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ABSTRACT 

Laser has been widely applied in the science and industry fields because of the 

good spatial and temporal coherence and narrow spectrum. And the spatial confinement 

is common in the laser-assisted manufacturing field and it results in the change of the 

manufacturing process. However, due to the short time duration and high energy, the 

underlying physics is hard to be probed by experiment. Molecular dynamic (MD) 

simulation is employed to investigate the phenomenon related to the spatial confinement 

which includes the shock wave, wall confinement in cold sintering and laser induced 

breakdown spectroscopy (LIBS) enhancement and the tip confinement in surface 

nanostructuring. 

 

Existence of the shock wave affects the phase change and stress wave 

development and propagation significantly. It suppressed the bubble growth and 

shortened their lifetime. No effect from shock wave on the stress wave in solid was 

observed. The absorption depth and laser fluence played important roles in the stress 

wave formation and evolution. Secondary stress wave in the target occurred because of 

the ablated cluster re-deposition. 

 

The final cold-sintered structure was found to be nanocrystalline. Smaller 

nanoparticles were easy to reconstruct, but the final structure was more destructed, and 

structural defects were observed. For larger particles, the final cold-sintered structure was 

partially nanocrystalline. The orientation-radial distribution function (ODF) was 

developed to investigate the degree of orientation twisting. It was proved to be more 
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comprehensive than radial distribution function (RDF) in structure analysis for the 

additional angle information it provides. 

 

Spatial confinement was found effective in improving the sensitivity of laser-

induced breakdown spectroscopy (LIBS). The temperature, pressure and number density 

of the shock wave were observed to increase dramatically immediately after the reflection 

from the wall. The reflected shock wave and the forward-moving shock wave had a 

strong collision, and such an atomic collision/friction made the velocity of the shock 

wave decreases to almost zero after reflection. A temperature rise as high as 218 K was 

observed for the shock wave front after the wall reflection. More importantly, the 

temperature of the plume is enhanced dramatically from 89 K to 132 K. Also this high 

temperature was maintained for quite a long time. This explains the sensitivity 

enhancement in the spatial confinement of LIBS. 

 

Nanoscale-tip based laser surface nanostructuring is a promising technique for 

ultrahigh density data storage and nanoelectronics industries. The phase change (e.g. 

melting, phase explosion, and solidification/re-crystallization) within the tip-substrate 

region is extremely confined at the scale of a few nm. Such extreme domain constraint 

could significantly affect the structuring process and the tip apex profile. On the other 

hand, little is known about this extremely confined phase change by both computer 

modeling and experiment. In this work, systematic atomistic modeling is employed to 

explore the tip-confinement effect on the surface nanostructuring. Material ablation is 

trapped by the tip and the number of atoms flying out from the substrate decreases due to 
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the tip-confinement. Although large atom-clusters are observed in tip-free scenario, no 

such clusters are observed in tip-based surface nanostructuring. This is favorable for 

making nanoscale surface structures. Tip apex oscillation occurs because of its interaction 

with the substrate. The effect of tip-substrate distance and laser fluence on the surface 

nanostructuring is investigated in detail. The profile of the cone-shape crater in the 

substrate is not affected much by the tip-substrate distance. Instead, the laser fluence 

plays a dominant role in the final crater shape. The protrusion around the crater is 

affected by both the tip-substrate distance and the laser fluence. For the case of tip-

substrate distance d= 7 nm, the protrusion is flatter but wider than d= 1 nm and 2 nm. The 

tip-confinement also affects the recrystallization process after laser heating. The 

recrystallization time is longer for the case with tip confinement due to the interaction 

between the tip and the substrate. The tip apex is distorted during laser ablation. Both the 

tip-substrate distance and the laser fluence play import roles in the distortion. For the case 

of laser fluence E= 10 J/m
2
, the tip apex is reshaped to be blunt. The nanotip-laser 

interaction (near-field focusing) could change negatively due to the tip-apex reshaping, 

and this change will induce undesirable surface nanostructure change. Although the tip-

substrate confinement significantly prolongs the solidification/recrystallization process in 

the substrate, it has little negative effect on the defects formed in the nanostructuring 

region.  
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CHAPTER 1. INTRODUCTION 

1.1. Effect of shock wave on phase change and stress wave in pico-second laser-

material interaction 

Over the last few decades, interaction between material and ultrafast pulsed lasers has 

captured significant attention because of the wide applications of ultrafast lasers in matrix 

assisted laser desorption (MALDI) [1], laser surgery, microfabrication, pulsed laser 

deposition (PLD) [2-7] etc. Laser material interaction is an extremely complicate process 

involving optical absorption, mechanical stress generation and propagation, melting, 

vaporization, and solidification. When the incident laser energy is high enough for a specific 

material, phase explosion takes place. And when laser material interaction happens under an 

environment with ambient gas instead of vacuum, a shock wave could form. Numerous 

simulation and experimental studies have been carried out to investigate the above problems. 

Song et al. [8] used nickel as the specimen to study the laser fluence threshold for phase 

explosion. In their work [9, 10], it was discovered that extra time is needed for phase 

explosion to happen and the time lag is around a few nanoseconds under experimental 

conditions for nickel irradiated by a KrF excimer laser with a wavelength of 248 nm and a 

pulse width of 25 ns. In the molten region, nucleation and bubble growth during laser and 

material interaction has been experimentally explored by Park et al. [11] and Yavas, et al. 

[12]. Experimental studies about plume structure, dynamics and evolution have also been 

reported [13, 14]. 
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Accompanying the substantial experimental work, a large amount of simulation work 

at atomic level has been devoted to obtaining insight into the underlying physics of laser 

material interaction. Owing to the rapid development of computer technology, the number of 

atoms that can be studied in simulation has increased dramatically. In one outstanding work 

by Zhigilei et al. [15], the influence of laser irradiation parameters like laser fluence, pulse 

duration, and initial temperature of the sample on laser ablation is studied systematically and 

dynamics of plumes are described in detail. Zhang and Wang explored the long-time material 

behavior in nanosecond laser-material interaction by using large-scale hybrid atomistic 

macroscale simulation [16]. Other simulation work about the ablation plume and ejected 

clusters, evaporation and condensation can be found in literatures [13,17-18].  

 

The existence of background gas can significantly affect the dynamics evolution of 

gas environment, the ablated plume and specimen during laser ablation. Simulation about 

plume propagation in vacuum and background gas has been reported [19]. Nanoscale shock 

wave results from the interaction between ejected target atoms and ambient gas. Details of 

such shock wave behavior can be seen in Feng and Wang’s work [20] and visual evidence is 

provided by Porneala and Willis [21]. Gacek and Wang [22] gave a detailed description of 

the shock wave dynamics and evolution. Other phenomena related to shock wave such as 

mutual mass penetration and secondary shock wave have been explored. [22-25] 

 

Voids and bubbles in the molten region are also great concerns for researchers since 

they are directly related to the phase change process and final surface quality. Zhigilei et al. 

[15] systematically discussed the reason for nucleation and spallation. The tensile stress 
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generated in laser ablation and the material’s ability to withstand the tensile stress is pointed 

out to be the key for material fracture. 

 

Although laser material interaction has been investigated widely, there still remain 

some interesting things uncovered. This work studies bubble lifetime and evolution process 

under the effect of shock wave. Emphasis is placed on the investigation of physical 

parameters such as stress, temperature and atom number density contour. Furthermore, the 

effect of ambient gas on stress wave generation and propagation in the solid is studied in 

detail. 

 

1.2. Structure evolution of nanoparticles under pico-second stress wave consolidation 

As a byproduct of laser ablation, the high speed plume gives rise to shock wave in the 

ambient gas. A transparent overlay was placed on the sacrificial material and specimen to 

induce a shock wave propagating downwards toward the specimen. Laser-induced 

compressive stress waves have the potential to compress micro/nanoparticles to form the 

desired structure. Zhang et al have reported the microscale effects of laser shock wave used 

to obtain the desired residual stress patterns in microcomponents [26, 27]. And Molian et al 

have confirmed that the laser shock wave process can help with generating a strong, wear 

resistant, durable composite coating on aluminum [28]. In the past, laser shock peening 

(LSP) has been employed as a surface treatment of metals and was widely applied for turbine 

engine components. It has the advantage of improving surface properties of metallic 

components by introducing compressive residual stresses. Peyre et al found that the pitting 

corrosion resistance of 316L steel was improved after laser peening [29]. Lin et al discovered 
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that the combination of laser sintering (LS) and LSP contributes to better fatigue 

performance [30]. Finite element analysis has been applied to simulate the LSP procedure 

[31-33]. 

 

The interaction of nanoparticles with incident lasers is of great importance in the 

manufacturing field. Selective laser sintering (SLS) sinters powders of microscale in a layer-

by-layer style. Nanoparticle additive manufacturing has been proposed by Nair et al as a 

novel solid freeform fabrication process [34]. In laser sintering, particles/powders will be 

melted, and then solidify to form a consolidated part. For environment or substrate that 

cannot sustain such high temperature (melting point of the powder), it becomes challenging 

to sinter powders on a substrate without severely damaging it. 

 

A new laser-assisted low-temperature consolidation method is come up with 

numerically. Laser irradiation is employed to generate the stress wave to compress the 

nanoparticles to achieve cold sintering. Cold sintering has advantages of consolidating 

powders of weak laser absorption or difficult to melt, or sintering nanoparticles on a substrate 

that cannot sustain a high temperature. We intend to investigate the various physical 

processes during stress wave-induced consolidation, in anticipation to unveil how the 

nanoparticle structure evolves to become dense. 
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1.3. Shock wave confinement-induced plume temperature increase in laser-induced 

breakdown spectroscopy 

Laser-induced breakdown spectroscopy (LIBS) is a technique developed for element 

analysis with a laser serving as the excitation source. The wavelength of the electromagnetic 

irradiation from the excited plasma at high temperatures is analyzed selectively for the 

presence of analytes and the intensity is proportional to their content concentration in the 

sample [35-38]. In the past decades, LIBS has been developed into a mature technology and 

is widely used in multi-component analysis of element composition [39, 40], cultural heritage 

in-situ investigation [41, 42], steel manufacturing industry [36, 43], environmental 

monitoring [44] etc. 

 

All of the analyses are carried out based on the frequencies of the emitting light from 

the elements when it is excited to a sufficiently high temperature. Several factors, such as the 

plasma excitation temperature, the light collection window and the line strength of the 

viewed transition affect the sensitivity and accuracy of LIBS. A lot of works have been 

devoted to improving this technique. All the experimental components in LIBS can be made 

to be miniature and portable. And a large number of works are carried out to make this 

technique reliable and rugged in the standoff and in-situ analysis [45-48]. Dual pulse LIBS 

was proposed as a way to overcome the shortcoming of poor sensitivity of the conventional 

single pulse LIBS by increasing the efficiency of the production of analyte atoms in the 

excited state [49-52]. At the same time, the combinations of lasers of different wavelengths, 

pulse sequence and pulse width were investigated for the optimal performance in LIBS [53-

55]. Long nanosecond pulses were discovered to be more favorable for the LIBS application 
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due to the relatively slow heating of the plasma, causing a larger and less-dense plume and 

therefore fairly intense and less broadened emission lines [56, 57].
 

 

Recently, spatial confinement has captured a lot of attention from researchers. It was 

found effective in increasing the plasma shock wave pressure [58]. Plasma temperature 

increase and enhanced emission intensity were also observed [59-62]. Different spatial 

confinement shapes have been studied in Lu’s group, which include a pair of parallel walls 

[59], a pipe [60], and a hemispherical cavity [61]. A temperature rise as high as 3600 K was 

reported by their group in the Mn element analysis excited by the KrF excimer laser with the 

sample trapped in a hemispherical cap. The compression of the plasma by the reflected shock 

wave was found to account for the increase of the plasma temperature. Consequently, it leads 

to great sensitivity improvement of LIBS. 

 

In spite of the interesting spatial confinement phenomenon and the significant 

temperature and intensity enhancement, little work has been done to unveil the underlying 

physical mechanism in the sensitivity enhancement. Molecular dynamic (MD) simulation is 

employed in this work and a potential wall boundary condition is adopted to simulate the 

wall confinement. A comparison of the confinement case (with potential walls) and free-

space case (without potential walls) is made, in an attempt to uncover the energy conversion 

process and the enhancement physics. 
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1.4. Material behavior under extreme domain constraint in laser-assisted surface 

nanostructuring 

Surface nanostructuring is an active research area in the last decades because of its 

promising application in high-resolution nanolithography, ultrahigh density storage, 

nanoeletronics, and nanophotonics etc. [73] Nowadays, miniaturization is the trend of the 

electronic and mechanical devices. However, the traditional maskless manufacturing 

techniques are challenged by the diffraction limit. To meet the needs in industries, great 

effort has been devoted to the development of scanning probe microscopy (SPM) techniques 

[74-76] which enable ultrahigh surface imaging and characterization [77-80] as well as 

surface modification at the molecular level. [73] 

 

SPM, which measures the surface topography and properties by scanning the 

specimen, is a wide spectrum of microscopy techniques including near-field scanning optical 

microscopy (NSOM) [81, 82], scanning tunneling microscopy (STM) [83], and atomic force 

microscopy (AFM) [78, 84] etc. There are two modes of NSOM, the aperture mode and the 

apertureless mode. The combination of laser illumination and a sharp tip (tungsten tip, probe 

of AFM etc) yields the apertureless near-field scanning optical microscopy. A resolution as 

small as 1 nm has been declared for the apertureless mode. [85, 86] For surface 

nanostructuring, processing structure down to 10 nm has been accomplished. [87-89] And 

field enhancement [90-94] at the nanoscale and the thermal expansion of tip [95-98] are 

observed in this apertureless mode. Lu et al. demonstrated that the field enhancement and the 

mechanical indentation resulting from the AFM tip can be applied effectively in the surface 

nanostructuring in their works. [99, 100] 
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Not only is the combination of laser and the AFM tip applied in the surface 

nanostructuring, but also used in the near-field technique, surface enhanced Raman scattering 

(SERS) [101-103] and tip enhanced Raman scattering (TERS) [104-107]. Raman spectrum 

arises from the vibrational frequencies of molecules and provides material information which 

is particularly valuable in chemistry. [108] Combined with the near-field technique, tip 

enhanced Raman scattering (TERS) has become a powerful tool for material analysis at the 

nanoscale. Considering the close distance between the tip and the substrate which may result 

in measurement instability, the thermal expansion of the tip and substrate has been studied 

extensively. [109, 110] Chen et al employed the finite element method (FEM) to simulate the 

electromagnetic field of the tungsten SPM tip and silicon substrate system under laser 

irradiation. [111] Tip-substrate distance effect and the optimum tip apex radius for different 

half taper angles are declared. Yue et al. explored the thermal transport at sub-10 nm scale 

with different polarization angles of the incident laser in their experiment and simulation. 

[112] A temperature rise as high as 250C on the silicon substrate for polariation angle of 15 

and 30 was reported in their work. 

 

Molecular dynamics (MD) simulation is helpful in understanding the underlying 

physics from the molecular level. It has been widely applied in exploration of the physical 

mechanisms in laser-material interaction. [7, 70, 113, 114] Wang studied the thermal and 

mechanical behavior in surface nanostructuring with laser-assisted STM. [25] The 

solidification and epitaxial growth [68], the molecular weight and density of the ambient gas 

[115] have also been studied in surface nanostructuring. Feng et al. explored the shock wave 
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in near-field laser material interaction and the kinetic and physical properties of the shock 

wave was revealed. [20] 

 

The aforementioned MD simulation works provide great understanding of the 

physical phenomena of melting, crystallization and the environment effect. However, they all 

exclude the effect of the tip-confinement. Considering the close distance between the SPM 

tip and the substrate which is at the molecular level, the effect of the spatial confinement of 

the tip apex may result in more complicated physical phenomena in surface nanostructuring. 

Also this knowledge will help understand how and to what extent the tip apex could be 

damaged by surface nanostructuring. In this work, a nanoscale size tip needle is included to 

study the tip-confinement effect in the surface nanostructuring process. The tip-substrate 

distance and the laser fluence’s effect are studied in detail. Also tip-apex distortion is studied 

under different nanostructuring conditions. 
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CHAPTER 2. EFFECT OF SHOCK WAVE ON PHASE CHANGE AND STRESS 

WAVE IN PICO-SECOND LASER-MATERIAL INTERACTION 

In this chapter, voids lifetime and evolution process under the effect of shock wave 

are studied. Emphasis is placed on the investigation of physical parameters such as stress, 

temperature and atom number density contour. Furthermore, the effect of ambient gas on 

stress wave generation and propagation in the solid is studied in detail. In Section 2.1, the 

methodologies will be first introduced. The laser energy absorption manner and boundary is 

specified. Section 2.2 provides MD simulation results which include the atomic snapshots, 

the temperature and stress contour. Voids dynamics and stress wave evolution are analyzed 

systematically as well. 

