid states generated
during ablation and plasma plume motion from target to the support are important
for a better set up of parameters and conditions of work to achieve the desired
results for the pulsed laser deposited thin films. COMSOL simulations assisting
the experimental work conducted for the study presented herein provide
supplementary information for a better understanding of the phenomena that occur
during ablation and deposition under pulsed laser irradiation applied to a
nonhomogeneous target. The numerical model developed in COMSOL to
simulate laser heating in our previous published work [1, 2] has been further
extended in order to acquire numerical results for environmental space
surrounding the target in the deposition chamber. The extended numerical model
presented herein requires a very long time to process the data and it is
recommended only when environmental heating is relevant for the study.
Otherwise, the initial model is the recommended when only heat effects on the
target are to be studied. Damage threshold and damage magnitude induced by
laser irradiation in the deposited layer is also studied and the results are found to
be similar in both experimentally work and simulation in COMSOL, making the
numerical model developed in COMSOL reliable for such preliminary estimation
of laser damage threshold.
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