 

2.1. Methodologies 

Since argon has simple face-centered cubic (fcc) crystal structure and the interaction 

between atoms can be precisely and conveniently described by the Lennard-Jones (12-6) 

potential, it has been selected as the object to investigate laser ablation and shock wave in a 

lot of literatures [16, 22, 24]. In this work, for simplicity, we also choose argon as the crystal 

material to study and adopt a model similar to Gacek and Wang’s paper [22], as shown in 

Fig. 1(a). 

 

2.1.1. Simulation model 

Shock wave can only form when there exists ambient gas around the crystal target 

which is going to be irradiated by a pulsed laser. Given our purpose is to study the effect of 

shock wave on other dynamics problems, and to save the computation cost, we choose argon 
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as the ambient gas but at the same time we make some modifications to the Lennard-Jones 

potential to describe the interaction of gas atoms. The original Lennard-Jones (12-6) potential 

is expressed as 

   
12 6

4 / /ij ij ijr r     
  

 (1) 

where the first term on the right represents the repulsive force potential and the 

second one is for the attractive force potential. We only consider the repulsive force in the 

interaction of gas-gas atoms and gas-target atoms while take both repulsive and attractive 

forces into account in the target-target atoms interaction.  and σ are well depth and 

equilibrium separation parameter for the LJ potential, which are set to be 1.653×10
-21

 J and 

3.406 Å respectively. rij in the above equation denotes the pair separation that can be 

expressed as rij=ri-rj. 

 

Fig. 2.1 Illustration for domain construction and incident laser irradiation. (a) Blue region is 

the target and the red regions are the gas atoms. Laser irradiation is in the negative z 

direction. (b) Schematic of laser intensity distribution. 
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In this model, argon lattice constant is 5.414 Å. The computation domain contains 

337500 atoms and measures 32.5×2.7×3627 (nm) (x×y×z). Figure 1(b) shows the incident 

laser beam intensity distribution with full width at half maximum (FWHM) 11.5 ps peaked at 

9 ps. In order to simulate the situation where the material exposed to a gas environment is 

irradiated by a laser pulse and eliminate the surface effect, we set the boundaries in x, y and z 

directions periodical. MD simulation work in this article is performed with the LAMMPS 

package [63]. The equilibrium temperature chosen for this MD simulation is 50K and the 

time step is set to be 25 femtoseconds. The cutoff distance is chosen as 2.5σ. Before laser 

irradiation is applied, the whole system is thermostated and equilibrated at 50K for 3.75 ns 

by running as a canonical (NVT) ensemble. After that, we run the whole system as a 

microcanonical (NVE) ensemble for 250 ps. When thermal equilibrium is reached, pressure 

of the ambient gas is approximately 0.23 MPa. Because this work is to describe and study the 

phenomena related to shock wave, there is no need to make the ambient gas pressure equal to 

1 atm. Other specific details about the modeling can also be found in papers [22,24]. 

 

2.1.2. Laser energy absorption manner and non-absorption boundary condition 

After equilibrium calculation, laser heating is applied on the target in the negative z 

direction and is absorbed volumetrically in the target. To perform it, the target is divided into 

a group of bins with equal thickness of 𝛿𝑧. For each time step, the incident laser energy is 

absorbed exponentially and can be expressed as [22] 

 0 01 exp( / )zE E      (2) 

where  is the adjusted real optical absorption depth and calculated as =·ρ0/ρ1. ρ0 

and ρ1 are the density for bin and whole target respectively. is an artificial absorption depth. 
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To add the absorbed energy into atoms within each bin, we scale the velocities of atoms by a 

factor of [22] 

2 2 2

1 ,1 1 ,2 2 ,3 31 / 0.5 (( ) ( ) ( ) )N

i i i i iE m v v v v v v 
         

 (3) 

where vi,j and vj are the velocity of atom i and the average velocity of atoms in each 

target bin in x, y, z directions. The new velocity for atom i is calculated as  

'

, ,( )i j i j j jv v v v     (4) 

Laser induces the generation and propagation of stress wave. Once the stress wave 

reaches the target bottom, it will be reflected and become tensile stress propagating towards 

the irradiation surface. When tensile stress exceeds what the material can support, fracture of 

material will occur. With further propagation, the stress wave can possibly reach the vapor-

gas zone and finally affect shock wave and other related phenomenon. To get rid of the 

artifact from stress wave reflection in the target, an external force is added to a specified 

bottom layer which is approximately 10 Ǻ thick. This stress terminating force is calculated as  

t

v c A
F

N

   
   (5) 

where ρ represents density of the designated bottom layer, v the atoms average 

velocity corresponding to each time step in the layer, c the propagation speed of stress wave 

which is approximately 1333m/s [7], and A denotes the area normal to the incident laser 

beam. N is the number of atoms within the bottom layer at each corresponding time step. Our 

work[7, 22] has proved the validity of this method. During our MD simulation, atomistic 

snapshots and the velocity plots are examined. No movement of the target is observed and 

stress wave is not reflected by the bottom. This means the procedure of adding force is 

effective in eliminating the undesired stress wave reflection at the back boundary. 
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2.2. Results and Discussion 

Firstly, the general pictures of the shock wave evolution and phase change is 

presented. Afterwards, the voids dynamics is investigated. Right after that, the effect of the 

laser fluence and ambient gas is taken into consideration. The re-deposition of the ejected 

clusters and the stress wave in the target are discussed in the last two parts of this chapter. 

 

2.2.1. General picture of phase change under shock wave 

The case with a laser fluence of 3 J/m
2
 and ambient gas pressure of 0.23 MPa is 

chosen to describe phase change under the existence of shock wave. Figure 2.2 shows the 

shock wave evolution. Figure 2.2(a) is for case E= 3 J/m
2
 and = 5 nm, and Figure 2.2(b) is 

for E= 3 J/m
2
 and = 15 nm. In Fig. 2.2(a) the incident laser beam causes material to 

evaporate violently because its energy intensity exceeds the material ablation threshold. 

Quickly after the laser pulse stops at t= 40 ps, thermal expansion is predominant and a large 

number of atoms escape from the target surface because of high pressure from intense phase 

explosion. The ejected plume moves in a speed higher than sound velocity, and serves like a 

piston to compress the ambient gas and finally leads to the formation of an evidently strong 

shock wave at the nanoscale. 
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Fig. 2.2 Snapshots for shock wave formation and dynamic evolution. (a) Incident laser 

fluence E= 3 J/m
2
 and the absorption depth  is 5 nm; (b) E= 3 J/m

2
 and = 15 nm. Red dots 

in the atomistic snapshots represent the gas atoms while black ones are for target atoms. 

Dense red region is the shock wave front, as shown by the dot line in the figures. The shock 

wave is less visible for = 15 nm than that for = 5 nm. A big bubble exists in figure (b) from 

0.5 ns to 1.0 ns. 

 

For E= 3 J/m
2
 and = 5 nm, the phenomenon of laser material ablation is similar to 

that in vacuum at the beginning as illustrated in the atomic configuration part of Fig. 2.8. The 

sound explanation is that the plume mass and density are prominently larger than those of the 

ambient gas at the very onset of laser ablation. The impact of background gas can be 

neglected compared with plume expansion. Nanoparticles account for a large portion of the 

ejected plume near the surface region. With time going by, plume with high energy 

penetrates into the background gas continuously. The co-existence region of gas and target 

atoms expands. An increasing amount of ambient gas will be trapped in the shock wave front 

and finally strong repulsion from the background gas prevents the ejected plume from 

Shock wave front 

Shock wave front 

(a) (b) 
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propagating in space. From Fig. 2.8, it is obvious that the ejected layer of targets are in front 

of that without gas for t= 0.07 ns and t= 0.08 ns. Comparison among the process at 2 ns, 3 ns, 

and 4 ns in Fig. 2.2(a) demonstrates that the plume is stopped from propagating forward and 

slightly moving backward started from 3 ns. Thermalization of plume occurs during this 

period of time. Part of plume’s translational kinetic energy is converted into its thermal 

energy. Figures 2.5(a) and (b) are spatiotemporal temperature contours for E= 3 J/m
2
 and = 

15 nm and E= 3 J/m
2
 and = 5 nm. The slope line represents the moving of shock wave. 

There is a temperature rise in the place where the shock wave travels. The ambient gas 

significantly reduces the velocity of the expansion plume and the speed of the leading shock 

wave front decreases from 550 m/s at 0.5 ns to 360 m/s at 3 ns for E= 3 J/m
2
 and = 5 nm. 

The curved temperature profile in Figs. 2.5(a) and (b) also indicates this speed decrease. 

Detailed discussions about Fig. 2.5 will be provided later in this work. 

 

The thermodynamics properties including density, temperature, pressure and velocity 

of the shock wave front changes dramatically during its propagation. At 0.5 ns in Fig. 2.2(a), 

a dense red region is already distinguished, which represents the shock wave expansion front. 

The front of shock wave has the highest density, and the density becomes smaller towards the 

plume-gas interface. The velocity, temperature and pressure show the same trend as density. 

Detailed analysis can be seen in our previous work [22, 23, 24]. This work will present these 

parameters with contours in a longer time scale within the whole simulation space to give a 

more in-depth analysis in the following part. 
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The laser absorption depth can be varied to control the energy absorption style in the 

target. When the absorption depth is increased from 5 nm to 15 nm, the phenomenon of 

phase change under shock wave is dramatically different from that before. Details are shown 

in Fig. 2.2(b). There is still a plume generated from laser ablation. However, because fewer 

atoms are ejected out, the plume is much less visible as shown by the comparison between 

(a) and (b) in Fig. 2.2. The dark red region that represents the shock wave is barely 

distinguished in Fig. 2.2(b). It is found at t= 0.5 ns, the shock wave front velocity decreases 

from 550 m/s at = 5 nm to 290 m/s at = 15 nm, although it is still larger than the local 

sound speed of 132 m/s in the ambient gas. Because of the low energy gained by the shock 

wave for = 15 nm, the plume and the dark red region will dissipate soon in the ambient gas. 

Interestingly, when the laser absorption length is set to be 15 nm, a large bubble is observed 

during the time 0.5~1.0 ns. The dynamics of bubbles evolution in the molten region will be 

discussed in detail in the next section. 

 

2.2.2. Phase change and bubble dynamics in molten region 

In essential, bubbles are fracture or spallation in material during laser-material 

interaction. Figure 2.3 depicts the bubble evolution. Figure 2.3(a) is for case E= 3 J/m
2
, = 15 

nm, with ambient gas; Figure 2.3(b) is for the case E= 2.5 J/m
2
, = 15 nm, ambient gas is 

included in this model; and Figure 2.3(c) for the case E= 3 J/m
2
, = 15 nm, without ambient 

gas. As illustrated in Fig. 2.3(b), at the end of laser irradiation (0.04 ns), voids are hardly 

visible. Only the solid and molten regions can be distinguished. However, when it comes to 

0.10 ns, 60 ps after the laser irradiation, several bubbles are observed. They nucleate and 

grow, and then collapse soon. 
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Fig. 2.3 Snapshots of bubble evolution: (a) E= 3 J/m
2
 and = 15 nm with ambient gas. (b) E= 

2.5 J/m
2
 and = 15 nm with ambient gas. During 0.04 ns-0.32ns, bubble formation, growth 

and collapsing process is demonstrated. (c) E= 3 J/m
2
 and = 15 nm without ambient gas. In 

order to have a close view of the bubble dynamics, only atoms within the 350-420 nm range 

in the z direction are plotted. 
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Zhigilei and Garrison [64] pointed out that the tensile stress resulting from the 

interaction of laser-induced pressure with the free surface is the main reason for bubble 

formation. It takes time for tensile stress to propagate along the irradiation direction and 

reach certain depth, where the maximum tensile strength exceeds the material’s limit and 

consequently bubble formation is observed. In addition, the ability of material to support 

tensile stresses depends on temperature [65, 66]. The tensile strength limit for a material 

decreases as the temperature approaches the melting point. Figure 2.7 shows the atomic 

snapshots and stress wave for case E= 3 J/m
2
, = 15 nm. Clearly, tensile stress does not attain 

the maximum value at the depth of 375 nm. However, bubbles are observed around the depth 

of 375 nm in Fig. 2.3(a). The relationship between the tensile stress limit and temperature 

should account for this phenomenon. 

 

In this work, comparison between bubble evolution under laser fluence 3 J/m
2
 and 2.5 

J/m
2
 is made. We can see that from the comparison between Fig. 2.3(a) and Fig. 2.3(b), when 

laser energy is increased, at the beginning of bubble formation, a wider molten region range 

and violent foamy structure is observed. With more energy absorbed during laser irradiation, 

more atoms gain enough energy to overcome the constraint force from the ambient gas and 

other solid atoms. At 0.5 ns, solid atoms above 370 nm disintegrate badly when E= 3 J/m
2
 

while in Fig. 2.3(b) the bubbles have collapsed. It can be noted from Fig. 2.3(b) that there are 

still some voids form and then collapse. In this situation the recoil effect from the ejected 

cluster and plume can also prevent some of the bubbles from growing and forces them to 

collapse significantly. In Fig. 2.3(a) all the bubbles form and grow into a big size bubble and 

then gradually collapse. The existence of background gas does affect the phase change and 
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bubble dynamics. When ambient gas is considered at laser fluence 3 J/m
2
, collapse process is 

observed. However, for the scenario without ambient gas, a layer of atoms with a thickness 

of 10 nm in the z direction flies out.  

 

Figure 2.4 shows the bubble evolution process and their lifetime under the situation 

E= 2.5 J/m
2，= 15 nm with the target placed in the gas environment. Figure 2.4(a) 

illustrates the index of bubbles studied in this figure. From the two-dimensional (2D) view it 

is noted that bubbles are not exactly round. Therefore an effective radius is used to describe 

the volume change. First of all, the 2-D area of bubbles is evaluated by MATLAB Image 

Processing Toolbox. Then the effective radius is derived by calculating the radius of a circle 

with the corresponding equal area. Finally, the effective volume can be obtained by 

multiplying the effective area by the length in the y direction (thickness), namely 2.7 nm. 

Figure 2.4(b) shows the radius change and derivative of radius against time is calculated to 

describe the bubbles growing/collapsing speed as shown in Fig. 2.4(c). Based on Fig. 2.4(c), 

the lifetime of bubbles can be calculated and is shown in Fig. 2.4(d). 
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Fig. 2.4 Bubble dynamics for E= 2.5 J/m
2
, = 15 nm: (a) bubble identity, snapshot for t= 0.08 

ns is chosen for identity definition; (b) bubble radius at different times; (c) bubble radius 

evolution rate; (d) relationship between bubble lifetime and bubble volume. 

We can see that bubble 1 which is located at the left hand side has the biggest volume 

and longest lifetime while bubble 3, the one at x= 10 nm has the shortest lifetime. All the 

voids experience a volume increase and decrease process during its lifetime. For bubble 1, it 

starts to grow in a relatively small rate at 0.04 ns, and then reaches the maximum growth rate 

of 85 m/s. Subsequently, it will grow in a smaller rate until reaching the maximum volume at 
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0.11 ns. After that it begins to contract and collapse. Besides, for bubbles with a large 

volume, there is a period within which it is quite stable. Bubble 1 is approximately stable 

from 0.12 ns to 0.18 ns [Fig. 2.4(c)]. Interestingly, from this figure we also notice that the 

growth and collapse processes are almost symmetric. Under the effect of tensile stress, the 

bubbles at first grow up quickly. However, the attraction force from the molten region and 

the repulsive force from ambient gas work together to prevent the voids from expansion. 

When the effect of the restraint force is dominant, we see a decelerating growth process. 

Otherwise, the bubbles will grow in an increasing rate. Generally, bubbles with a larger 

volume have a larger maximum growth rate of about 85 m/s, just like bubble 1. For smaller 

bubbles, as bubble 3, it has a much smaller peak change rate, approximately 26 m/s. 

 

2.2.3. Dynamic physical process under the effect of shock wave 

Comparison of temperature, stress, target atom number and gas atom number density 

is made in this work for detailed physical process analysis. Figure 2.5 depicts the 

spatiotemporal temperature and stress contours for E= 3 J/m
2
, = 5 nm and E= 3 J/m

2
, = 15 

nm respectively. And Fig. 2.6 shows the atom number density contour for target and gas 

corresponding to these two cases. The time starts from the beginning of the laser irradiation 

and last for almost 5 ns in the simulation. For the target atom number density contour, there 

are dark and light strips which indicate the inequality of atom number density [Figs. 2.6(c) 

and (d)]. However, this is a false impression. To get the number density contour, the whole 

simulations box has to be divided into a number of small bins. In this work, for the contours, 

including the target atom and gas atom number density contours and stress contours, the 

whole space is divided into bins of 1 nm width in the z direction. Since the lattice constant of 
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argon crystal is 5.414 Å, 10 Å is definitely not the multiple of that. So the atoms contained in 

the bins may fluctuate in number slightly. This explains the dark and light strip lines in our 

contours, especially for the target part. For temperature contour, an interval of 21.656 Å is 

used in the z direction. 

 

Fig. 2.5 (a) Spatiotemporal temperature contour for E= 3 J/m
2
, = 15 nm; (b) temperature 

contour for E= 3 J/m
2
, = 5 nm, zoom-in plot is used to illustrate the temperature relationship 
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with stress wave; (c) stress contour for E= 3 J/m
2
, = 15nm; (d) stress contour for E= 3 J/m

2
, 

= 5nm. The slope lines in the temperature contours indicate the development of the shock 

wave. There is a temperature drop along time in the contours. A secondary stress wave is 

shown in figure (c) in the zoom-in figure. 

 

The absorption depth does strongly impact phase change and the stress wave 

evolution. The increase of absorption depth can expand the depth of receiving significant 

amount of laser energy. In the following part, detailed analysis of the difference will be 

presented. The shock wave expansion velocity is different for the two absorption depths used 

here. For 3 J/m
2
, = 5 nm, the shock wave moves faster. As shown in Fig. 2.5(a), at 2.5 ns, 

the shock wave generated by the laser irradiation of 3 J/m
2
, = 5 nm moves to the vicinity of 

z= 1300 nm, while the one induced by laser irradiation of 3 J/m
2
, = 15 nm only travels to a 

place right below z= 1000 nm [shown in Fig. 2.5(b)]. 



25 
 

 

Fig. 2.6 Atom number contour: (a) gas number contour for E= 3 J/m
2
, = 15nm; (b) gas 

number contour for E= 3 J/m
2
, = 5nm; (c) target number contour, E= 3 J/m

2
, = 15nm; (d) 

target number contour, E= 3 J/m
2
, = 5nm. Stress waves can be told from the deformed 

twisted lines in the number contours, indicating the local density is changed by the local 

stress wave. The re-deposition in (c) leads to a secondary stress wave. 

 

At the beginning, the ejected clusters characterize the maximum temperature. With 

the time going by, the temperature will go down because of the interaction of target atoms 
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with gas. In the corresponding part of the temperature contour, along the oblique line the 

temperature drops gradually, as shown in Figs. 2.5(a) and (b). Part of plume’s translational 

kinetic energy is converted into its thermal energy. The temperature will go down with the 

rise of absorption depth. For E= 3 J/m
2
, = 5 nm, the maximum temperature is 476 K, while 

with the same laser fluence and = 15 nm, the temperature of the target only goes to 154 K. 

The maximum temperature occurs near the end of laser irradiation.  

 

Re-deposition is different for the two cases. For E= 3 J/m
2
, = 15 nm, a large part of 

target atoms is pushed out while around 1.8 ns this part recombines with the rest of the target 

[Fig. 2.5(c)]. By contrast, with a shorter absorption depth, 5 nm, Fig. 2.5(d) shows that some 

of the targets are removed from the upper surface. The curves in Fig. 2.5(d) and Fig. 2.6(d) 

demonstrate the trajectories of the ejected atoms. From Fig. 2.6(d) we can observe that some 

of the ablated atoms/cluster already re-combine with the target within the 5 ns time while 

some of them will take a longer time to come back. Clusters flying out will decompose with 

time and slow down and finally re-deposit on the surface. When the atoms/cluster re-combine 

with the target, they will strike the target and could cause a strong secondary stress wave in 

the target. Such phenomenon will be discussed in detail in the next section. 

 

2.2.4. Stress wave in the target under shock wave effect 

Multiple stress waves are observed in our MD study. Laser induced stress wave 

consists of a strong compressive component and a weak tensile component. The interaction 

of compressive stress wave with the interface and the relief of compressive stress may 

account for the generation of the tensile component. Similar phenomenon and detailed 
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explanation can be seen in Wang’s work [66] and Wang and Xu’s work [67]. Stress wave 

during laser-material interaction has already been investigated intensively in a lot of 

literatures. The relationship between compressive stress, tensile stress and the laser fluence 

has been discussed before [15]. Effect of laser irradiation duration on the induced stress wave 

can also be found in the above work. In this work, the difference of the stress between 

situations with and without ambient gas is explored in detail. 

 

The existence of gas does play a role in the phase change. However, as to the 

generation and propagation of stress wave, no big difference is distinguished. Stress is a main 

driving force behind the fracture formation during laser ablation. As to the generation of 

stress wave, it is believed to result from the direct laser energy absorption as well as recoil 

driving force from target atoms ejection [15]. Figures 2.7 and 2.8 show the stress wave 

generation and propagation for E= 3 J/m
2
, = 5nm and = 15nm. The existence of ambient 

gas hampers the excited target atoms from expanding in the space and there are differences in 

the development of the molten regions. However, in all the plots of the two figures, no 

deviation is observed for stress with and without ambient gas. The momentum of the plume 

is significantly larger than the restraint force from the ambient gas. So no big difference is 

present here on the stress wave in the solid. 
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Fig. 2.7 Phase change and the stress wave for E= 3 J/m
2
, = 15 nm. Two cases with and 

without ambient gas are compared here. The blue symbol is for case without ambient gas, 

and the red one is for the case with ambient gas. The negative stress peak is the maximum 

value of the compressive stress and the positive peak is for maximum tensile stress. No 

obvious difference for the stress wave is observed between gas and non-gas situations. To 
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help identify the relative position of the stress wave in the physical domain, the atomic 

configurations are also plotted. The red dots are for gas atoms, and the black dots are for 

target atoms. 

 

Noticeably, from target atom number density [Figs. 2.6(c) and (d)] and temperature 

contours [Figs. 2.5(a) and (b)], stress wave within the target can also be told. Deformed fold 

lines in the target number density contours show the change of target density due to the local 

stress. Additionally, as marked in Fig. 2.5(a), the stress wave can also be detected by the 

change of temperature. The tensile stress will come along with a temperature decrease while 

compressive stress induces a temperature increase. 

 

The reasons for the generation of the stress wave vary from each other. Laser-induced 

compressive stress appears first and then it is the tensile stress wave [Fig. 2.5 (d)]. The 

compressive and tensile components always accompany each other. The stress waves are not 

entirely gone at the bottom of the target. However, for the residual stress, the magnitude is 

very small and even negligible. Another relatively large stress wave is caused by re-

deposition. Here we name it secondary stress wave and it is caused by collision of 

atoms/cluster with the target surface. In Fig. 2.5(c), the trajectory of re-deposited cluster is 

marked. In Fig. 2.5(c) and Fig. 2.6(c) the upper layer atoms are dragged back at 1.8 ns. Right 

after this we can see the stress wave in the stress contour or atom number density contour. 

Magnitude of this kind of secondary stress wave is much less than the stress wave directly 

induced by laser irradiation. For = 15 nm, the maximum stress value is approximately -140 

MPa. In contrast, the maximum value of the secondary stress wave is only about -15 MPa. 
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We can see from the stress evolution figures [Fig. 2.7 and Fig. 2.8], when the 

absorption depth is 5 nm rather than 15 nm, there is a sharp drop in the stress wave front. The 

stress arises from energy absorption. The way how the energy is absorbed will directly affect 

the distribution of energy in the target. When the absorption depth is 5 nm, energy will damp 

quicker in space than the case of = 15 nm. For the region far away from the irradiation 

surface, the energy absorbed is too small to be considered. Then a sharp drop will be noticed 

in the stress wave front. Interestingly, In Fig. 2.8, there is one more peak compared to Fig. 

2.7 which represents pressure in the flying-out part. This part has been marked in Fig. 2.8(c) 

for t= 0.03 ns. As the time going by, the peak is moving along the positive z direction. 
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Fig. 2.8 Phase change and the stress wave generation and propagation for E= 3 J/m
2
, = 5 

nm. Two cases with and without ambient gas are compared here. The blue symbol is for case 

without ambient gas, and the red one is for the case with ambient gas. A sharp drop is 

observed in the stress wave front. This is the big difference induced by the absorption depth 

of = 5 nm to = 15 nm. To help identify the relative position of the stress wave in the 

physical domain, the atomic configurations are also plotted. The red dots are for gas toms, 

and the black dots are for target atoms. 
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Figure 2.9 shows the relationship between the magnitude of stress wave at 0.04 ns 

versus the laser energy. With the increase of the laser fluence, the magnitude of stress 

increases dramatically (almost linearly) [Fig. 2.9(b)]. In Fig. 2.9(a) all the laser energy is 

absorbed under the same absorption length = 15 nm. Three peaks are identified in the figure. 

From the right hand side, the first one represents the ejected clusters while the second and 

third one is the tensile and compressive components within target. A sharp drop is observed 

in the stress wave front for the stress wave propagation for lager laser fluences and the 

ejected clusters moves faster with the rise of the laser energy. 

 

Fig. 2.9 Comparison of stress waves for different laser fluence: (a) the stress wave in the 

target at t= 0.04 ns and (b) the relationship between stress wave maximum value and the laser 

fluence. All the cases are run under the same gas environment. 
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CHAPTER 3. STRUCTURAL EVOLUTION OF NANOPARTICLES UNDER PICO-

SECOND STRESS WAVE CONSOLIDATION 

In this work, large-scale atomistic modeling is conducted to explore a relatively cold 

consolidation process: nanoparticles compressed by a stress wave from a sacrificial layer that 

is ablated by a picosecond laser. The temperature, stress, atomic configuration, and 

crystallinity are studied in detail to understand the structural behaviors under extreme 

compression. An orientation-radial distribution function (ODF) is designed to study the status 

of the nanocrystalline structure in detail. The methodology is detailed at first, then the results 

and discussion is presented. 

 

3.1. Methodology 

Argon is chosen as the material to be used in the simulation, due to its widely 

available potential, physical properties and significant computational cost reduction. 

Lennard-Jones potential (6-12 potential) is used to describe the interaction of atoms. For 

argon, the LJ potential well depth ɛ is 1.653×10
-21

 J and equilibrium separation parameter σ is 

3.406 Å. The cut-off distance of the potential is 2.5 σ. Figure 3.1(a) shows the initial atomic 

configuration of the sacrificial layer and arrays of nanoparticles with a diameter of 10 nm. 

The whole physical domain measures 91.6×33.5×22 nm
3
 (x×y×z). The sacrificial layer is 

13.8 nm along the x direction and 29.8 nm, 19.8 nm in the y and z direction. This sacrificial 

layer is used to absorb the laser energy. Under irradiation, this layer will quickly vaporize, 

generating a very strong plume moving against the nanoparticle region. Under the strong 

compression of this plume, the nanoparticles are expected to reconstruct. Arrays of 

nanoparticles occupy the space of 59.8×31.4×20 nm
3
. The gap between the sacrificial layer 
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and the top of the nanoparticles is approximately 15 nm to avoid the deformation of the 

sacrificial layer or nanoparticles resulting from their interaction. Nanoparticles of three 

different diameters (D =5 nm, 8 nm, 10 nm) are studied in this work. 

 

Fig. 3.1 (a) Schematic of the physical domain under simulation. The blue region is the 

sacrificial layer to absorb the laser energy, and the red region is argon nanoparticles (10 nm 

diameter) to be compressed (cold-sintered). The whole simulation box measures 

91.6×33.5×22 nm
3
 (x×y×z). The size of nanoparticle region is 59.8×31.4×20 nm

3
 (x×y×z). 

The size of the sacrificial layer is 13.8×29.8×19.8 nm
3
 (x×y×z). The gap between the 

sacrificial layer and nanoparticles is approximately 15 nm. A potential wall boundary is 

applied to the six walls of the simulation box. Laser irradiation is applied in the negative x 

direction. (b) Temporal profile of the picosecond laser pulse used in the simulation. The 

FWHM of the pulse is 11.5 ps, and the peak is located at 9 ps. 
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The arrangement of nanoparticles is similar to the hexagonal close packed (HCP) 

crystal structure. Each nanoparticle of diameter D occupies one point of the HCP structure 

and the nanoparticles are tangential to the nearest neighbors. All the particles follow the same 

crystographical orientation in the initial structure. This eases our study and analysis of the 

crystalline destruction by the consolidation process. To constrain the movement of atoms, 

wall potential (wall/LJ93) is implemented in the six boundaries. The strength factor ɛ for 

wall-particle interaction is 1.653×10
-21

 J and the size factor σ is 3.615 Å in this work. 8.515 

Å is chosen as the cutoff distance for the wall boundary. 5 fs is chosen as the time step for 

the simulation. First, the whole system is thermostated at temperature T= 50 K for 4 ns as a 

canonical (NVT) ensemble. Then the system is run as a microcanonical (NVE) ensemble for 

500 ps to damp the disturbance introduced to the system during the NVT calculation. The 

thermal equilibrium is confirmed to be reached after the 500 ps NVE run. 

 

Laser energy with a temporal distribution as seen in Fig. 3.1(b) irradiates the 

sacrificial layer surface afterwards. The full width at half maximum (FWHM) of the incident 

laser beam intensity distribution is 11.5 ps and peaked at 9 ps. The laser energy comes in the 

negative x direction. Laser energy is absorbed volumetrically in the sacrificial layer and the 

absorption process obeys the Beer-Lambert law. In the simulation, the laser energy is 

absorbed in the layer-by-layer way and it is only absorbed by the sacrificial layer. 

 

3.2. Results and Discussion 

The general picture of the compression is presented at first. Then the structure 

evolution under the compression process is investigated. Particle size and laser fluence is 
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varied to discuss the effect on the compression process. Finally, orientation-radial 

distribution function (ODF) is introduced for the first time to describe the structure state. 

 

3.2.1. Temperature and stress distribution and evolution during compressing  

In nanoparticle consolidation, temperature and stress are two critical factors that 

influence the structure evolution. First of all, we show pictures to illustrate how the 

nanoparticles are compressed by the strong stress wave from the sacrificial layer. Then the 

temperature and stress are studied. Figure 3.2 shows the general picture of the consolidation 

process for case D= 10 nm, E= 2.7 mJ/cm
2
. To have a clear view, a slab ranging from z= 9 

nm- 9.5 nm was taken out to generate the atomic snapshots. In the beginning, the laser 

energy is absorbed by the sacrificial layer. Then the sacrificial layer begins to melt under the 

laser irradiation. Due to the constraint of the top and side potential walls, the sacrificial layer 

is pushed towards the top surface of nanoparticles. This is shown in Fig. 3.2 at t= 40 ps. 65 

picoseconds after laser irradiation, the sacrificial layer is in touch with the nanoparticles. 

Afterwards, the nanoparticles start to be compressed and crushed from the top to bottom 

gradually. The sacrificial-layer atoms concentrate on the top surface of the nanoparticles and 

very few atoms is observed to be embedded in the nanoparticle array. Finally, nanoparticles 

are deformed into amorphous/nanocrystalline (termed “destructed” structure in this work) 

state as that shown at t= 300 ps in Fig. 3.2. 

 



37 
 

 

Fig. 3.2 Snapshots for compressing of nanoparticles with D= 10 nm. The laser fluence is E= 

2.7 mJ/cm
2
. From t= 40 ps to 65 ps, the sacrificial layer melts and is pushed down towards 

the top of nanoparticles. At t= 100 ps to 300 ps, the nanoparticles are compressed. At the end 

of 300 ps, the nanoparticles are almost destructed completely. 
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Temperature and stress contours are plotted to explore their distribution and evolution 

during the compressing process. Figure 3.3(a) and (b) show the temperature and stress 

contours for the case illustrated in Fig. 3.2. Before the consolidation starts, nanoparticles are 

in a state of equilibrium and the temperature is uniform around 50K as shown at the initial 

moments in Fig. 3.3(a). As time progresses, the consolidation process is accompanied by a 

quick temperature rise. Heat is transferred from the high-temperature sacrificial layer to the 

nanoparticles array. And it contributes to the fast collapse of the nanoparticles. Noticeably, a 

high temperature is supposed to be transferred from the top surface to the bottom in the 

consolidation process. However, as shown in Fig. 3.3(a), instead of straight slope line, the 

temperature contour line is shown with a hump as marked in Fig. 3.3(a). This means there is 

heat transferred from the bottom towards the inside. Since the bottom is fixed with the 

potential wall, the compression near the bottom surface accounts for the temperature rise. 

This can also be validated by the spots of the high compression force shown in Fig. 3.3(b). 

As a consequence, the temperature of the bottom part close to the potential wall is a little bit 

higher than that in the middle part. In general, the high temperature will go down gradually 

with the consolidation process. In Fig. 3.3(a), the large green region of the material after 

about 250 ps is around 67K, lower than the melting point of Argon: 83.8K. Considering the 

high pressure existing in the material, the melting point should be even higher than 83.8K. 

This indicates that under the rapid pressure consolidation induced by the stress wave, the 

argon nanoparticles experience structure damage and reconstruction, rather than melting and 

solidification. 
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Fig. 3.3 (a) Spatiotemporal temperature distribution for nanoparticles with D= 10 nm during 

laser-induced stress wave consolidation (E= 2.7 mJ/cm
2
). A temperature contour line is given 

for the convenience of telling the change of temperature for different parts of nanoparticles 

with time. (b) Stress contour for the case D= 10 nm, E= 2.7 mJ/cm
2
. The stress refers to the 

normal stress and is calculated as ( ) / 3xx yy zz      . Two spots with large compression 

force are pointed out. Spot 1 is due to the compression of sacrificial layer and spot 2 results 

from the constraint of the bottom potential wall. (c) Temperature, stress, crystallinity against 

location x at time t= 100 ps. The stress peak is accompanied by a sharp drop of crystallinity 

afterwards. (d) Temperature, stress, crystallinity against time at location x= 25.35 nm. 

 

Figure 3.3(b) is the stress contour of nanoparticles in the consolidation process. The 

stress refers to the normal stress and is calculated as ( ) / 3xx yy zz      . Similar to the 
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temperature distribution, the compressive stress will move from the top surface to the bottom 

quickly, but also experiences damping. Before t= 45 ps, no obvious compressive stress is 

observed. Afterwards, around t= 70 ps, the first spot (Spot 1) under big compression force 

shows up. This is exactly the time when the sacrificial layer touches the nanoparticles and 

starts to compress them. Part of the compressive stress is released by the structure collapse of 

the top nanoparticles. However, part of the compressive stress manages to go deep down into 

the nanoparticles arrays. Interestingly, another big compression spot (Spot 2) appears around 

the time t= 275 ps. This is induced by the compression at the bottom. Finally, at 

approximately t= 325 ps, the particle structure is completely destroyed and the compressive 

stress begins to be released from that time. 

 

The crystal structure is a key criterion to judge the state of nanoparticles at atomic 

level. And crystallinity is the index to show that the particles are close to the perfect crystal 

state or away from the perfect crystal structure. In this work, crystallinity is defined as [68, 

69] 

i,x2 (2r / )

,

1
( ) | |

j

i x

i

r e
N

 
   , (6) 

where ri,x is the x coordinate of atom i and λ is the light wavelength for crystallinity 

characterization. Here we assign λ with the value of the lattice constant a= 5.414 Å. 2ri,x is 

the light travel distance from x= 0 and then comes back. If atoms are regularly distributed in 

space with their spacing in the x direction equal to n(a/2), the function will be equal to 1. In 

the amorphous state, the function ,( )i xr  will be much less than 1, in fact very small (close to 

zero). The nanoparticles are divided along the x direction into layers with Δx= 10 Å. Each 
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layer is then divided into cubes of 10 Å size, and the crystallinity of each cube is calculated. 

The crystallinity of each layer is the average of the crystallinity of all the cubes in it. 

 

Figure 3.3(c) is the temperature, stress and crystallinity at time t= 100 ps. Figure 

3.3(d) is the temperature, stress and crystallinity evolution at x= 25.35 nm against time. In 

Figs. 3.3(c) and (d), it can be seen that when the stress wave passes by, the crystallinity drops 

dramatically. This strongly confirms the structure damage by the high compressive stress. 

The high temperature moves from the top surface to the bottom nanoparticles. Because of the 

high laser fluence (E= 2.7 mJ/cm
2
) in this case, the atoms around x= 25.35 nm experience a 

sudden temperature rise around t= 180 ps and then stay at the plateau value of T= 67 K 

[shown in Fig. 3.3(d)]. The stress evolution in Fig. 3.3(d) shows the nanoparticles around x= 

25.35 nm are compressed from t= 77 ps to 380 ps, which peaks at t= 300 ps. At 300 ps, the 

compressive stress reaches the highest level, explaining why the crystallinity is the worst at 

that moment. In Fig. 3.3(d), the temperature rise around 180 ps releases part of the 

compressive stress which is shown as a small peak in Fig. 3.3(d). It is obvious that the 

crystallinity drops following the compressive stress. This reveals the close relationship 

between the compression force and the structure destruction. 
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3.2.2. Structure evolution during nanoparticle compression 

As mentioned above, the crystallinity’s value strongly reflects the structure of the 

material: a value close to 1 indicating crystalline structure close to the original one (we call 

this the “retained” structure), and a low value meaning destructed structure or severe 

structure damage. Note this “destructed” structure could mean either amorphous, or the 

lattice is strongly twisted from the original orientation. Figure 3.4(a) shows the contour of the 

crystallinity of the nanoparticles for the case discussed in Fig. 3.3. There is a black line 

marked as crystallinity drop line in this figure. Below the black line, the crystallinity is very 

close to 1 which means sound crystalline structure. Above the crystallinity drop line   is 

dropped to around 0.5. It should be noted that the crystallinity contour above 50 nm (x> 50 

nm) at the late stage (t≥ 100 ps) is not reliable when the nanoparticles are compressed, since 

there may be one or just a few atoms in some layers above 50 nm. Noticeably, the 

compression force from the potential walls also contributes to the destruction of the structure 

of the nanoparticles at the bottom. As marked in Fig. 3.4(a), directly above the crystallinity 

drop line, the constraint from the potential walls plays an important role in destroying the 

structure completely. The effect of potential walls is also obvious when it comes to the cases 

with less laser fluence as shown in Fig. 3.4(b) and Fig. 3.4(c).  

 

Figure 3.4(b) is the crystallinity contour for the case D= 10 nm, E= 2.0 mJ/cm
2
. In 

contrast with Fig. 3.4(a), the crystallinity drop line in Fig. 3.4(b) is in a hump shape. The 

crystallinity is below 0.5 at the bottom part around t= 300 ps. However, in the middle part 

ranging from x= 16 nm to 22 nm, the average crystallinity is above 0.6. The case D= 10 nm, 

E= 1.5 mJ/cm
2
 has this similar observation, too [Fig. 3.4(c)]. In Fig. 3.4(c), although the 
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crystallinity of nanoparticles at the bottom is above 0.5, the crystallinity in the range x= 16-

30 nm is apparently higher than the bottom part, which means the middle part of the crystal 

structure is more well preserved than the bottom nanoparticles. So it is conclusive that the 

compression in the bottom part plays a critical role in damaging the particles close to the 

bottom. 

 

Fig. 3.4 Spatiotemporal contour of structure crystallinity for argon nanoparticles of D= 10 

nm under compressing by laser fluence of (a) 2.7 mJ/cm
2
, (b) 2.0 mJ/cm

2
, and (c) 1.5 
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mJ/cm
2
. In figs. (a) and (b), the crystallinity drop line is quite distinguishable and is marked 

using a solid curve. Below the line, the crystallinity   is approximately 1, while above the 

line   is around 0.5. (d) Retained-destructed interface evolution against time. For E= 2.7 

mJ/cm
2
, the interface goes down quickly because the nanoparticles are completely destroyed. 

After that the reconstruction process occurs. For E= 2.0 mJ/cm
2
 and E= 1.5 mJ/cm

2
, only part 

of the nanoparticles are completely destroyed. After the reconstruction, the interface will be 

stable at x= 42 nm and x= 52 nm, respectively. 

 

Figure 3.4(d) shows the retained-destructed structure interface which is identified by 

the crystallinity  of each layer. Comparing Fig. 3.3(a) and Fig. 3.4(a), along the 

crystallinity drop line, the temperature of the nanoparticles are still well-below the melting 

point. So the process is more like stress-induced structure change rather than a melting 

procedure. If  of a layer is less than 0.5, it is defined as the destructed region in this work. 

Otherwise it is viewed as the retained part. Interestingly, for the case D= 10 nm, E= 2.7 

mJ/cm
2
, the top, middle and bottom parts are initially crushed into a destructed state. On the 

other hand, after time t= 400 ps, the crystallinity goes back to being above 0.5 for the middle 

part. As a result, two retained-destructed interfaces show up along the time. Figure 3.4(d) 

plots the retained-destructed interface that is closer to the top surface. Until this point, we can 

draw a conclusion that nanoparticle consolidation consists of two processes: plastic and 

elastic. The plastic compressing gives a permanent final amorphous/nanocrystalline structure. 

The elastic compressing is responsible for the temporary structure damage, and such damage 

will disappear after the stress wave is released. Such temporary structure damage has been 

observed in our past work on laser-material interaction that involves melting and 

solidification [25, 68]. 
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The crushing process does not generate enough heat that makes temperature of all the 

nanoparticle atoms rise above the melting point Tm= 83.85K. As in the case where D= 10 nm, 

E= 2.7 mJ/cm
2
, the temperature in the middle part is around 65K. As a result, the observed 

crystalline reconstruction after consolidation is not re-solidification. As shown in Fig. 3.4(d), 

the retained-destructed interface for the three cases all experience processes that involve 

damage moving deep down towards the bottom at first and then coming back towards the top 

surface (crystalline reconstruction) and finally staying in a plateau value. The dropping down 

part is the structure damaging process and the rising part represents the reconstruction 

process. The nanoparticles are completely destroyed so the retained-destructed interface will 

decrease dramatically and finally vanishes for the case D= 10 nm, E= 2.7 mJ/cm
2
. After that, 

at approximately t= 320 ps, reconstruction begins from the middle part (x= 32 nm) of the 

crystalline region. The crystalline part will then expand. For cases D= 10 nm, E= 2.0 mJ/cm
2
 

and D= 10 nm, E= 1.5 mJ/cm, the crystalline reconstruction is observed from t= 200-600 ps 

and not all the nanoparticles are crushed down into destructed states in these two cases. 

 

3.2.3. Effect of particle size and laser energy  

The above discussed nanoparticle consolidation process is for particles of 10 nm 

diameter. It is expected that the process itself could vary a lot if particles of different sizes are 

present. Here the size of nanoparticles is varied to study the size effect. We use another two 

different particle sizes: D= 5 nm and 8 nm. Figures 3.5 (a) and (b) are the crystallinity 

contour for cases D= 5 nm and D= 8 nm with the same laser fluence, E= 2.7 mJ/cm
2
. This 

structure contour is intended to explore how the structure evolves during stress wave 

consolidation. For size D= 5 nm, the bottom nanoparticles are pushed back towards the top 
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surface at t= 400 ps. For size D= 8 nm, this happens at t= 460 ps. However, no pushing-back 

is observed for nanoparticles of size D= 10 nm. During the particle consolidation process, a 

shear stress can be easily established at the particle-particle contact region. When the 

diameter of the nanoparticles decreases, the number of nanoparticles will increase for the 

same volume under study. Specifically, the arrangement of nanoparticles of size D= 5 nm 

indicates that there is more shear stress in the contact part of the nanoparticles (due to the 

dramatically increased surface-to-volume ratio). Compared with D= 10 nm and D= 8 nm, 

much less energy is needed for destruction and the extra energy will give rise to the pushing 

back process in the case of D= 5 nm. As shown in Fig. 3.5(a) and Fig. 3.5(b), for D= 5 nm, 

the crystallinity value drops more quickly and the average crystallinity is obviously lower 

than D= 8 nm. In addition, it is also found that the downward movement velocity for case D= 

5 nm dissipates slower than the cases D= 8 nm and D= 10 nm. Finally, the pushing back 

process occurs earlier for the case D= 5 nm, E= 2.7 mJ/cm
2
. 

 

Fig. 3.5 Spatiotemporal contour of crystallinity for nanoparticles of different sizes: (a) D= 5 

nm under laser fluence of 2.7 mJ/cm
2
. (b) D= 8 nm under laser fluence of 2.7 mJ/cm

2
. In both 

cases, the bottom parts of the nanoparticles are pushed back by the wall towards the top 
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surface, as indicated by the trajectory of the bottom part in the figure. This is obvious by 

comparison between Fig. 3.4(a) and figs. (a) and (b) in this figure. It is shown that when the 

particle size is bigger, this push-back effect becomes weaker. 

 

A specific moment t= 1.04 ns (the final stage of our simulation) is chosen for the 

comparison of atomic snapshots and is shown in Figs. 3.6(a)-(e). This comparison will help 

reveal how the final material structure looks and how it is affected by the particle size and 

laser energy. Figures 3.6(a)-(c) are for comparison to explore the particle size effect, and 

Figs. 3.6(c)-(e) show the effect of laser fluence for the cases of D= 10 nm. Comparing Figs. 

3.6(a)-(c), we can conclude that a smaller particle size is more favorable for the compression 

destruction because of more contact surface among particles and more accumulation of shear 

stress as discussed above. Structure defects due to the atomic dislocation are marked in Figs. 

3.6(a). These defects follow an angle of about 45 degrees with respect to the laser incident 

direction. It is in this direction (45) that the maximum shear stress exists, and this stress 

causes the structural defect. It also has been observed that the defect line is 45° with respect 

to the laser irradiation direction in our previous work [25, 68]. The corresponding 

crystallinity ( ) contours are plotted in Figs. 3.6(f)-(j) for the convenience of comparison and 

analysis. 

 

Small-size nanoparticles are easily crushed into the destructed state as shown by Figs. 

3.6(f)-(h). The smaller the particles are, the lower the average crystallinity is. And the high 

laser fluence also contributes to the destruction of nanoparticles. A higher laser fluence leads 

to more deformation of nanoparticles. Figures 3.6(h)-(j) are for the same particle size, but 

with different laser fluence. The sacrificial layer gains more energy in the higher laser 
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fluence situation. The downward momentum is much stronger and finally results in the more 

serious collapse process of nanoparticles. Comparison between Figs. 3.6(h)-(j) shows that 

when the laser fluence is smaller, the nanoparticles cannot be compressed tightly to form a 

fully dense structure. At the nanoparticles arrangement level, voids/pores do exist in the final 

structure although the nanoparticles are closely connected [Fig. 3.6(e)]. For the solid region, 

great crystallinity is preserved during consolidation, as indicated in Fig. 3.6(h)-(j). 

 

Fig. 3.6 Atomic configuration and contour of the crystallinity function at t= 1.04 ns to 

illustrate the effect of particle size and laser fluence. The y axis ranges from 0 to 25 nm. The 

x axis is from 0 to 60 nm. The simulation box size is a little bit different for cases with 
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different particle diameters. For the cases with D= 10 nm, the simulation box is 

91.6×33.5×22 nm
3
 (x×y×z) while for the cases with D= 5 nm (with 783419 atoms) and D= 8 

nm (with 763760 atoms), the simulation box is 92×26.6×23.6 nm
3
 (x×y×z). Only atoms 

between z= 9-9.5 nm are plotted in the figures. (a) D= 5 nm, E= 2.7 mJ/cm
2
; (b) D= 8 nm, E= 

2.7 mJ/cm
2
; (c) D= 10 nm, E= 2.7 mJ/cm

2
; (d) D= 10 nm, E= 2.0 mJ/cm

2
; (e) D= 10 nm, E= 

1.5 mJ/cm
2
. The final structure position of the case D=5 and 8 nm is a little bit to the right of 

the wall due to the bouncing-back movement described in the text. For  calculation, the 

simulation box is divided in the x and y direction with a size of 1 nm. Then the cube volume 

of the cases D= 5 nm and D= 8 nm is 1×1×23.6 nm
3

 and is 1×1×22 nm
3
  for cases D= 10 nm. 

(f) D= 5 nm, E= 2.7 mJ/cm
2
; (g) D= 8 nm, E= 2.7 mJ/cm

2
; (h) D= 10 nm, E= 2.7 mJ/cm

2
; (i) 

D= 10 nm, E= 2.0 mJ/cm
2
; (j) D= 10 nm, E= 1.5 mJ/cm

2
. 

 

3.2.4. Nanocrystalline structure after consolidation 

Even though the crystallinity function shows how badly the crystal structure is 

destructed, we do not know whether the crystal is partially amorphous or just orientationally 

twisted. For smaller particles, during consolidation, they are easily twisted and are ready to 

change the crystallographic orientation to accommodate the impact from the stress. 

Therefore, the final structure could be more nanocrystalline-like with significant 

crystallographic orientation variation in space. And we believe this gives a smaller 

crystallinity function value as shown in Fig. 3.6(f). When the particles become larger, they 

are reluctant to be twisted and could retain some original crystallographic orientation. 

Therefore, a higher value of the crystallinity function is observed in Fig. 3.6(h). To confirm 

this explanation, an orientation-radial distribution function (ODF) is developed in this work 

for the first time. Similar to the radial distribution function (RDF), ODF reveals the atom 

density distribution as a function of the distance to the reference atom in the 3D space. 

Furthermore, it provides the angle information which is missing in RDF: the relative 

direction of the atoms to the reference one. The Euler angles show us the 3D space 

orientational arrangement of structure. The angle information in the x-y plane is good enough 
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to demonstrate how severely the structure is twisted in space at atomic level in this work. To 

simplify the calculation work, only angle information in the x-y plane is discussed here. The 

angle is defined with respect to the x axis and it is designated to be in the range 0˚ to 180˚. 

 

For simplicity, only the atom number is used for the analysis. Figure 3.7(a) is the 3D 

image of the face-centered cubic (fcc) structure and Fig. 3.7(b) is the structure projection in 

the x-y plane. In this fcc crystal cell, atom 2, 3, 4 are the 1
st
 order nearest atoms to atom 1 as 

shown in Fig. 3.7(a). In our ODF computation, the atomic distance is obtained from the 3D 

space, while the angle is calculated with all the atoms projected to the 2D plane (x-y plane). 

As shown in Fig. 3.7(b) the angles to the x axis are 0˚, 45˚, 90˚ for the nearest distance atoms. 

Since the unit cell is repeated along the x and y axis and the angle in ODF is defined in [0˚, 

180˚], the angles for the 1
st
 order nearest atom distance are 0˚, 45˚, 90˚, 135˚ and 180˚ in 

ideal situations. Figure 3.7(c) is the atom number variation as a function of the distance in 

different ODF angles. At = 0˚, the first peak is 3.83 Å. The second peak is 5.41 Å. 

Interestingly, since the atom-atom connection line of length 6.63 Å cannot be projected 

paralell to the x axis in the x-y plane, so there is no peak in 6.63 Å. Then the third peak is 

7.76 Å. The RDF can only give us the radial distribution information as shown in Fig. 3.7(c). 

However, the ODF includes the informaton about the atom density variation in different 

angles, and gives twisting details as shown in Fig. 3.8. In this work, in the ODF(r, ), r 

refers to the atom-atom distance in 3D space while  is the angle projection of the atom-

atom connection in the x-y plane. 
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Fig. 3.7 (a) The structure of fcc crystal in 3D space. The 1
st
 order nearest atoms to atom 1 are 

atom 2, 3 and 4. The 1
st
 nearest distance is 3.83 Å; (b) The projection of fcc struture in the x-

y plane. The angles are 0˚, 45˚, 90˚. The unit cell is extended along the x and y axis. So the 

angles are 0˚, 45˚, 90˚, 135˚, 180˚; (c) Atom number variation with atomic distance. The y 

axis is the atom number within every 0.1 Å spacing along = 0˚, 45˚, 90˚ and 0.00852 Å for 

radial (RDF). 

 

Figure 3.8 is the atom ODF polar contour. Before the laser energy is applied, the ODF 

of the 5 cases is similar to each other as shown by Figs. 3.8(a), (c), (e). The spots with a 

larger atom number are distributed at certain radii which correspond to the 1
st
-4

th
 nearest 

atom distance (3.83 Å, 5.41 Å, 6.63 Å, 7.76 Å). Furthermore, the speckles in Figs. 3.8(a), (c), 

(e) are well located around certain angles. This proves that the structure at the initial state is 
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very close to the perfect crystal structure. However, the ODF of the final state of the 5 cases 

differs a lot. Figures 3.8(b), (d), (f) share the same laser fluence (E= 2.7 mJ/cm
2
), but their 

particle size varies. For the case with a smaller particle size, like Figs. 3.8(b) (D= 5 nm), the 

distribution contour in the 1
st
, 2

nd
, 3

rd
 and 4

th
 nearest atomic distance is blur. Furthermore, the 

angle range in the above distance is broad. The angle in the 1
st
 nearest distance is twisted. 

The angle should be in 0˚, 45˚, 90˚, 135˚, 180˚ for non-twisted crystal. However, in Figs. 

3.8(b), the angle is 0˚, 60˚, 120˚, 180˚. Since the shear stress in the angle 45˚ and 135˚ is the 

largest one, materials are more likely to be twisted to other angles. For a large particle size, 

like Fig. 3.8(f) (D= 10 nm), the distribution contour is much clearer. At the 1
st
 nearest atomic 

distance, the angles are well located in 0˚, 45˚, 90˚, 135˚, 180˚. For the case D= 8 nm, E= 2.7 

mJ/cm
2
, the distribution contour is blur but well located at the corresponding angles. We can 

conclude its destruction level should be between the case D= 5 nm, E= 2.7 mJ/cm
2
 and the 

case D= 10 nm, E= 2.7 mJ/cm
2
. 

 

Figures 3.8 (f), (g), (h) demonstrate the effect of laser fluence. They are all for the 

same size of particles: D= 10 nm. For the case with a less laser fluence (D= 10 nm, E= 1.5 

mJ/cm
2
), the atom distribution in 1

st
-4

th
 nearest distance is well located around the 

corresponding angle. The contour is much clearer than the case with D= 10 nm, E= 2.7 

mJ/cm
2
 and the angle distribution is less broad. 
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Fig. 3.8 Polar contour of the orientation-radial distribution function (ODF). The calculation 

is conducted in the x-y plane. The angle is the one between the line connecting the two atoms 

and the x axis. It is defined to range from 0 to 180 degrees. The contour value demonstrates 

the atom number in certain distance range (0.1 Å) and angle range (2 degrees). (a) D= 5 nm, 

E= 2.7 mJ/cm
2
, initial state (before laser energy is applied); (b) D= 5 nm, E= 2.7 mJ/cm

2
; 

final state; (c) D= 8 nm, E= 2.7 mJ/cm
2
, initial state; (d) D= 8 nm, E= 2.7 mJ/cm

2
, final state; 

(e) D= 10 nm, E= 2.7 mJ/cm
2
, initial state; (f) D= 10 nm, E= 2.7 mJ/cm

2
, final state; (g) D= 
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10 nm, E= 2.0 mJ/cm
2
, final state; (h) D= 10 nm, E= 1.5 mJ/cm

2
, final state. The major tick 

is every 15 degrees for the angle and 2 Å for the distance. The difference among the initial 

states for different particles size is small. (b), (d), (f) show that the smaller particles are much 

easier to be twisted. (f), (g), (h) inform us that a high laser fluence induces severe twist of 

particles. 

 

The angle variation with the atom-atom distance after consolidation for D= 10 nm, 

E= 2.7 mJ/cm
2
 is explored for the analysis as shown in Fig. 3.9. The 1

st
 nearest distance is 

3.83 Å. As we refer to Fig. 3.9, the angle should be 0˚, 45˚, 90˚, 135˚, and 180˚. The 2
nd

 

nearest distance is 5.41 Å, and the angles are 0˚, 90˚ and 180˚. The 3
rd

 nearest distance is 

6.63 Å. The corresponding angles are 26.6˚, 45˚, 63.4˚ and 116.6˚, 135˚, 153.4˚. The 4
th

 

nearest distance is 7.66 Å. The corresponding angle are 0˚, 45˚, 90˚ and 135˚, 180˚. The intial 

state [Fig. 3.9 (a)] is very close to the perfect crystal structure: the peak of each order nearest 

distance is well located at the corresponding angle and the peak is sharp. At the final state 

[Fig. 3.9 (b)], the peak is blunt and the distribution is no longer well located around the 

specific angle, especially for the 3
rd

 nearest distance. The atoms are widely ranged from 

26.6˚-63.4˚ and 116.6˚-153.4˚, which is corresponding to the blur region in figure 3.9 (f). The 

crystal structure at final state are twisted to widely spread in the angle regions. 
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Fig. 3.9 The angle distribution of the atoms in the 1
st
-4

th
 order nearest atom distance for D= 

10 nm, E= 2.7 mJ/cm
2
. The y axis value is the atom number per degree in the corresponding 

distance. (a) The angle distribution at the intial state (before the laser energy is applied). 

Sharp peaks are observed around certain angles which are indicated by the dash lines; (b) 

The angle distribution at the final state. The peaks are still visible but less sharp. The atoms 

are quite broadly distributed in angles compared with (a). 

 

The atom number in the destructed state is studied to reveal the process of 

compressing. Figure 3.10 shows the evolution of the destructed-state atom number against 

time. The peak point can be viewed as the number of destructed atoms (including temporary 

and permanent destruction). It is easy to understand that a high laser fluence leads to more 

destructed atoms when the nanoparticles size are the same where the total atom number is the 

same. For most cases, the destructed atom number will rise and then fall, which indicates a 

(a) (b) 
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destruction-then-reconstruction process. However, for the case D= 5 nm, E= 2.7 mJ/cm
2
, the 

number of destructed atoms will rise and then stay on the plateau value, which means the 

damage of the crystal structure is mostly a plastic process. 

 

Fig. 3.10 Evolution of the number of atoms in destructed state against time. Five cases are 

investigated as indicated in the legend. For the case D= 5 nm, E= 2.7 mJ/cm
2
, the atoms are 

completely destructed into destructed state and no reconstruction process is observed. In the 

other 4 cases, reconstruction of the temporarily destroyed structure occurs and the 

reconstruction number can be viewed as the final plateau value for each case. 

  

Destruction 

Reconstruction 
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CHAPTER 4. SHOCK WAVE CONFINEMENT-INDUCED PLUME 

TEMPERATURE INCREASE IN LASER-INDUCED BREAKDOWN 

SPECTROSCOPY 

Spatial confinement is found effective in improving the sensitivity of laser-induced 

breakdown spectroscopy (LIBS). This work reports on the physics of shock wave spatial 

confinement via atomistic modeling. Reflection-induced atomic collision/friction near the 

wall reduces the shock wave velocity close to zero and remarkably increases the local 

temperature (~218 K) and pressure. As a result, the reflected ambient gas expands quickly 

toward the plume and compresses it. The temperature of the plume goes up significantly in 

the compression process: from 89 to 132 K. The lifetime of the plume is also boosted 

dramatically, from 480 ps to ~1800 ps. 

 

4.1. Methodology 

Argon is chosen as the material for the investigation in this work. The LJ potential 

well depth ɛ is 1.653×10
-21

 J and equilibrium separation parameter σ is 3.406 Å. And the cut-

off distance is set to 2.5σ. A large domain size and a long laser pulse require more time for 

computation. To achieve an efficient computation, a picosecond laser pulse and a nanometer 

size domain are adopted. For the convenience of comparison, simulations of the cases with 

potential walls and without potential walls are conducted. The main difference lies in the 

boundary condition settings. The spatial confinement is accomplished by the wall boundary 

condition while the free space condition is achieved by the periodic boundary condition. 

Figure 4.1 shows the model size of the case with potential walls in this work. The whole 

simulation box measures 32.5×2.7×1000 nm
3
 (x×y×z) and the case with free space has a box 



58 
 

size of 32.5×2.7×3627 nm
3
 (x×y×z). The target size is 32.5×2.7×108.3 nm

3
 for both cases. 

The gap between the bottom of the target and the bottom of the simulation box is 271 nm. 

The total atom number is 264660 for the confinement case and 337500 for the free-space 

case. 

 

The case with potential walls is employed to investigate the spatial confinement 

effect. A wall potential (wall/LJ93) is implemented in the upper and lower boundaries along 

the z direction. The other four boundaries are periodic. The strength factor ɛ for wall-atom 

interaction is 1.653×10
-21

 J and the size factor σ is 3.615 Å in this work. 8.515 Å is chosen as 

the cutoff distance for the wall boundary. 5 fs is chosen as the timestep for the simulation. 

For the free-space case, periodic boundary conditions are applied in all six boundaries. More 

details concerning the setup of the models can be seen in our previous work [22, 70]. 

 

The full width at half maximum (FWHM) of the incident laser beam intensity 

distribution is 11.5 ps and the peak is at 9 ps as shown in Fig. 4.1(b). The laser fluence is 5 

J/m
2
 and the pulse duration is 40 ps. 

 

To avoid the downward movement resulting from the laser shock wave and the 

expected disturbance of the reflected stress wave, a special treatment is applied to the bottom 

(of size Δz= 1 nm) of the target to absorb the stress wave resulting from the laser irradiation. 

An external force is added to a specified bottom layer which is approximately 10 Ǻ thick. 

The force is used to eliminate the stress-induced momentum. The theory and the details of 

implementation can be seen in our previous work [22, 70] and the work by Zhigilei
 
 [71]. 
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Fig. 4.1 (a) Atomic configuration of the model for the case with spatial confinement. The 

entire simulation box measures 32.5×2.7×1000 nm
3
 (x×y×z). The target measures 

32.5×2.7×108.3 nm
3
 (x×y×z). The gap between the bottom of the target and the bottom of the 

simulation box is 271 nm. Laser energy propagates in the negative z direction. For the 

confinement case, the upper and lower boundaries along the z direction are in wall/LJ93 

potential. The other four boundaries are periodic. For the free-space case, the simulation box 

size is 32.5×2.7×3627 nm
3
. The target size and location remains the same as the spatial 

confinement case. But the six boundaries are in periodic boundary condition. (b) Laser 

profile. The FWHM of the pulse is 11.5 ps, and the peak is located at 9 ps. Laser fluence in 

this work is 5 J/m
2
. 

 

4.2. Results and discussion 

4.2.1. Shock wave confinement and temperature enhancement: general pictures 

Two cases: (1) E= 5 J/m
2
, τ= 5 nm, with spatial confinement and (2) E= 5 J/m

2
, τ= 5 

nm with free space are explored and discussed. The shock wave and plume evolution against 

time for the case with periodic boundary conditions (free space) has been investigated before. 

Details can be seen in our previous work [22, 70]. 
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Figure 4.2 is a series of snapshots at different times of the case with confinement. The 

target ablates at first because the laser fluence is above the ablation threshold for argon. The 

explosive plume then moves upward and pushes the ambient gas (red in the figure) to move 

forward at a supersonic speed. At t= 80 ps, the shock wave is still in the beginning stage of 

formation. When it comes to t= 400 ps and t= 720 ps, the shock wave front and plume are 

split. Interestingly, the ablated atoms are not moving forward with the same speed and the 

plume is separating from each other because of the velocity difference. The density of the 

plume front is higher than the bottom part since the relatively fast part of plume is 

constrained by the ambient gas. And this is similar to the shock wave. Considering that the 

whole simulation box is 1000 nm along the z direction and the top surface is a potential wall, 

reflection of the shock wave is expected to occur. Our simulation results show that the shock 

wave front is reflected at around t= 1000 ps after the laser irradiation. 
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Fig. 4.2 Snapshots of the spatial confinement case. The reflection happens around t= 1000 ps 

as marked in the figure. Snapshots from t= 80 ps to t= 720 ps are the ones before the 

reflection and the ambient gas is compressed. Snapshot from t= 1540 ps to t= 3000 ps are 

after the reflection and the plume is compressed. Before the reflection, the shock wave depth 

is increasing with time while the plume density is decreasing. After the reflection, the plume 

is compressed and the plume density increases with time. 

 

The ambient gas is much denser near the potential wall at t= 1000 ps which is the 

same time that the reflection occurs as in Fig. 4.2. Interestingly, the ambient gas is not 

observed to be reflected immediately at a high speed. Instead, the plume continues to move 

forward by the comparison of the plots of t= 1000 ps and t= 1540 ps. From the start of the 
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ablation to the moment the shock wave reaches the upper potential wall, the front of the 

plume becomes less and less dense. While from t= 1540 ps to t= 3000 ps, the plume front is 

becoming denser and denser, which indicates the plume is under compression from the 

reflected shock wave. The plume reaches the longest depth at t= 1540 ps in Fig. 4.2. Along 

with the compression process, the plume depth is decreasing and finally at t= 3000 ps, the 

plume and ambient gas have penetrated into each other and the interface of the plume and 

ambient gas is less distinguishable. 

 

Figure 4.3(a) is the temperature contour of the whole simulation system. At the 

beginning of the material ablation, the ejected plume is at high temperature (above 500 K). 

Because of the interaction of the plume and the ambient gas, a high temperature shock wave 

is generated. At the same time, the velocity difference results in the separation of the ejected 

clusters. The upper part of the plume is at a slightly higher temperature. A closer look at the 

temperature distribution in the shock wave, as the inset in Fig. 4.3, reveals that the 

temperature at first increases to a high value and then drops down along the negative z 

direction. The physical front of the shock wave is not at the highest temperature. For the 

convenience of defining the shock wave front, we assume the layer at the highest temperature 

in the shock wave region is the shock wave front in this work. It is well documented that the 

shock wave fronts are usually characterized by discontinuities in density and pressure. In the 

past we have confirmed that in laser-material interaction the highest temperature-defined 

shock wave front indeed is consistent with that defined by density and pressure 

discontinuities. For a normal shockwave, temperature, pressure and density all experience 

discontinuities across the shockwave front. Caution should be exercised on using temperature 
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to define the shock wave front when the shockwave front is not normal to the local 

propagation front (oblique shock wave). 

 

Fig. 4.3 (a) Spatiotemporal contour of temperature. There is a temperature jump of ambient 

gas right after the reflection at t= 1000 ps. The temperature rise of the plume is also observed 

when it is compressed by the ambient gas after t= 1500 ps. This temperature rise reaches a 

very substantial level at about 2700 ps as indicated in the figure. The inset shows that the 

temperature of the shock wave is not the highest in the physical shock wave front. Instead, 

the temperature of the shock wave will at first increase to a high value and then decreases 

smoothly along the negative z direction. (b) Shock wave front temperature comparison for 

the cases with spatial confinement and the case with free space. Before t= 1000 ps, the data 

of the cases with confinement and with free space agree with each other very well. After t= 

1000 ps, the temperature of the free-space case drops down smoothly. However, for the case 

with wall-confinement, a temperature rise of about 218 K is observed. 

 

Figure 4.3(b) shows the temperature evolution of the shock wave front against time. 

In the beginning stage of shock wave formation, a sharp temperature rise occurs. Then the 

temperature of the shock wave is observed to drop continuously. The data for the case with 

spatial confinement and the case with free space agree well with each other before the shock 

wave reaches z= 1000 nm. However, right after the shock wave reaches the wall, the shock 

wave front temperature jumps from 277 K to 495 K as shown in Fig. 4.3(b) for the case with 
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confinement. The high temperature remains at around 495 K for 330 ps from 1050 ps to 1380 

ps when the plume continues to compress the shock wave. Then the temperature of the shock 

wave begins to decrease smoothly. There is no temperature rise for the shock wave front of 

the free-space case after its formation and its temperature drops down smoothly. 

 

When the plume continues to compress the shock wave after t= 1000 ps, the pressure 

of the upper ambient gas increases and the plume density in the lower part decreases. This 

also means the pressure difference between the plume and shock wave is becoming larger. 

Finally, this big pressure difference results in the backward movement of the ambient gas 

which pushes the plume down, as shown from t= 1540 ps to 3000 ps in Fig. 4.2. 

Congruently, in Fig. 4.3(a), the plume temperature rise is observed after t= 1500 ps which is 

noticeable around t= 2700 ps. The plume temperature rise in the final stage is of great 

significance for the sensitivity improvement in LIBS since the temperature rise will elongate 

the radiation lifetime and increase the signal intensity. 

 

4.2.2. Shock wave confinement and reflection: physics behind the temperature 

enhancement 

In Fig. 4.3 we observed a clear temperature rise of the shock wave front after 

reflection, and a later-on temperature rise of the plume. In this section, we intend to study 

various aspects of the shock wave and plume, in anticipation to uncover the physics behind 

the temperature rise. First, we study the mass distribution: atom number density, to gain a 

fundamental understanding of shock wave confinement and the following compression of the 

plume by the reflected shock wave. Figure 4.4(a)-(c) is the number density contour, which 
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includes the total number density contour, the gas atom density and target atom density 

contour. The movement of the ejected clusters and the shock wave is quite distinct as marked 

in Fig. 4.4(b) and (c). 

 

Fig. 4.4 Number Density contour. (a) Total atom number density which includes both the 

target atom and the gas atom. The trajectories of the shock wave and the ejected clusters are 

easily distinguishable. The plume and shock wave split from each other right after the 

ablation. The shock wave reflection happens at t= 1000 ps. The moving-back gas starts to 

compresses the plume at t= 1500 ps. (b) Ambient gas atom number density. A density jump 

is observed after the reflection at t= 1000 ps. (c) Target atom number density. The 

trajectories of the clusters are marked out. After the shock wave is reflected, a lot of clusters 

combine with each other under the compression of ambient gas. (d) Comparison of the shock 

wave front atom number density for the case with spatial confinement and free-space case. 

There is a sudden rise of atom number density right at the moment of reflection. 
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The shock wave is generated as a result of the compression of the ambient gas by the 

ejected plume. The plume and the shock wave are observed to split from each other right 

after the ablation. Because of the velocity difference between them, the gap between the 

plume and the shock wave grows with time before reflection as shown in Fig. 4.4(a). Similar 

to the temperature distribution, the density is not highest at the interface between the shock 

wave and ambient gas. It increases to a high value and then drops quickly toward the ambient 

gas. The results show the shock wave front defined using the highest temperature always has 

the highest density in the shock wave. Right after reflection, there is a number density jump 

due to the continuous compression of the shock wave. This is clearly marked in Fig. 4.4(b) 

(the red region close to the wall). After that, the atom number density of the shock wave 

decreases continuously. 

 

As shown in Fig. 4.4(c), the ambient gas starts to suppress the plume at 

approximately t= 1500 ps, causing some of the clusters in the plume to re-combine. An 

increase of the number density of the plume is observed. Figure 4.4(d) shows the comparison 

of the atom number density of the shock wave front for the case with confinement and free 

space. The potential wall results in an atom number density increase of almost 2 times in the 

shock wave front. At the end of the simulation, a small portion of the ambient gas penetrates 

into the plume. This can also be clearly seen in Fig. 4.2 at 3000 ps. The shock wave front 

atom number density is lower than that without spatial confinement from t= 1700 ps due to 

the continuous relaxation of the reflected-shock wave’s pressure. 
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Figure 4.5(a) is the pressure contour of the system. The stress wave in the solid is 

very clear. For the detailed analysis and discussion of the stress wave in the solid, please 

refer to our previous work [70, 72]. The ablated material in high speed leads to the sharp rise 

of the ambient gas pressure. Due to the interaction of the shock wave and the ambient gas, 

the pressure of the shock wave experiences continuous decay before the reflection. However, 

it is always higher than the plume part and non-shock wave region in the ambient gas. Right 

after the reflection, a sudden pressure rise is observed around the time t= 1000 ps. Refer to 

Fig. 4.2, this is the moment when the shock wave reaches the potential wall and is reflected. 

Dunbar et al discovered that the pressure of the shock wave front could increase as many as 

11 times in their spatial confinement experiment [58].
 
Shortly after that, the shock wave 

pressure decreases as a result of its backward movement and the pressure drops just like the 

number density. During this backward motion, the pressure of the shock wave is larger than 

the pressure in the plume region. This is the driving force of the backward movement of the 

shock wave. At the end of the simulation, the difference in the pressure is blurred and the 

ambient gas and plume mix with each other. In summary, it is clear that right after the 

reflection, the shock wave front’s pressure is increased dramatically, much higher than the 

plume’s pressure. This pressure difference causes the ambient gas to move back toward the 

target and the compression of the plume. To have a clearer understanding of this movement 

reversal process we plot the velocity contour shown in Fig. 4.5(b). 
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Fig. 4.5 (a) Pressure contour of the whole simulation system. A large compressive stress 

occurs in the solid at the beginning of laser ablation. With the split of the plume and shock 

wave, the pressure drops down smoothly. However, at approximately t= 1000 ps, another big 

pressure occurs in the shock wave due to the reflection and confinement. (b) Velocity 

contour. The ejected plume has a high velocity. The interaction of the ambient gas and the 

plume results in the dissipation of the velocity. The plume and the shock wave slow down 

smoothly before the reflection. The reflection by the potential wall results in a sudden drop of 

the velocity of the shock wave. Then the ambient gas accelerates to move towards the plume 

due to the big pressure difference. The ambient gas starts to compress the plume at around t= 

1500 ps and the reflected-shock wave stops accelerating at that moment. At the same time, 

the plume starts to accelerate to move back toward the target surface due the compression by 

the reflected ambient gas. 

 

We clearly see a velocity rise after the ablation and the plume and shock wave move 

in at different velocities. This finally results in the separation of the plume and shock wave. 

The atom collision brings the velocity of the ambient gas adjacent to the wall area close to 0 

when the shock wave arrives at the potential wall and is reflected back. A large part of the 

kinetic energy of the shock wave is converted to thermal energy due to the collision. 

Therefore, a sudden temperature rise occurs. The pressure also increases abruptly at this 

moment as shown in Fig. 4.5(a). Then, the remaining part of shock wave that is moving 
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forward collides with the atoms in the high pressure region and the velocity is absorbed 

quickly. Consequently, the stagnant region marked in Fig.4. 5(b) increases with time.  

 

After reflection by the wall, the velocity of the shock wave increases with time due to 

the fact that its pressure is higher than that in the plume, illustrated in Fig. 4.5(a). This is due 

to the phenomenon that the compressed shock wave front accumulates in the near-wall 

region, leading to a very high local pressure. Interestingly, after the reflection, only the 

interface of the ambient gas and the plume possess a high velocity. The other parts are almost 

stagnant as marked in Fig. 4.5(b). The velocity of the upper ambient gas in the region z> 740 

nm is around zero since t= 1900 ps. This means their kinetic energy is almost completely 

converted into thermal energy. Figure 4.3(a) shows this stagnant region has a stable and high 

temperature. When the plume is under compression from the reflected shock wave, its 

velocity starts to decrease to zero. Then it moves toward the target surface. The highest 

velocity of the plume occurs at the end of the simulation. The pressure of the plume also 

increases because of the compression by the shock wave. Similar to the temperature rise at 

the moment of reflection of the shock wave, the shock wave’s collision with the plume and 

with the ambient gas contributes to the temperature increase of the plume. 

 

4.2.3. Temperature and lifetime of plume 

In LIBS, the critical factors determining the signal intensity and probing sensitivity 

are the temperature and lifetime of the plume. In this section, these two factors are studied in 

detail under the shock wave confinement. Figure 4.6(a) is the comparison of the velocity of 

the shock wave front for the case with confinement and the case with free space. A sharp 
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jump in the velocity of the shock wave front occurs when the shock wave forms. The 

reflection occurs at around t= 1000 ps. Before t= 1000 ps, the two lines are almost the same. 

For the free-space case, the velocity decreases smoothly with time. However, in the spatial 

confinement case, the velocity drops from 311 m/s to 0 suddenly at t= 1000 ps due to wall 

reflection. Then the shock wave front moves toward the plume with an increasing velocity. 

This is because the accumulated shockwave front in the near-wall region induces a very high 

local pressure. This high pressure pushes the ambient gas to move toward the target surface 

region, where the local pressure is much lower. Around t= 1500 ps, the velocity begins to 

decrease and is approximately zero after t= 2000 ps. The decrease in velocity starting at 1500 

ps results from the collision of the backward-moving shock wave and the forward-moving 

plume. Starting from this moment, the backward-moving shock wave is in contact with the 

plume, and pushes them backward. Therefore, the shock wave front velocity begins to 

decrease. The kinetic energy of the ambient gas is converted to thermal energy. A large part 

of the energy is transferred to the plume through the compression and collision afterwards. 

 

Fig. 4.6 (a) Velocity comparison for the cases with and without confinement. Before the 

reflection (t= 1000 ps), the results of the two cases agree well with each other. The reflection 
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results in a sudden drop of velocity (from 324 m/s to 0). The reflected-shock wave 

accelerates to move back towards the plume and then slows down. (b) Plume average 

temperature comparison. Only the plume above z>= 400 nm are counted in this work for 

temperature calculation. For the confinement case, the temperature drops down at first due to 

the interaction of the plume and the ambient gas. Part of the energy is transferred from the 

plume to the ambient gas. The plume is compressed by the ambient gas from t= 1500 ps. The 

plume temperature is observed to increase at this very moment. After t= 2500 ps, part of the 

plume is pushed to the region below z= 400 nm. The plume temperature decreases again. 

However, for the free-space case, the temperature decreases smoothly with time. Meanwhile, 

the time for the plume to stay above 100 K has been increased from 480 ps to 1800 ps 

because of the confinement. 

 

Figure 4.6(b) is the average temperature of the plume. To calculate the temperature, 

we choose the target atoms above z= 400 nm, which moderately represent the plume in the 

physical process. The laser burst results in a sudden rise of the plume temperature. After that, 

the energy of the plume is transferred to the ambient gas and the temperature drop is 

observed. At the same time the plume and shock wave front are separating with each other 

and the gap is increasing with time, which means the interaction between the plume and 

shock wave is weakening. As a result, the rate of the temperature drop is decreasing with 

time as shown in Fig. 4.6(b). Around t= 1500 ps, there is a sharp temperature rise from 89 K 

to 132 K for the spatial-confinement case. This occurs at the same moment when the 

reflected-shock wave begins to compress the plume. The compression of the plume is the 

reason for the temperature rise. In the experiment, a temperature rise of the plasma as high as 

3600 K (hemispherical cavity) and 1000 K (cylinder confinement) has been reported in Lu’s 

group [60, 61]. After t= 2500 ps, the plume temperature begins to decrease, because only the 

plume that is above z= 400 nm is considered in the temperature calculation and part of the 

plume is pushed back below that region after t= 2500 ps. It is a little hard to define the life 

time of the plume that can be useful during LIBS in our case since we do not know exactly 
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above what temperature the plume will emit useful radiation that could be detected. The 

boiling point of argon is 87.35 K. If we take a value of 100 K as the criterion above which the 

plume is assumed to be able to emit useful radiation, some first-order life time analysis can 

be conducted here. As shown in Fig. 4.6(b), the time for the temperature above 100 K in the 

case with confinement is more than 1800 ps. In contrast, the time above 100 K in the free-

space case is only 480 ps. The lifetime of the plume is significantly elongated by 1320 ps 

which is very beneficial for more sensitive detection in LIBS. 

 

Although it is apparent that both the ambient gas and the plume experience a 

temperature rise, it is still possible that the average temperature in the contour maybe 

misleading. The average velocity of the ambient gas is around zero after the reflection. [Fig. 

4.5(b)] There is a possibility that the reflected atoms and the forward-moving atoms have the 

same velocity but in opposite directions. Under such a scenario, the average velocity is still 

zero, but a lot of the movement is macro-scale translational movement, and cannot be used 

for temperature calculation. To confirm that the temperature in our case is the real 

temperature, the velocity distribution comparison with the velocity in the thermal equilibrium 

state (Maxwellian distribution) is given as Fig. 4.7. The atoms ranging from z = 975 nm to z= 

985 nm are chosen as the region for the analysis here. The average temperature in that region 

at t= 1200 ps is 430K. The actual velocity data fits the Maxwell curve of velocity distribution 

in 430K as in Fig. 4.7. This proves the validity of our temperature evaluations. 
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Fig. 4.7 Comparison of the velocity distribution of atoms ranging from z= 975 nm to z= 985 

nm at t= 1200 ps with Maxwellian velocity distribution. The solid line is the Maxwellian 

velocity distribution at T= 430 K which is the average temperature of the atoms in the 

selected region. The hollow dots are the velocity distribution of atoms in MD simulation. 
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CHAPTER 5. MATERIAL BEHAVIOR UNDER EXTREME DOMAIN CONSTRAINT 

IN LASER-ASSISTED SURFACE NANOSTRUCTURING 

In this chapter, systematic atomistic modeling has been conducted to understand the tip-

confinement effect on the surface nanostructuring. Material ablation was trapped by the tip and a 

significant decrease of the number of atoms flying out of the surface was observed. Tip 

oscillation occurred because of the interaction with the substrate. The effect of laser fluence and 

tip-substrate is explored. 

5.1 Methodologies 

Argon is chosen as the material in this simulation work, due to its great computational 

efficiency. This is critical for this work since our modeled system is composed of a large number 

of atoms and the whole physical process under simulation is very long (close to 5 ns). Argon 

crystal is arranged in the simple face-centered cubic structure and well described by the Lennard-

Jones (12-6) potential. It is easy for the modeling and fast for the computation while the 

conclusion does not lose its generality. A lot of works in our group [7, 22, 70, 113, 114, 116] 

have proved its validity in laser-material interaction simulation. The LJ potential well depth ɛ is 

1.653×10
-21

 J and the equilibrium separation parameter  is 3.406 Å. And the cut-off distance is 

set to 2.5. LAMMPS is employed in this work. [63] 

 

Figure 5.1(a) shows the physical model of the simulation and the domain construction. 

To save the computation cost, a quasi-3D model is adopted. The thickness of the whole 

simulation system (including the tip and the substrate) in the y direction is 10 nm: relatively 

small in scale compared with x and z direction size. Periodic boundary conditions are applied in 
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the x and y directions. The boundary condition in the z direction is the fixed boundary condition. 

The substrate measures 100 nm×10 nm ×30 nm (x×y×z). The interaction of substrate-substrate 

atoms obeys the Lennard-Jones (12-6) potential. 

 

 

Fig. 5.1 (a) Physical model for simulating the tip-substrate nanostructuring process. The laser 

energy is focused to a circular region with Rsub= 2 nm in the substrate underneath the tip apex. 

The substrate measures 100 nm×10 nm×30 nm (x×y×z). There are 3 important parameters for the 

tip construction: apex radius Rtip= 15 nm, half taper angle θ= 10, length of tip L= 114 nm. The 

atoms inside the tip at z 98.1 nm are removed and the actual shape in the region z 98.1 nm is 

an empty cell surrounded by 5 walls (x, y direction and z direction on the top) with a thickness of 

1 nm. (b) Laser beam intensity distribution. The full width at half maximum (FWHM) of the 

incident laser beam intensity distribution is 11.5 ps and peak occurs at t= 9 ps. (c) Profile of the 

laser spot. The spot is circular with a radius of Rsub= 2 nm. 
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There are three important parameters for the tip construction: apex radius Rtip= 15 nm, 

half taper angle θ= 10, and tip length L= 114 nm. The tip thickness is also 10 nm in the y 

direction. The atoms inside the tip at z 98.1 nm are removed and the actual shape in the region 

z 98.1 nm is an empty cell surrounded by the five walls (x, y direction and z direction on the top) 

with a thickness of 1 nm. The tip atoms in the region z 97.1 nm are set static. They do not move 

in the simulation. Since we are interested in the tip area close to the substrate, this simplification 

is not going to affect the final results and analysis. The tip is created based on the argon crystal. 

The interaction of tip-tip atoms are described by the LJ (12-6) potential as mentioned before. 

However, as to the interaction of the tip atoms and the substrate atoms, only the repulsive 

component is considered and the attractive force is neglected. And since the shock wave 

phenomenon [22, 69, 70] has been observed even at the nanoscale and the behavior of the tip and 

shock wave may be strongly changed due to their interaction, it is necessary to introduce ambient 

gas atoms [red dots in Fig. 5.1(a)] in this model. Only the repulsive force is considered for the 

gas-gas, gas-tip and gas-substrate atoms interaction. More details can be found in our previous 

works. [22, 70] The gas pressure is 0.22 MPa in the thermal equilibrium state at T= 50 K. 

 

In the experiment, the substrate is placed underneath the tip. The incident laser irradiates 

the AFM tip in a certain polarization angle (the angle to the tip axis) which can be adjusted in the 

experiment. The tip serves as a receiving antenna to collect the laser energy as well as an 

emitting antenna which results in the enhancement of an optical field at the nanoscale. [112] For 

the MD simulation, the antenna effect of the tip is not easy to be realized. Since the laser 

absorption in the tip is ignored in this work and the emphasis is placed on the near-field heating 

of the substrate, the laser irradiation is focused on a circular spot with a radius of 2 nm on the 
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substrate. Figure 5.1(b) shows the laser beam intensity distribution. A single laser pulse of 40 ps 

is applied in this simulation work. The laser energy is spatially uniform on the spot. The full 

width at half maximum (FWHM) of the incident laser beam intensity distribution is 11.5 ps and 

the peak occurs at t= 9 ps. Laser energy absorption obeys the Beer-Lambert law. To accomplish 

it, the laser absorption region is divided into a number of bins of thickness Δz=1 nm. And the 

artificial absorption depth of 5 nm is used in our work. The incident laser energy decreased 

exponentially after the absorption in each bin. The details have been discussed in our previous 

works. [22, 69,70] 

 

After constructing the whole physical domain for modeling and definition of atom 

interaction and boundary conditions, the system is at first treated as a canonical ensemble (NVT) 

and modeled for 1 ns and then a microcanonical ensemble (NVE) for 800 ps at T= 50 K to reach 

thermal equilibrium. Then the laser energy is applied on the substrate surface. After that, the 

whole system is in NVE again for recrystallization. During the laser irradiation and in the early 

stage of laser ablation, the time step is set to 2 fs. Other than that, the time step is set to 5 fs. 

 

5.2 Results and discussion 

In this section, the general picture of the material behavior under the tip-confinement is 

presented at first. Then the effect of tip-substrate distance and laser fluence is discussed. At last, 

the tip oscillation and substrate defects are investigated. 
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5.2.1 Material behavior under extreme domain confinement: a general picture 

Surface nanostructuring is affected by the incident laser (including the laser fluence E 

and the polarization angle), the tip-substrate distance d, and the substrate material properties. In 

this modeling, different laser fluence E and various tip-substrate distance d are used to study 

their effects. The influence of these two factors is going to be discussed in the next several 

sections. In this section, the case of laser fluence E= 5 J/m
2
, and tip-substrate distance d= 2 nm is 

chosen to demonstrate the general pictures of laser ablation and recrystallization process when 

tip-confinement is considered. 

 

Figure 5.2 is the atomic snapshot at different times. Laser energy is applied from t= 0 ps. 

It is clearly shown that the ablation has already started at t= 10 ps. The tip apex is also affected 

by the ablation from the substrate. Without the tip-confinement, the ablated substrate material 

expands freely in the space and it has been studied in detail in our previous works. [22, 70] In 

this nanostructuring, the ablated materials attack the tip apex in high speed. Due to the close 

distance and the high speed of the ejected plume, the structure of the tip apex is distorted and 

becomes amorphous as shown at t= 20 ps. The dark region in the apex indicates the hot and 

amorphous status of the small part in the tip. And the destruction is not permanent since the 

region under destruction disappeared and no voids are formed afterwards. 

 

Even though the laser pulse is very short, the thermal expansion lasts a relatively long 

time after the laser pulse. Figures from t= 10 ps to t= 100 ps show the thermal expansion and 

relaxation of the substrate. From t= 200 ps to the end of the simulation t= 4290 ps, 

recrystallization is observed. Because of the strong stress wave in the substrate, the structure of 
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the material is distorted from the well-arranged crystal structure as shown at t= 100 ps. From the 

atomic configuration, it is seen that most of the damages are temporary and it is back to the good 

crystal structure again in the recrystallization process. This can be confirmed by the crystallinity 

study discussed later. However, the destruction in the laser irradiation region is permanent. At 

the end of simulation at t= 4290 ps, a cone-shape crater forms. Meanwhile, defects close to the 

bottom in the substrate are also observed. 
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Fig. 5.2 Snapshots of the case E= 5 J/m
2
, d= 2 nm. Laser ablation starts from around t= 10 ps. 

Because of the confinement by the tip, the ablated material is prevented from moving freely in 

space. The apex of the tip is slightly distorted by the ablated-out substrate. Recrystallization (t= 

200-2990 ps) is observed following the ablation. Finally, a steady cone-shape crater is formed. 

And at the same time, there are defects in the final sample structure at the bottom, as marked in 

the figure at t= 4290 ps. 

 

 

Tip atoms under 

destruction 

Defects 
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Figure 5.3 is for the temperature contours corresponding to the nanostructuring process in 

Fig. 5.2. Initially, the thermal equilibrium at T= 50 K of the whole system is achieved before the 

laser irradiation. Laser irradiation starts at t= 0 ps. A hot spot which is above 320 K is observed 

at t= 10 ps underneath the tip. From t= 10 ps to t= 40 ps, the region of high temperature expands 

because of the heat transfer from the irradiation spot to the surroundings. And at the same time, 

laser ablation is observed. However, the ablation is prohibited from expanding in space by the tip. 

Shock waves with a high temperature front are shown in the Fig. 5.3 at t= 100 ps. The 

temperature of the substrate drops continuously from 100 ps to 4290 ps. By the end of the 

simulation t= 4290 ps, the temperature of the substrate is close to 50 K again. 
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Fig. 5.3 Temperature contours of the case E= 5 J/m
2
, d= 2 nm. The temperature of the area under 

direct laser irradiation goes up very quickly. And the high temperature results in ablation. 

Consequently, a shock wave can be seen very clearly at t= 100 ps and t= 200 ps. Afterwards, the 

temperature in this area goes down in the recrystallization process. 

 

Figure 5.4 shows the atom number density contours for the case in Fig. 5.2. To get the 

contour, the whole domain is divided into 1×10.2×1(x× y× z) nm
3
 cubes. In the part irradiated by 

the high energy laser, the atom number density decreases during the laser irradiation as shown 

Shock wave front 
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from t=10 ps – 40 ps. Argon lattice constant differs from the cube size in the contours. 

Consequently, the atom number density in the cubes changes periodically. The contours show 

patterned blocks of red and dark color and this periodicity is very helpful in viewing the structure 

distortion and defects. As the thermal energy dissipates towards the bottom and the surroundings, 

recrystallization occurs. From t= 200 ps, the atom number density increases continuously in the 

region of laser irradiation. Noticeably, there is distortion in the atom number density contour in 

the region of defects at t= 4290 ps. The final defects are the structure distortion effect. 

 

The laser irradiation leads to the structure destruction of the substrate and distortion of 

the tip apex. Crystallinity is a good parameter to describe the crystal structure destruction and it 

is defined in chapter 3 as equation 6. If atoms are regularly distributed in space with the 

corresponding crystal structure, the function will be equal to 1. In the amorphous state, the 

function ,( )i xr  will be much less than 1, in fact very small (close to zero). 
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Fig. 5.4 Atom number density contours of the case E= 5 J/m
2
, d= 2 nm. The whole domain is 

divided into 1×10.2 ×1 (x× y× z) nm
3
 cubes. The melting area is characterized by the uniform 

low atom number density. The distortion resulting from the stress wave accompanies the melting 

process. The recrystallization starts from t= 200 ps. The distortion is remarkable in the place of 

defects. Argon lattice constant differs from the cube size in the contour calculation. 

Consequently, the atom number density in the cubes changes periodically. The contours show 

patterned blocks of red and dark color and this periodicity is very helpful in demonstrating the 

defects (e.g. lattice bending and dislocation). 

Distortion in the defect region 
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Fig. 5.5 Crystallinity contours of the case E= 5 J/m
2
, d= 2 nm. The whole domain is divided into 

cubes of size 1×10.2 ×1 (x×y×z) nm
3
. The melting area is characterized by low crystallinity 

(close to 0). The structure adjacent to the melting region is also destructed as shown at t= 40 ps 

and 100 ps. In the recrystallization process, the laser irradiation spot is the last part for full 

recovery in crystallinity. Defects are characterized by the low crystallinity value spots as marked 

in the figure at t= 4290 ps. 

 

Figure 5.5 is the crystallinity contours for the case E= 5 J/m
2
, d= 2 nm. Before laser 

irradiation, both the tip and the substrate are in good crystal structure and their crystallinity value 

Amorphous region 

Defects 
Protrusion 
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is very close to 1. Because of the laser irradiation, the melting region expands from t= 10 ps to t= 

40 ps. The crystallinity value in the melting region is low and very close to 0. The crystallinity of 

the tip apex also drops because of its interaction with the exploded substrate plume. The 

amorphous region expands towards the substrate bottom as well as the in the radial direction 

afterwards. So the amorphous region becomes wider and deeper from t= 10 ps to t= 100 ps. From 

t= 200 ps to t= 2990 ps, the amorphous region shrinks. Protrusions show up at t= 1000 ps in the 

recrystallization process. At the end of the simulation, the crystallinity of both the tip and the 

substrate is close to 1 again which indicates good crystal structure at the steady state. Defects in 

the substrates at the final state can be readily identified since they have a low crystallinity value 

(0.5~0.7), as shown in the figure at t= 4290 ps. 

 

5.2.2 Effect of constraint domain size 

When the laser fluence is above the material ablation threshold, material phase explosion 

occurs. Systematic studies have been done to understand the plume and thermal and stress issues 

in laser ablation in vacuum. [18, 64] The ablated material explodes and expands into the open 

space with a high velocity. When an ambient gas is included in the analysis model, a shock wave 

is formed. Its formation and propagation has been explored in our previous works. [22, 70] 

 

Here the tip-confinement effect is considered and studied in detail. In Fig. 5.6, the 

comparison of the case with free space and the ones with tip is made. The laser irradiates the 

substrate at first. Afterwards, laser ablation happens and shock wave forms. For the tip-free case, 

the ablated material can move out freely in the ambient gas and a strong shock wave is formed. 

Meanwhile, there are several clusters in the region 40 nm< z <100 nm in the tip-free case. 
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However, there are no clusters in the cases with tip-confinement because of the repulsive force 

from the tip in the near-field. And the expansion of the laser ablation is blocked by the tip. The 

shock wave is attenuated as well when the tip confinement is included. With the increase of the 

tip-substrate distance d, the constraint of the tip on the substrate material explosion becomes less 

and less. As a result, the shock wave resulting from the laser ablation becomes stronger and 

stronger. 
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d= 5 nm 

d= 7 nm 

(a) 

(c) 

Clusters 

Melting region 

Melting region 

Melting region 

d= 2 nm 
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(b) 

(d) 

Tip-Free 



89 
 

Fig. 5.6 Tip confinement and tip-substrate distance effect on surface nanostructuring. For all 

cases, the laser fluence is E= 5 J/m
2
. (a) Laser irradiation without a tip. Laser ablation and 

suspended clusters are observed. A strong spherical shock wave forms. (b) Tip-substrate distance 

d= 2 nm. (c) Tip-substrate distance d= 5 nm. (d) Tip-substrate distance d= 7 nm. For (b), (c) and 

(d), laser ablation is strongly blocked by the tip. The dynamics of the melting shows some 

different characteristics among the four cases. 

 

Correspondingly, the comparison of the snapshots at t= 100 ps for d= 2, 5 and 7 nm 

demonstrates that the tip apex distortion is less severe with the increase of the tip-substrate 

distance. Moreover, the recrystallization process also shows some differences. At t= 1000 ps, the 

profile of the melting region is different. Due to the interaction of the tip and the substrate, the 

melting region with d= 2 nm is more widely open than the cases of d= 5 nm and 7 nm. For the 

tip-free case, the melting region is very narrow. So it is conclusive that the constraint by the tip 

also slows down the recrystallization process in substrate after laser heating. 

 

Figure 5.7(a) is the cone-shape crater profile at the end of the simulation for different tip-

substrate distance scenarios. The depth is not affected by the tip-substrate distance d too much. 

However, the protrusion around the crater shows different profiles. For the free space case, the 

protrusion height is lower and the width of the protrusion is smaller. For the cases of d= 2 nm 

and d= 5 nm, the protrusion and the crater match with each other very well. However, for the 

case d= 7 nm, the protrusion height is a little bit lower and the width becomes wider. The crater 

emerges first because part of the substrate material is removed in the laser ablation region. After 

laser ablation, part of the ejected substrate atoms move back towards the substrate because of the 

interaction with the ambient gas and the tip. 
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Fig. 5.7 (a) Final shape of the cone-shape crater in the substrate. The depth of the crater is not 

affected too much by the tip confinement. The side profile of the crater is slightly affected by the 

inclusion of tip confinement. The protrusion is different because of the tip and the tip-sample 

distance. (b) The number of atoms flying above z= 34.5 nm during the ablation process. 

Oscillation is observed due to the interaction of the tip and the sample. 

 

To understand how the exploded substrate plume is affected by the tip constraint, the 

number of the atoms that are above z= 34.5 nm at different instants are studied [shown in Fig. 

5.7(b)]. In the beginning, the laser ablation is featured with a number of atoms ejected from the 

substrate. The effect of the tip-constraint is outstanding. The tip-free case has more atoms ejected 

into the space z> 34.5 nm. Due to the tip-confinement, the atom number above z= 34.5 nm is 

down to 4000 for d= 1 nm from 10000 for tip-free case. For the tip-free case, the number of 

flying-out atoms in the final state is 3982, accounting for 0.5% of the total number of the 

substrate atoms. Due to the constraint effect of the tip, the atom number in the case d= 7 nm is 

575 which is only 15% of the tip-free case. Furthermore, the number of flying-out atoms 

decreases with the decrease of the tip-substrate distance. As d= 2 nm, the flying-out atom 

number in the final steady state is only 198, less than 5% of the tip-free case. 

(a) (b) 

Oscillation due to tip-

sample interaction 
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Because the laser fluence is the same for all cases shown in Fig. 5.7(a), the crater shape in 

Fig. 5.7(a) does not differ too much for all cases. The crater depth is controlled by the laser 

fluence while the side profile of the crater is slightly affected by the tip confinement. The change 

of tip-substrate distance does not make much difference in the side profile of the crater. However, 

the tip-substrate distance affects the shape of the protrusion. First, the tip-confinement affects the 

number of the atoms flying into the free space as discussed above. Second, the tip-confinement 

changes the trajectories of the ejected clusters. As shown in Fig. 5.7(b), there is oscillation due to 

the interaction between the tip and the substrate. The oscillation is very strong for d= 1 nm and 

d= 2 nm since the tip-substrate distance is very small. Most of the clusters deposit on the surface 

close to the crater for the small tip-substrate distance. As for the tip-free case, the ejected atoms 

are spread in a wide region. So the protrusion is small and consists of a small number of atoms. 

For the case with a small tip-substrate distance, the ejected atoms deposit on the surface close to 

the crater. Consequently, the protrusion is higher. By increasing the distance d, the deposition 

region move a little bit further away. That is the reason why the protrusion width is bigger for the 

case of d= 7 nm. 

 

Figures 5.8(a) and (b) show the bottom point of the crater (Zb) and the solid-liquid 

interface bottom point (Zsl) in the substrate. In the early stage of melting, both Zb and Zsl go down 

very quickly [as shown in the insets of Figs. 5.8(a) and (b)]. The crater bottom moves up quickly 

after the laser ablation, while the solid-liquid interface goes up slower since this process is 

controlled by heat conduction and solidification. For the tip-free and d= 7 nm cases, the crater 

bottom point is the lowest at t= 500 ps when it is still in the recrystallization process. For the d= 

1 nm and d= 2 nm cases, the crater bottom point at t= 500 ps is the highest. The interaction 
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between the tip and the substrate leads to the small number of ejected atoms and the change of 

the melting interface shape. The interface is round for the d= 2 nm and d= 1 nm, while the crater 

bottom is relatively sharp for the tip-free case. As a result, the crater bottom point differs for 

different cases. The interaction between the tip and the substrate also results in the relatively 

slow recrystallization process. This is also observed in Fig. 5.6. The solid-liquid interface moves 

up in the fastest speed for the tip-free case. Then it is the d= 7 nm. Around t= 2000 ps, the 

recrystallization process is finished for laser fluence E= 5 J/m
2
 of various tip-substrate distance. 

The solid-liquid interface point is gone and a stable cone-shaped crater forms. The crater bottom 

points of different cases in the final state are very close to each other. 

 

Fig. 5.8 (a) Zb is the z bottom position of the crater during the ablation process. Zb is going down 

quickly because of the laser ablation and also goes up quickly after the laser ablation. For the 

case of tip-free and d= 7 nm, the crater bottom point is the deepest at t= 500 ps, while d= 1 nm 

and 2 nm cases have the highest value. The crater bottom position for different cases is close to 

each other in the final stage. (b) Zsl is the z position of the solid-liquid interface bottom point of 

the sample. Zsl goes down very quickly for all the cases in the first 40 ps. The solid-liquid 

interface bottom point then goes up slowly for all cases. The solid-liqud interface of the tip-free 

case goes up in the fastest speed. And it takes the longest time for d= 1 nm and 2 nm to finish the 

recrystallization process. 

(a) (b) 

Zb 
Zsl 



93 
 

5.2.3 Effect of laser energy on surface nanostructuring 

Both the tip-substrate distance and the laser fluence play important roles in 

nanostructuring. Besides the various tip-substrate distance, different laser fluences (E= 2 J/m
2
, 5 

J/m
2
, 10 J/m

2
) are also studied in this work. The laser power affects the melting depth and the 

laser ablation process. Figure 5.9 is the snapshots and crystallinity contours under different laser 

fluence in the final simulation state. The crater size of the laser fluence E= 2 J/m
2 

is much 

smaller than that of the laser fluence E= 5 J/m
2
 and 10 J/m

2
. The defects position of the low laser 

fluence case (E= 2 J/m
2 
) is much higher than that of the high laser fluence (E= 5 J/m

2 
, 10 J/m

2
). 

Large-size defects occur in the case with E= 10 J/m
2
. Owing to the high laser energy, even after a 

long time recrystallization, the part near the crater is still in low crystallinity value which features 

bad crystal structure. 

 

Figure 5.10(a) shows the crater profile for two different fluences. The width and depth of 

crater for the case E= 2 J/m
2
 is smaller than that of the case E= 5 J/m

2
. The protrusion size is also 

smaller for the low laser energy case. When the laser fluence is decreased, the atom number 

ejected from the substrate is also decreasing in the ablation. Consequently, a crater of smaller 

size is formed and the protrusion around the crater is also smaller. Figure 5.10(b) demonstrates 

that the solid-liquid interface bottom point Zsl is higher for E= 2 J/m
2
. This accounts for the 

location changes of these defects as shown in Fig. 5.9(a). For the small laser fluence, the melting 

depth is small and Zsl is closer to the upper substrate surface. And the effect of the laser fluence 

on the bottom part of the substrate is small. As a result, the defect part is close to the upper 

surface. Otherwise it is close to the bottom part. The high laser fluence also effectively increases  
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the time of crystallization. It takes 2500 ps for the case E= 5 J/m
2 
to get fully recrystallized. It is 

almost the 3 times of that for the case E= 2 J/m
2
. 

 

Fig. 5.9 Comparison of final structure under different laser fluences. The time points for the 3 

cases are: E= 2 J/m
2
, d= 2 nm, at t= 1440 ps; E= 5 J/m

2
, d= 2 nm, at t= 4290 ps; E= 10 J/m

2
, d= 2 

nm, at t= 4940 ps. (a) The final profile of the nanostructuring in final steady state. The crater size 

under laser fluence E= 10 J/m
2 

is the biggest one and the laser fluence E= 2 J/m
2 

gives the 

smallest crater. (b) Crystallinity of the final structure under different lase fluences. Defects are 

clearly observed. The position of defects for laser fluence E= 2 J/m
2 

is higher than that of the 

laser fluence E= 5 J/m
2
. The defects are larger in size for laser fluence E= 10 J/m

2
. This 

concludes when the laser fluence is becoming higher, larger and deeper defects are formed 

within the substrate. 

Defects 

Defects 

(a) 

(b) 
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Fig. 5.10 (a) Comparison of the profile and the final nanostructure surface to show the laser 

fluence effect. For high laser fluence E= 5 J/m
2
, the width and height of the cone-shape crater is 

bigger. And the protrusion is higher than that of E= 2 J/m
2
. (b) Evolution of the solid-liquid 

interface bottom point Zsl under different laser fluences. For the case of E= 2 J/m
2
, the melting 

depth is much smaller than the case of laser fluence E= 5 J/m
2
. Also it takes a much shorter time 

for the crater to fully form and get stable for the case of E= 2 J/m
2
. 

 

5.2.4 Tip distortion by the domain constraint 

The tip is affected by the laser fluence as well. In SPM-based nanomanufacturing, this 

effect is a big concern, and usually requires frequent replacement of the SPM tip after a certain 

time of use. Figure 5.11(a) shows the effect of different laser fluence on the tip. They are the 

snapshots at t= 1440 ps. The tip apex is distorted seriously under the laser fluence of E= 10 J/m
2
. 

The shape of the tip apex for the case E= 10 J/m
2
 is more blunt than the case E= 5 J/m

2
. Tip wear 

and thermal expansion is always a concern of researchers in the nanostructuring process. In Fig. 

5.9(a), the tip apex is reshaped and blunt even after recrystallization for almost 5 ns when E= 10 

J/m
2
. However, the simulation results show that it is not only related to the laser fluence. The tip-

substrate distance is also important for the tip distortion. Figure 5.11(b) shows the tip distortion 

(a) (b) 



96 
 

at t= 40 ps for different tip-substrate distance. For the case with tip-substrate distance d= 2 nm, 

the degree of distortion is more than that of the tip-substrate distance d= 7 nm. It is readily to 

understand that the interaction between the tip and the substrate is stronger when the distance is 

smaller. This stronger interaction leads to more severe tip apex damage and distortion. 

 

Fig. 5.11 (a) Tip profile at t= 1440 ps. For both cases, the tip-sample distance is d= 2 nm. The 

comparison shows that for a laser fluence as high as E= 10 J/m
2
, the tip apex are seriously 

distorted and the shape is more blunt than the case of E= 5 J/m
2
. (b) Tip profile at t= 40 ps. For 

both cases, the laser fluence is 5 J/m
2 

. The degree of tip distortion is more serious for d= 2 nm 

than 5 nm. 

 

(a) 

(b) 
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Besides permanent apex distortion, we also observe oscillation of the tip apex during 

surface nanostructuring due to the interaction with the substrate. Figure 5.12 shows the 

movement of the tip apex. The oscillation of the tip is clearly observed. Meanwhile, the 

oscillation of the tip results in the oscillation of the substrate in the recrystallization process. The 

oscillation is in a relatively high frequency at the beginning because of the explosion of the target 

material in the laser ablation. For the case E= 5 J/m
2
, d= 2 nm, the oscillation frequency becomes 

very small after 1500 ps. The oscillation is related to the tip-substrate distance and the laser 

fluence. When d= 7 nm, the frequency change is not as obvious as d= 2 nm. And the oscillation 

amplitude is big for the close tip-substrate distance since the interaction between the tip and the 

substrate is attenuated if the tip and substrate distance increases. The ablation weakens if the 

laser fluence is decreased. That is why the oscillation for the case E= 2 J/m
2 

is negligible while 

the oscillation in the case of E= 5 J/m
2
 is strong. 

 

To have a deep insight of the constraint effect of the tip on the exploded plume dynamics, 

a window of size of 4×10×2 nm
3
(x×y×z) beneath the tip is chosen as the area for temperature 

monitoring to study the constraint effect. For all the cases, the temperature in this window 

increases at first because of the laser ablation. Then the temperature decreases after around t= 30 

ps. This is because at the later time, the ablated material deposited on the surface or they fly 

away from this window. When the tip-sample distance d is as small as 1 nm and 2 nm, the 

window temperature is higher than the free case during the laser ablation (t< 50 ps). The tip sets 

up the spatial confinement for the spread of the ablated material. When the tip-sample distance is 

small, the ablated material is trapped in the near field for a long time. That explains why the 

temperature in the window for d= 1 nm are 2 nm can reach a higher value. 
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Fig. 5.12 (a) Variation of the position of the lowest point of the tip during surface 

nanostructuring. The tip moves up and down along the z direction and it is very clear that the tip 

oscillates more frequently at the beginning for the case E= 5 J/m
2
, d= 2 nm. With time going by, 

the tip oscillation frequency decreases; (b) A window of size of 4×10×2 nm
3
(x×y×z) beneath the 

tip is chosen as the area for temperature monitoring. For all the cases, the laser fluence is E= 5 

J/m
2
. The temperature in this window increases at first because of the laser ablation. Then it 

decreases since at the later time the ablated material deposits on the surface or they fly away 

from this window.  

(a) (b) 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions for effect of shock wave phase change and stress wave in pico-second laser 

material interaction 

Systematic atomistic modeling has been conducted to study the shock wave formation in 

picosecond laser material interaction and the effect of shock wave on phase change and stress 

wave development and propagation. The bubbles grew in a fast speed and then decelerated in 

growth. Larger bubbles were found to maintain their large volume for a longer time. As to the 

contraction and collapsing process, all the bubbles experience fast contracting and then disappear 

slowly, and this process is almost symmetrical to the growing process with respect to time. 

Existence of the shock wave significantly suppressed the bubble growth and their lifetime. No 

effect from shock wave on the stress wave in solid was observed in this work. The decrease of 

the absorption depth and increase in laser fluence led to a sharp drop in stress wave front. 

Furthermore, ablated cluster re-deposition was found to generate a secondary stress wave in the 

target. The magnitude of this secondary (~15 MPa) stress wave is much smaller than that of the 

first primary laser-induced stress wave (~140 MPa). There is a close, almost linear relationship 

between the laser fluence and the stress wave maximum value. Under a laser fluence of 40 J/m
2
, 

the stress wave in the target has a maximum compressive component exceeding 1.5 GPa. 

 

6.2. Conclusions for structure evolution of nanoparticles under pico-second stress wave 

consolidation 

MD simulations were conducted to investigate nanoparticle consolidation by a stress 

wave induced by pico-second laser ablation of a sacrificial layer. Upon fast laser irradiation, the 
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sacrificial layer quickly melted and phase exploded. Under the constrained domain, the exploded 

sacrificial layer atoms quickly moved to the nanoparticles and compressed them. Our detailed 

temperature and structure study revealed that the compression and reconstruction process was 

rather cold and well below the melting point of the material. On the other hand, destruction and 

reconstruction took place, and finally cold-sintering of the nanoparticles was achieved. The final 

cold-sintered structure was found to be nanocrystalline. Smaller nanoparticles were easy to 

reconstruct, but the final structure was more destructed, and structural defects were observed. For 

larger particles, the final cold-sintered structure was partially nanocrystalline. The center part of 

the particle was able to retain its original crystalline structure while consolidation occurred more 

in the particle-particle contact region. The ODF was developed to investigate the degree of 

orientation twisting. It was proved to be more comprehensive than RDF in structure analysis for 

the additional angle information it provides. Our quantitative analysis of the number of 

reconstructed atoms also showed that the number of reconstructed atoms is higher when the 

particle size is smaller. 

 

6.3. Conclusions for shock wave confinement-induced plume temperature increase in laser-

induced breakdown spectroscopy 

MD simulations were conducted to investigate the spatial confinement effect on shock 

wave and the resulting boost in plume temperature and lifetime. The temperature, pressure and 

number density of the shock wave were observed to increase dramatically immediately after the 

reflection from the wall. The reflected shock wave and the forward-moving shock wave had a 

strong collision, and such an atomic collision/friction makes the velocity of the shock wave 

decreases to almost zero after reflection. This means a large part of the kinetic energy is 
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converted to the thermal energy of the shock wave. A temperature rise as high as 218 K was 

observed for the shock wave front after the wall reflection. The big difference of the pressure 

between the plume and ambient gas after the reflection caused the ambient gas to move back 

towards the plume. Finally, the plume was compressed by the reflected shock wave. In the 

compression process, the ejected clusters recombined with each other. The downward velocity of 

the plume increased dramatically. More importantly, the temperature of the plume is enhanced 

dramatically from 89 K to 132 K. Also this high temperature was maintained for quite a long 

time. This explains the sensitivity enhancement in the spatial confinement of LIBS. If we took 

100 K as the criterion for plume radiation sensing in our modeling, the lifetime of the plume was 

increased from 480 ps (free space case) to more than 1800 ps. This could further improve the 

sensitivity of LIBS via spatial confinement. 

 

6.4. Conclusions for material behavior under extreme domain constraint in laser-assisted 

surface nanostructuring 

Systematic atomistic modeling has been conducted to understand the tip-confinement 

effect on surface nanostructuring. Material ablation was trapped by the tip and a significant 

decrease of the number of atoms flying out of the surface was observed. For tip-free laser-

induced surface ablation, large atom clusters were observed in our reference modeling. However, 

for tip-confined laser-ablation, no such clusters were observed. Tip oscillation occurred because 

of the tip interaction with the substrate during laser ablation. The profile of the cone-shape crater 

was not affected by the tip substrate distance too much. The laser fluence played the dominant 

role in the crater characterization. The protrusion around the crater was affected by the tip-

substrate distance and the laser fluence. The recrystallization process was significantly 
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influenced by the tip-confinement. The recrystallization time was longer for the case with 

stronger tip confinement. This is because of the interaction between the tip and the substrate: the 

confinement prevents high energy atoms from flying out. As a result, more laser energy was left 

to the substrate. The tip apex was distorted during the laser ablation. Both the tip-substrate 

distance and the laser fluence played import roles in the distortion. For the case of E= 10 J/m
2
, 

the tip apex was reshaped to be blunt. In tip-based laser surface nanostructuring, careful control 

of the tip-substrate distance and laser energy becomes critical to maintain a sound tip-apex 

geometry for both structure quality control and prolonged life time of the tip before it gives 

intolerable surface nanostructures. 

 

6.5 Future work 

Up to now, our research focus has been placed on the single laser irradiation scenario. 

And the spatial confinement is from the ambient gas, potential wall or the tip in the 

nanostructuring. Like the sound wave, the stress wave and shock wave can interfere with each 

other if multiple laser irradiation spots exist. Figure 6.1 is the model of multiple irradiation spots. 

Since the underlying physical process is to be investigated, argon can be chosen as the material 

for this modeling. 

 

The size of the substrate and the position of the laser spots are important since we are 

interested in the stress/thermal wave interference. The interference needs to happen before the 

wave reflection at boundaries. Periodic boundary condition is adopted. The two laser irradiation 

spots are symmetric about the symmetric axis of the substrate on the x-y plane. dbx and dby is 3 
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times of d. Target size along z axis is also 3 times of d. Single pico-second laser pulse is applied 

at the same time to the two spots. 

 

Fig. 6.1 Illustration of multiple laser irradiation spots. The distance between the two spots d and 

the size of the target is going to affect the interference of the stress wave and thermal wave in 

space. Different combination of the distance d and size of target can be investigated. (a) x-z plane 

model profile. (b) x-y plane model profile. 

 

Figure 6.2(a) is a simple demonstration of the interference of the shock wave. The 

temperature and pressure of the shock wave front is expected to rise more. And cluster re-

combination and the trajectories of the clusters are expected to change. The re-deposition of 

cluster is possibly very different from the vacuum and the ambient gas case. In addition, the 

place where the shock wave interference happens may have different surface features. Stress and 

thermal transport can be viewed as the form of wave. Their interference may result in local 

stress/temperature rise. 
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d 
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Fig. 6.2 (a) Illustration of shock wave interference. Due to superposition of the shock wave, the 

temperature, pressure of the shock wave front are expected to rise more than half of the single 

shock wave. Cluster recombination may happen at the interface. (b) Illustration of stress/thermal 

wave interference. The interference may result in the temperature and stress dramatic rise.  

(a) 

(b) 

Shock wave 

front Shock wave interference 

Stress/Thermal stress wave 

Interference 
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